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Monte Carlo simulation of the irreversible growth of magnetic thin films
Julián Candiaa) and Ezequiel V. Albanob)
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The growth of magnetic films with ferromagnetic interactions between nearest-neighbor spins is
studied in (d11)-dimensional rectangular geometries ford51,2. Magnetic films are grown
irreversibly by adding spins at the boundaries of the growing interface. The orientation of the added
spins depends on both the energetic interaction with already deposited spins and the temperature
through a Boltzmann factor. At low temperatures thin films, of thicknessL, are constituted by a
sequence of well ordered magnetic domains. Spins belonging to each domain, of average length
l D@L, have mostly the same orientation, but consecutive domains have opposite magnetization.
This kind of ‘‘spontaneous magnetization reversal’’ during the growth process has a short
characteristic lengthl R , such thatl D@ l R;L. At higher temperatures, a transition between ordered
and disordered states is also observed. The emerging behavior is compared to that of the equilibrium
Ising model. © 2001 American Institute of Physics.@DOI: 10.1063/1.1412841#
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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 experimental1–7 and
theoretical8–12 attention. From the theoretical point of view
most of the work has been devoted to the study of equi
rium properties of thin magnetic films.8–12 In contrast, the
aim of this work is to study the properties of thin magne
film growth under far-from-equilibrium conditions. Within
this context, a useful model for the study of the growth
magnetic materials is the so-called magnetic Eden mo
~MEM!,13 based on the well known Eden model.14 The latter
has become an archetypical growth model due to both
simplicity and interesting properties. Eden growth sta
from a single particle called the seed. One then proceed
add a new particle on a randomly chosen unoccupied sit
the immediate neighborhood~the perimeter! of the seed. The
growth process then continues by randomly adding new
ticles to the perimeter of the previously formed cluster. A
though this simple rule leads to the growth of compact cl
ters filling the Euclidean space, the self-affinity th
characterizes the behavior of the growing interface is
much interest.15,16 The MEM, originally motivated by the
study of the structural properties of magnetically textur
materials, introduces an additional degree of freedom to
Eden model, namely the spin of the added particles.13 More
recently, the Eden growth of clusters of charged particles
also been studied.17
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Considering the MEM with spins having two possib
orientations~up and down!, one can start the growth of th
spin cluster from a single seed having a predetermined
entation, e.g., a spin up seed, placed at the center of
two-dimensional square lattice, whose sites are labeled
their rectangular coordinatesi , j . Then, the MEM’s growth
process consists of adding further spins to the growing c
ter taking into account the corresponding interaction en
gies. By analogy to the classical Ising model18 one takesJ as
the coupling constant between nearest-neighbor~NN! spins
Si j and the energyE given by

E52
J

2 (
^ i j ,i 8 j 8&

Si j Si 8 j 8 , ~1!

where^ i j ,i 8 j 8& means that the summation is taken over o
cupied NN sites. As we are concerned with spin1

2 particles,
the spins can assume two values, namelySi j 561.

It is worth mentioning that, while previous studies of th
MEM were mainly devoted to determining the lacunar
exponent and the fractal dimension of the set of parallel
ented spins,13 the aim of the present work is to study th
growth of MEM films using extensive Monte Carlo simula
tions. In order to simulate thin film growth, our study
performed in confined~stripped! geometries which resembl
recent experiments where the growth of quasi-o
dimensional strips of Fe on a Cu~111! vicinal surface1 and Fe
on a W~110! stepped substratum7 have been performed. Also
in a related context, the study of the growth of metallic m
tilayers has shown a rich variety of new physical pheno
ena. In particular, the growth of magnetic layers of Ni a
Co separated by a Cu spacer layer has recently b
studied.19

Another goal of the present work is to compare the
sults obtained for the MEM with the well known behavior
the equilibrium Ising model,18,20an archetypical model in the
study of phase transitions in equilibrium magnetic system
The Ising Hamiltonian (H) is given by

ta,

il:
5 © 2001 American Institute of Physics
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H52
J

2 (
^ i j ,i 8 j 8&

Si j Si 8 j 8 , ~2!

where^ i j ,i 8 j 8& means that the summation runs over all N
sites,Si j 561, is the state of the spin at the site of coord
natesi , j andJ is the coupling constant (J.0 for the ferro-
magnetic case!. It should be pointed out that, in spite of th
fact that Eqs.~1! and~2! are similar, the MEM describes th
irreversible growth of a magnetic material while the Isi
model is suitable for the study of a magnetic system un
equilibrium conditions, and hence these two models ope
under extremely different conditions.

