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Quasiwetting and morphological phase transitions in confined
far-from-equilibrium magnetic thin films

Julián Candia and Ezequiel V. Albano
Instituto de Investigaciones Fisicoquı´micas Teo´ricas y Aplicadas (INIFTA), UNLP, CONICET,
Casilla de Correo 16, Sucursal 4, (1900) La Plata, Argentina

~Received 29 March 2002; accepted 13 August 2002!

The growth of confined magnetic films with ferromagnetic interactions between nearest-neighbor
spins is studied in a stripped~111!-dimensional rectangular geometry. Magnetic films are grown
irreversibly by adding spins at the boundaries of the growing interface. A competing situation with
two opposite short range surface magnetic fields of the same magnitude is analyzed. Due to the
antisymmetric condition considered, an interface between domains with spins having opposite
orientations develops along the growing direction. Such interface undergoes a localization–
delocalization transition that is identified as a quasiwetting transition, in qualitative agreement with
observations performed under equilibrium conditions. In addition, the film also exhibits a growing
interface that undergoes morphological transitions in the growth mode. It is shown that as a
consequence of the nonequilibrium nature of the investigated model, the subtle interplay between
finite-size effects, wetting, and interface growth mechanisms leads to more rich and complex
physical features than in the equilibrium counterpart. Indeed, a phase diagram that exhibits eight
distinct regions is evaluated and discussed. In the thermodynamic limit, the whole ordered phase
~which contains the quasiwetting transition! collapses, while within the disordered phase, standard
extrapolation procedures show that only two regions are present in the phase diagram of the infinite
system. ©2002 American Institute of Physics.@DOI: 10.1063/1.1511725#
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I. INTRODUCTION

The preparation and characterization of magne
nanowires and films is of great interest for the developm
of advanced microelectronic devices. Therefore, the stud
the behavior of magnetic materials in confined geometr
e.g., thin films, has attracted both experimental1–3 and
theoretical4–7 attention. On the other hand, the investigati
of very interesting wetting phenomena has also drawn e
mous attention. For instance, surface enrichment or wet
layers have been observed experimentally in a great va
of systems, such as polymer mixtures8,9 and adsorption of
simple gases on alkali metal surfaces.10 Indeed, it is recog-
nized that wetting of solid surfaces by a fluid is a pheno
enon of primary importance in many fields of practical tec
nological applications~lubrication, efficiency of detergents
oil recovery in porous material, stability of paint coating
interaction of macromolecules with interfaces, etc.11!. Fur-
thermore, the study of wetting transitions at interfaces
also attracted considerable theoretical interest,12–14 involv-
ing, among others, different approaches such as the m
field Ginzburg–Landau method,15,16 transfer matrix and
Pfaffian techniques,17,18 density matrix renormalization
group methods,19 solving the Cahn–Hilliard equation,20 us-
ing molecular dynamic simulations,21 solving self-consisten
field equations,22 and by means of extensive Monte Car
simulations.4,23–26

However, most of the theoretical work has been carr
out within the framework of equilibrium systems. In co
trast, the aim of this work is to study the properties of th
magnetic film growth under far-from-equilibrium condition
6690021-9606/2002/117(14)/6699/6/$19.00
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using extensive Monte Carlo simulations. In order to sim
late thin film growth, our study is carried out in confine
~stripped! geometries, which resemble recent experime
where the growth of quasi-one-dimensional strips of Fe o
Cu~111! vicinal surface1 and Fe on a W~110! stepped
substratum3 have been performed. Also, in a related conte
the study of the growth of metallic multilayers have shown
rich variety of new physical phenomena. Particularly, t
growth of magnetic layers of Ni and Co separated by a
spacer layer has recently been studied.27 It should also be
remarked that although the discussion is presented her
terms of a magnetic language, the relevant physical conc
can be extended to other systems such as fluids, polym
and binary mixtures.

In the present work it is shown that, in far-from
equilibrium systems, the subtle interplay between finite-s
effects, wetting, and interface growth mechanisms leads
more rich and complex physical features than in the equi
rium counterpart. In fact, a complex phase diagram, that
hibits a localization–delocalization transition in the interfa
that runs along the walls and a change of the curvature of
growing interface running perpendicularly to the walls,
evaluated and discussed.

This manuscript is organized as follows: In Sec. II w
give details on the simulation method; Sec. III is devoted
the presentation and discussion of the results, while the c
clusions are finally stated in Sec. IV.

II. THE MODEL AND THE SIMULATION METHOD

In the classical Eden model28 on the square lattice, the
growth process starts by adding particles to the immed
9 © 2002 American Institute of Physics
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neighborhood~the perimeter! of a seed particle. Subse
quently, particles are stuck at random to perimeter sites. T
growth process leads to the formation of compact clus
with a self-affine interface.29–32 The growth of a ferromag-
netic material can be studied by means of the so-called m
netic Eden model~MEM!,33 which considers an additiona
degree of freedom due to the spin of the growing particles
the present work the MEM is investigated on the square
tice using a rectangular geometryL3M @with M@L ~Ref.
34!#. Figure 1 illustrates the general setup assumed. The
cation of each site on the lattice is specified through its re
angular coordinates (i , j ) (1< i<M , 1< j <L). The starting
seed for the growing cluster is a column of parallel-orien
spins placed ati 51 and film growth takes place along th
positive longitudinal direction~i.e., i>2). The boundary
conditions are open along the transverse direction, in wh
competing surface magnetic fieldsH.0 (H852H) acting
on the sites placed atj 51 ( j 5L) are considered. Then
magnetic films are grown by selectively adding spins (Si j

561) to perimeter sites, which are defined as the near
neighbor~NN! empty sites of the already occupied ones.

Considering a ferromagnetic interaction of strengthJ
.0 between NN spins, the energyE of a given configuration
of spins is given by

E52
J

2 S (
^ i j ,i 8 j 8&

Si j Si 8 j 8D 2HS (
^ i ,S1&

Si12 (
^ i ,SL&

SiL D ,

~1!

where the summation̂i j ,i 8 j 8& is taken over occupied NN
sites, while^ i ,S1&, ^ i ,SL& denote summations carried ov
occupied sites on the surfacesj 51 and j 5L, respectively.
Throughout this work we set the Boltzmann constant eq
to unity and we take the temperature, energy, and magn
fields measured in units ofJ. The probability for a perimete
site to be occupied by a spin is taken to be proportional to
Boltzmann factor exp(2DE/T), whereDE is the change of
energy involved in the addition of the given spin. At ea
step, the probabilities of adding up and down spins to a gi
site have to be evaluated for all perimeter sites. After pro

FIG. 1. The general setup for the MEM in a~111!-dimensional rectangular
geometry. The magnetic film grows along the positive longitudinal direct
from a seed constituted byL parallel-oriented spins placed ati 51, as indi-
cated. Open boundary conditions are assumed along the transverse dire
in which competing surface magnetic fieldH.0 (H852H) acting on the
sites placed atj 51 ( j 5L) are considered. Since all deposited spins
frozen, an algorithm that shifts the active growing region towards loi
values can be repeatedly applied when the film is close to reaching the
of the sample (i 5M ). Hence, finite size results are independent ofM, and
are thus only governed by the lattice widthL.
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normalization of the probabilities, the growing site and t
orientation of the spin are determined through stand
Monte Carlo techniques. Although both the interaction e
ergy and the Boltzmann probability distribution consider
for the MEM are similar to those used for the Ising mod
with surface magnetic fields,4 it must be stressed that thes
two models operate under extremely different conditio
namely the MEM describes theirreversible growthof a mag-
netic material and the Ising model deals with a magnet un
equilibrium. In the MEM, the position and orientation of a
deposited spins remain fixed. During the growth process,
system develops a rough growth interface and evol
mainly along the longitudinal direction. Some lattice sit
can remain empty even well within the system’s bulk, b
since at each growth step all perimeter sites are candid
for becoming occupied, these holes are gradually fill
Hence, far behind the active growth interface, the system
compact and frozen. When the growing cluster interface
close to reaching the limit of the sample (i 5M ), the rel-
evant properties of the irreversibly frozen cluster’s bulk~in
the region where the growing process has definitiv
stopped! are computed, the useless frozen bulk is therea
crased, and finally the growing interface is shifted towa
the lowest possible longitudinal coordinate. Hence, repe
edly applying this procedure, the growth process is not li
ited by the lattice lengthM, and so the lattice widthL is the
only relevant parameter concerning the finite-size nature
the sample.28 In the present work clusters having up to 18

spins have typically been grown.