This article is organized as follows: in Sec. II we giv
details on the simulation method, Sec. III is devoted to
presentation and discussion of the results, while our con
sions are finally stated in Sec. IV.

II. DESCRIPTION OF THE MONTE CARLO
SIMULATION METHOD

The MEM in (111) dimensions is studied in the squa
lattice using a rectangular geometryL3M with M@L. The
location of each site on the lattice is specified through
rectangular coordinates (i , j ), (1< i<M , 1< j <L). The
starting seed for the growing cluster is a column of para
oriented spins placed ati 51. As described in the foregoin
section, the MEM growth occurs by selectively gluing spi
at perimeter sites. It should be noted that previous studie
the MEM were performed using a single spin seed place
the center of the sample.13 In this way, previous simulations
that followed this approach were restricted to rather mod
cluster sizes, i.e., containing up to 8000 spins.13 In contrast,
the rectangular stripped geometry used in this work is s
able for the simulation of the growth of magnetic films and
also has significant technical advantages. Indeed, when
growing film interface is close to reach the limit of th
sample (i 5M ) one simply computes the relevant propert
of the irreversibly frozen film’s bulk~in the region where the
growing process has definitively stopped!, and subsequently
applies an algorithm such that the interface is shifted tow
the lowest possiblei coordinate~while, at the same time, th
useless frozen bulk is erased!. By repeatedly applying this
procedure the growth process is not limited by theM value
of the lattice. In the present work films having up to 19

spins have been typically grown. The described proced
can straightforwardly be extended to higher dimensions
fact, we have also studied the MEM in (211) dimensions
employing aL3L3M geometry (M@L). Each site on the
lattice is now identified through the rectangular coordina
( i , j ,k), (1< i<M , 1< j ,k<L), and the starting seed for th
growing film is taken to be a plane ofL3L parallel oriented
spins placed ati 51. The cutting-and-shifting algorithm is in
this case also suitable in order to allow the growing film
acquire particles beyond thei 5M limit.

As already mentioned, the growth process of a ME
film consists of adding further spins to the growing film ta
ing into account the corresponding interaction energies gi
by Eq. ~1!. A spin is added to the film with a probabilit
proportional to the Boltzmann factor exp(2DE/kBT), where
DE is the total energy change involved. It should be no
Downloaded 20 Jan 2003 to 168.96.74.174. Redistribution subject to A
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that at each step all sites of the growing perimeter are c
sidered and the probabilities of adding up and down spin
them have to be evaluated. After proper normalization of
probabilities the growing site and the orientation of the s
are determined through a pseudorandom number gener
Throughout this work we set the Boltzmann constant eq
to unity (kB[1), we considerJ.0 ~i.e., the ferromagnetic
case! and we take the absolute temperatureT measured in
units of J.

III. RESULTS AND DISCUSSION

Magnetic Eden films grown on a stripped geometry
finite linear dimensionL at sufficiently low temperatures
show an intriguing behavior that we call spontaneous m
netization reversal. In fact, we have observed that long c
ters are constituted by a sequence of well ordered magn
domains of average lengthl D@L. Figure 1~a! shows a snap-
shot configuration of the (111)-dimensional MEM where
the phenomenon of spontaneous magnetization reversa
be recognized. Here the reversal occurring between a dom
of spins up~on the left side! and another one constituted b
spins down~on the right!, as well as the interface betwee
both domains, can be clearly observed. It should be no
that the well known phenomenon of field induced magne

FIG. 1. Spontaneous magnetization reversal observed forL532 and T
50.26 in the (111)-dimensional magnetic film.~a! Snapshot configuration
that shows the collective orientation change: the left~right! domain is con-
stituted by up~down! oriented spins. The snapshot corresponds to the b
of the sample and the growing interface is not shown.~b! Magnetization
profile associated to the upper configuration. The characteristic length
the occurrence of the magnetization reversall R is on the order of the lattice
width, as marked in the figure.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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zation reversal in thin films21,22 is quite different from the
spontaneous reversal reported here. In the present stud
reversal occurs during the growth process and in the abs
of any applied magnetic field. The reported phenomeno
essentially due to the small size of the thin film and it b
comes irrelevant in the thermodynamic limit. This theoreti
prediction has not yet been observed experimentally. H
ever, it will certainly be very interesting to design and ca
out suitable experiments in order to observe this phen
enon.