III. RESULTS AND DISCUSSION

Magnetic Eden films that grow in a confined geome
with competing surface fields exhibit a very rich phase d
gram, which is composed of eight regions~as shown in Fig.
2!. These regions are delimited by several distinct, we
defined transition curves. As will be shown below, the bu
order–disorder~finite-size! critical point Tc(L), the Ising-
type quasiwetting transition curveTw(L,H), and two mor-
phological transitions associated to the curvature of
growing interface~namely, from convex to nondefined t
concave!, can be quantitatively located. Moreover, in ord
to gain some insight into the physics involved in this co
plex phase diagram, some typical snapshot configurat
characteristic of the various different growth regimes are
tained~see Fig. 6! and discussed.

As is well known from finite-size scaling theory, there
some degree of arbitrariness in locating theL-dependent
critical temperatureTc(L) of a finite system. However, the
critical point Tc of the infinite system, obtained by extrapo
lating Tc(L) to theL→` limit, is unique and independent o
any particular choice for the finite-size critical point. In pa
ticular, the ~L-dependent! bulk order–disorder critical tem
perature can be identified with the peak of the susceptib
at zero surface field. ForL532, the critical point so defined
is Tc(L532)50.55, and is shown in Fig. 2 by a vertica
straight line. So, the left-~right-! hand side part of the phas
diagram corresponds to the ordered~disordered! growth re-
gime that involves RegionsI, II , III , IV, andA ~RegionsV,
VI, andB!.
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Previous studies35 have demonstrated that the MEM in
stripped~111!-dimensional geometry is not critical~i.e., it
only exhibits an ordered phase atT50 in the thermodynamic
limit !. Hence, as we consider larger and larger lattices,
finite-size critical pointsTc(L) turn smaller and smaller, an
vanish indeed in the thermodynamic limit. This implies th
the eight regions coexisting in theH2T phase diagram are
finite-size effect only relevant for the growth of magne
films in confined geometries. The ordered phase corresp
ing to theT,Tc(L) region becomes steadily narrower th
larger the lattice widthL, and in theL→` limit only the
disordered phase corresponding to theT.Tc(L) region sur-
vives. Furthermore, as will be shown below, also RegionB
shrinks and collapses in this limit, so that only RegionsV
andVI are present in the phase diagram of the infinite s
tem.

As in previous investigations,35 let us define the mean
transverse magnetizationm( i ,L,T,H) as

m~ i ,L,T,H !5
1

L (
j 51

L

Si j . ~2!

Also the susceptibilityx can be defined, as usual, in terms
the magnetization fluctuations. Then, using a stand
procedure,4 the localization–delocalization transition curv
corresponding to the up–down interface running along
walls can be computed considering that on theH2T plane, a
point with coordinates (Hw ,Tw) on this curve maximizes
x(H,T). So, the size-dependent localization–delocalizat
transition curve is obtained, as shown in Fig. 2~curve with
triangles!. As in the case of the Ising model, this quasiw
ting transition refers to a transition between a nonwet s
that corresponds to a localized interface bound to one of

FIG. 2. H2T phase diagram corresponding to a lattice of sizeL532. The
vertical straight line atTc(L)50.55 corresponds to theL-dependent critical
temperature, which separates the low-temperature ordered phase fro
high-temperature disordered phase. Open~filled! circles refer to the transi-
tion between nondefined and convex~concave!, growth regimes, and tri-
angles stand for the Ising-like localization–delocalization transition cu
Eight different regions are distinguished, as indicated in the figure. AlsowB ,
the isothermal width of RegionB, is marked forT50.6. More details in the
text.
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confinement walls, and a wet state associated to a deloca
domain interface centered between roughly equal domain
up and down spins.4,16 In fact, it is observed that a finite
jump in the wetting layer thickness takes place as a resu
the finite size of the system. As the lattice size is increas
the magnitude of the jump grows. However, it should
remarked again that the occurrence of this phenomeno
finite temperature is essentially due to the small size of
thin film, and it becomes irrelevant in the thermodynam
limit. Since confined ~111!-dimensional magnetic Ede
films are noncritical,35 the whole ordered phase correspon
ing to T,Tc(L) ~involving RegionsI, II , III , IV, and A!
that also contains the quasiwetting curve, collapses in thL
→` limit. Thus, standard procedures carried out in the
vestigation of equilibrium wetting phenomena concerni
the finite-size scaling behavior within the ordere
phase4,15–26are simply meaningless in the case of the mo
investigated here.

Since the MEM is a nonequilibrium kinetic growt
model, it also allows the identification of another kind
phase transition, namely a morphological transition ass
ated with the curvature of the growing interface of the s
tem. To avoid confusion, we remark that the terminterfaceis
used here for the transverse interface between occupied
empty lattice sites, while it was used above for the longi
dinal interface between up and down spin domains.

Figure 3 shows the shape of the mean growing interf
I obtained for different values of the surface magnetic fi
H, for fixed temperature (T50.6) and lattice size (L532).
Notice that the transverse coordinate has been convenie
redefined, so thatj * 51( j * 5L) corresponds to the side o
dominant~nondominant! spin domain, whilej 51( j 5L) is
the side of positive~negative! magnetic field. From the figure
it follows that three qualitatively distinct growth regimes ca
clearly be distinguished. Indeed, it is observed that while

the

.

FIG. 3. Plots of the averaged interface profileI vs j * for T50.6,L532 and
different values of the surface magnetic fieldH: ~a! H50, ~b! H50.6, and
~c! H54. The sidej * 51 ( j * 5L) is the one associated with the domina
~nondominant! spin domain. Increasing the surface fields, the curvature
the growing interface changes: convex→nondefined→concave. This quali-
tative behavior has been observed for all temperatures and lattice
within the range of interest of this work.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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small fields the system grows with convex curvature,
creasing the fields the growth process enters into a regim
nondefined curvature, since the dominant spin domain
tially wets the confinement wall, while the nondominant d
main does not. But then, further increasing the fields, a p
is reached where the nondominant spin domain also~par-
tially! wets the wall and the growing interface turns conca
This qualitative behavior has been observed for all temp
tures and lattice sizes within the range of interest of t
work.

To explore this phenomenon quantitatively, the behav
of the contact angles between the growth interface and
confinement walls~as functions of temperature and magne
field! have to be investigated. Clearly, two different conta
angles should be defined in order to locate this transit
namelyuD for the angle corresponding to the dominant sp
cluster, anduND for the one that corresponds to the nondom
nant spin cluster. Figure 4 shows plots of cot~u! versusH for
T50.6 andL532. The vertical dashed lines indicate th
fields that separate a given growth regime from another o
One observes that, increasing the surface fields, the gro
regime changes from convex to nondefined to concave
agreement with the interface profiles plotted in Fig. 3. Ana
gously, Figs. 5~a!–5~d! show plots of cot~u! versusT for L
532 and several different values for the magnetic fieldH.
Again, vertical dashed lines correspond to transition te
peratures between different growth regimes. Figure 5~a! cor-
responds toH50.2 and displays the characteristic behav
for very small magnetic fields, that is, a convex growi
interface irrespective of temperature. ForH50.6 one ob-
serves a single transition from the growth regime of non
fined curvature to the convex growth regime, which sho
up by increasing the temperature, as shown in Fig. 5~b!. It
should be noticed that the concave growth regime is p
vented, since for small enough magnetic fields cot(uND),0
for all T. As the fields are increased, cot(uND) moves upwards
and crosses cot(uND)50, as expected from the plot of Fig. 4
For instance, the plots of cot~u! versusT for H50.85, shown
in Fig. 5~c!, exhibit this behavior. Hence, here one has
deal with three transition temperatures. Finally, by furth
increasing the fields, the whole low-temperature region
dominated by the concave growth regime and two transi
temperatures remain, as shown in Fig. 5~d! for H51.8. All

FIG. 4. Plots of cot~u! vs H for T50.6 andL532. uD (uND) is the contact
angle corresponding to the dominant~nondominant! spin cluster, and is
represented by open~filled! circles. The vertical dashed lines mark the fiel
that separate a given growth regime from another one, as indicated. A
erence line corresponding to cot~u!50 has also been included.
Downloaded 20 Jan 2003 to 168.96.74.167. Redistribution subject to A
-
of
r-

-
nt

.
a-
s

r
e

t
n,

-

e.
th
in
-

-

r

-
s

-

r
is
n

these features are compactly shown in theH2T phase dia-
gram of Fig. 2, where open~filled! circles refer to the tran-
sition between nondefined and convex~concave! growth re-
gimes.