Let l R be the characteristic length for the occurrence
the spontaneous magnetization reversal. Sincel R;L, we
then conclude that the phenomenon has two character
length scales, namelyl D andl R , such thatl D@ l R;L. Figure
1~b! shows the magnetization profile that corresponds to
spontaneous magnetization reversal shown in Fig. 1~a!,
where

m~ i ,L,T!5
1

L (
j 51

L

Si j ~3!

is the mean column magnetization at the distancei 21 from
the seed, for a system of linear dimensionL at temperatureT.
In Fig. 1~b! one can clearly observe how abruptly the ma
netization drops fromm511 to m521 within a character-
istic lengthl R of the order ofL.

In order to investigate the dependence of the charac
istic domain lengthl D on L andT, let us defineP( l d ;D l d) as
the probability for the formation of a domain of length b
tweenl d andl d1D l d . Clearly, the average domain lengthl D

mentioned above is the average value ofl d taken over a
sufficiently long magnetic film~i.e., l D[^ l d& for l F@ l D ,
where l F is the film’s total length!. Figure 2 shows plots o
P( l d ;D l d) versusl d /L for a fixed lattice size and differen
values of temperature. As expected, increasingly long

FIG. 2. Plots ofP( l d ;D l d) vs l d /L for L516 and different values of tem
perature and interval width, as indicated. The inset shows a plot of (l D /L)21

vs T, also for a lattice of sideL516. As expected, increasingly long do
mains tend to show up at lower temperatures.
Downloaded 20 Jan 2003 to 168.96.74.174. Redistribution subject to A
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mains tend to show up at lower temperatures. This beha
can be also observed in the plot of (l D /L)21 versusT shown
in the inset of Fig. 2. Figure 3 shows a log–linear plot ofl D

21

versusL21 for a fixed temperature and lattice sizes in t
range 16<L<512. This figure clearly shows that the ave
age domain length diverges as we increase the lattice
towards the thermodynamic limit. Therefore, as earlier
ticipated, the phenomenon of magnetization reversal is a
nite size effect relevant for the growth of magnetic films
confined geometries.

At this point it is useful to perform a comparison b
tween the results obtained with the MEM and the w
known behavior of the Ising model analyzing the interpl
between broken symmetry and finite-size effects at ther
phase transitions. In ordinary thermally driven phase tran
tions, the system changes from a disordered state at
temperatures to a spontaneously ordered state at tem
tures below some critical valueTc , where a second-orde
phase transition takes place. Regarding the equilibrium Is
model as the archetypical example, one concludes that, in
absence of an externally applied magnetic field (H50), the
low temperature ordered phase is a state with nonvanis
spontaneous magnetization (6M sp, the sign depending on
the initial state!. This spontaneous symmetry breaking is po
sible in the thermodynamic limit only. In fact, it is found tha
the magnetizationM of a finite sample formed byN particles,
defined by

M ~T,H50!5
1

N (
i 51

N

Si~T,H50!, ~4!

can pass with a finite probability from a value near1M sp to
another near2M sp, as well as in the opposite direction
Consequently, the magnetization of a finite system, avera
over a sufficiently large observation time, vanishes at ev
positive temperature, irrespective of the~finite! size of the
sample. The equationM (T,H50)'0 holds if the observa-
tion time tobs becomes larger than the ergodic timeterg,
which is defined as the time needed to observe the sys
passing from6M sp to 7M sp. Increasing the size of the

FIG. 3. Log–linear plot ofl D
21 vs L21 for the temperatureT50.5 and lattice

sizes in the range 16<L<512. The line is a guide to the eye, showing th
the characteristic domain length diverges in the thermodynamic