As anticipated above, we will now introduce and discu
some characteristic snapshot pictures, in order to prov
qualitative explanations that account for the different grow
regimes observed. Let us begin with RegionI ~see Fig. 2!,
that corresponds to the Ising-type nonwet state and the
vex growth regime. In this region, the temperature is sm
and the system grows in an ordered state, i.e., the domi
spin domain prevails and the deposited particles tend to h
their spins all pointing in the same direction. Small cluste
with the opposite orientation may appear preferably on
surface where the nondominant orientation field is appli
These ‘‘drops’’ might grow and drive a magnetization reve
sal, thus changing the sign of the dominant domain@see Fig.
6~a!#. In fact, the formation of sequences of well-order
domains are characteristic of the ordered phase of confi
~finite-size! spin systems such as the Ising magnet.4 Due to
the open boundary conditions, perimeter sites at the confi
ment walls experience a missing neighbor effect, that is,
number of NN sites is lower than for the case of perime
sites on the bulk. SinceH is too weak to compensate th
effect, the system grows preferentially along the center of
sample as compared to the walls, and the resulting gro
interface exhibits a convex shape. So, RegionI corresponds
to the Ising-like nonwet state and the convex growth regim
as shown by the snapshot picture of Fig. 6~a!.

Let us now consider an increase in the fields, such t
we enter RegionII ~see Fig. 2!. Since the temperature is kep
low, the system is still in its ordered phase and neighbor
spins grow preferably parallel-oriented. The surface fields
this region are stronger and thus capable of compensating
missing NN sites on the surfaces. But, since the fields
both surfaces have opposite signs, it is found that, on the

ef-

FIG. 5. Plots of cot~u! vs T for L532 and several different magnetic fields
~a! H50.2, ~b! H50.6, ~c! H50.85, and~d! H51.8. uD (uND) is the con-
tact angle corresponding to the dominant~nondominant! spin cluster, and is
represented by open~filled! circles. The vertical dashed lines mark the tem
peratures that separate a given growth regime from another one, as
cated. Reference lines corresponding to cot~u!50 have also been included
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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hand, the field that has the same orientation as the domi
spin cluster favors the growth of surface spins, while on
other hand, the sites on the surface with opposite field ha
lower probability to be chosen during the Monte Ca
growth process. Hence, the contact angle correspondin
the dominant spin cluster is thenuD,p/2, while the non-
dominant is uND.p/2. Thus, on the disfavored side th
growing interface becomes pinned and the curvature of
growing interface is not defined. Figure 6~b! shows a typical
snapshot corresponding to RegionII .

Keeping H fixed within Region II but increasing the
temperature, thermal noise will enable the formation of dro
on the disfavored side that eventually may nucleate i
larger clusters as the temperature is increased even fur
This process may lead to the emergence of an up–d
interface, separating oppositely oriented domains, runnin
the direction parallel to the walls. Since sites along the u
down interface are surrounded by oppositely oriented
spins, they have a low growing probability. So, in this ca
the system grows preferably along the confinement walls
the growing interface is concave@Fig. 6~c!#. Then, as the
temperature is increased, the system crosses to RegionA ~see
Fig. 2! and we observe the onset of two competitive grow
regimes:~i! one exhibiting a nondefined growing curvatu
that appears when a dominant spin orientation is presen
in the case shown in Fig. 6~b!; ~ii ! another that appears whe
an up–down interface is established and the system h
concave growth interface, as is shown in Fig. 6~c!.

Further increasing the temperature and for large eno
fields, the formation of a stable longitudinal up–down int
face that pushes back the growing interface is observed.
the system adopts the concave growth regime@see Fig. 6~c!
corresponding to RegionIV in Fig. 2#. Increasing the tem-
perature beyondTc(L), a transition from a low-temperatur
ordered state~Region IV) to a high-temperature disordere

FIG. 6. Typical snapshot configurations that exhibit a variety of differ
growth regimes. Gray~black! circles correspond to spins up~down!. The
surface field on the upper~lower! confinement wall is positive~negative!.
The snapshots correspond to a lattice sizeL532 and several different value
of temperature and surface fields:~a! H50.05, T50.4; ~b! H50.7, T
50.4; ~c! H51.8,T50.5; ~d! H51.8,T51.0; ~e! H50.1,T50.7; and~f!
H50.3, T50.54.
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state @Region VI, see Fig. 6~d!#, both within the concave
growth regime, is observed. Analogously, for small enou
fields, a temperature increase drives the system from the
dered convex growth regime~Region I! to the disordered
convex growth regime@RegionV, see Fig. 6~e!#. As shown
in Fig. 2, there is also an intermediate fluctuating state~Re-
gion B! between RegionsV and VI, characterized by the
competition between the disordered convex growth reg
and the disordered concave one.

Finally, a quite unstable and small region~RegionIII in
Fig. 2! that exhibits the interplay among the growth regim
of the contiguous regions, can also be identified. Since
width of RegionIII is of the order of the rounding observe
in Tc(L), large fluctuations between ordered and disorde
states are observed, as well as from growth regimes of n
defined curvature to convex ones. However, Fig. 6~f! shows
a snapshot configuration that is the fingerprint of RegionIII ,
namely a well-defined spin up–down interface with an
most flat growing interface.

As already commented, the noncriticality of confined~1
11!-dimensional magnetic Eden films implies that the who
ordered phase corresponding to theT,Tc(L) region, which
contains the quasiwetting curve, collapses in theL→` limit,
since in this limitTc(L)→0.35 Concerning the structure o
the disordered phase in the thermodynamic limit, it can
shown that the morphological transition curves merge int
single curve that separates the disordered convex growth
gime ~RegionV) from the disordered concave one~Region
VI). In order to illustrate this, we definewB(L,T) as the
isothermal width of the intermediate fluctuating state~Re-
gion B!. For instance,wB is marked in Fig. 2 forL532 and
T50.6. Figure 7 shows plots ofwB(L,T) versusL21 corre-
sponding to lattice sizes in the range 32<L<512 and for
two different temperatures. Using this standard extrapola
procedure, it turns out thatwB(L,T)→0 asL→`, and so
only RegionsV andVI are present in the infinite size phas
diagram.

t

FIG. 7. Plots of the isothermal width of RegionB (wB(L,T)) vs L21 for
lattice sizes in the range 32<L<512, corresponding toT50.6 and T
50.8. The lines are guides to the eye. Following this extrapolation pro
dure, it turns out that RegionB collapses in theL→` limit, and so only
RegionsV andVI are present in the infinite size phase diagram.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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IV. CONCLUSIONS

The growth of magnetic Eden thin films with ferroma
netic interactions between nearest-neighbor spins has
studied in a~111!-dimensional geometry with competin
surface magnetic fields. Besides an Ising-type quasiwet
transition, two morphological transitions in the growing i
terface, which arise from the MEM’s kinetic growth proces
have also been identified. The resulting phase diagram ex
its eight regions. Among them, six correspond to well d
fined growth regimes, which are illustrated by typical sna
shot pictures. The remaining two regions appear
fluctuating crossover states characterized by the compet
between the growth regimes of neighboring regions.
hence conclude that the nonequilibrium nature of grow
magnetic Eden thin films introduces new and rich physi
features of interest, as compared to wetting phase diagr
for equilibrium spin systems~e.g., the well-studied Ising
model4!. In the thermodynamic limit, the whole ordere
phase~which contains the quasiwetting curve! collapses. In-
deed only two regions, which correspond to the disorde
convex growth regime and the disordered concave one,
present in the phase diagram of the infinite system.

We expect that the present study will contribute to t
fields of nonequilibrium wetting phenomena and irreversi
growth processes in confined geometries, and we hope
it will stimulate further experimental and theoretical wo
in these topics of widespread technological and scien
interest.

ACKNOWLEDGMENTS

This work was supported by CONICET, UNLP, an
ANPCyT ~Argentina!.

1J. Shenet al., Phys. Rev. B56, 2340~1997!.
2J.-S. Tsay and Y.-D. Yao, Appl. Phys. Lett.74, 1311~1999!.
3O. Pietzsch, A. Kubetzka, M. Bode, and R. Wiesendanger, Phys. Rev.
84, 5212~2000!.

4E. V. Albano, K. Binder, D. Heermann, and W. Paul, Surf. Sci.223, 151
~1989!.

5D. Karevski and M. Henkel, Phys. Rev. B55, 6429~1997!.
6J. T. Ou, F. Wangand, and D. L. Lin, Phys. Rev. E56, 2805~1997!.
7F. D. A. Aarão Reis, Phys. Rev. B58, 394 ~1998!; ibid. 62, 6565~2000!.
Downloaded 20 Jan 2003 to 168.96.74.167. Redistribution subject to A
en

g

,
ib-
-
-
s

on
e
g
l

ms

d
re

e
at

c

tt.

8U. Steiner, E. Eiser, J. Klein, A. Budkowski, and L. J. Fetters, Scie
258, 1126~1992!.

9U. Steiner and J. Klein, Phys. Rev. Lett.77, 2526~1996!.
10A. F. G. Wyatt, J. Klier, and P. Stefanyi, Phys. Rev. Lett.74, 1151~1995!.
11P. G. de Gennes, Rev. Mod. Phys.57, 827 ~1985!.
12S. Dietrich, inPhase Transitions and Critical Phenomena, edited by C.

Domb and J. L. Lebowitz~Academic, New York, 1988!, Vol. 12.
13G. Forgacs, R. Lipowsky, and Th. M. Nieuwenhuizen, inPhase Transi-

tions and Critical Phenomena, edited by C. Domb and J. L. Lebowitz
~Academic, London, 1991!, Vol. 14.

14A. O. Parry, J. Phys.: Condens. Matter8, 10761~1996!.
15A. O. Parry and R. Evans, Phys. Rev. Lett.64, 439~1990!; Physica A181,

250 ~1992!.
16M. R. Swift, A. L. Owczarek, and J. O. Indekeu, Europhys. Lett.14, 465

~1991!.
17A. Maciolek and J. Stecki, Phys. Rev. B54, 1128~1996!.
18A. Maciolek, J. Phys. A29, 3837~1996!.
19E. Carlon and A. Drzewin´ski, Phys. Rev. E57, 2626~1998!.
20H. L. Frisch, S. Puri, and P. Niebala, J. Chem. Phys.110, 10514~1999!.
21H. Liu, A. Bhattacharya, and A. Chakrabarti, J. Chem. Phys.109, 8607

~1998!.
22M. Mueller, E. V. Albano, and K. Binder, Phys. Rev. E62, 5281~2000!.
23K. Binder, D. P. Landau, and A. M. Ferrenberg, Phys. Rev. Lett.74, 298

~1995!; Phys. Rev. E51, 2823~1995!.
24K. Binder, D. P. Landau, and A. M. Ferrenberg, Phys. Rev. E53, 5023

~1995!.
25A. Wener, F. Schmid, M. Mueller, and K. Binder, J. Chem. Phys.107,

8175 ~1997!.
26A. M. Ferrenberg, D. P. Landau, and K. Binder, Phys. Rev. E58, 3353

~1998!.
27U. Bovensiepenet al., Phys. Rev. Lett.81, 2368~1998!.
28M. Eden, in Symp. on Information Theory in Biology, edited by H. P.

Yockey~Pergamon, New York, 1958!; Proceedings of the Fourth Berkele
Symposium on Mathematics, Statistics and Probability, edited by F.
Neyman~University of California Press, Berkeley, 1961!, Vol. IV, p. 223.

29Fractals and Disordered Media, edited by A. Bunde and S. Havlin
~Springer-Verlag, Heidelberg, 1991!.

30Fractals in Science, edited by A. Bunde and S. Havlin~Springer-Verlag,
Heidelberg, 1995!.

31A. L. Barabasi and H. E. Stanley, inFractal Concepts in Surface Growth
~Cambridge University Press, New York, 1995!.

32M. Marsili, A. Maritan, F. Toigo, and J. R. Banavar, Rev. Mod. Phys.68,
963 ~1996!.

33M. Ausloos, N. Vandewalle, and R. Cloots, Europhys. Lett.24, 629
~1993!.

34Notice thatM is the growing direction of the magnetic film that plays th
role of the growing ‘‘time.’’ After reaching the stationary growing regim
this variable is irrelevant for the computation of averaged quantities
consequently does not enter in the scaling functions.

35J. Candia and E. V. Albano, Phys. Rev. E63, 066127~2001!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp


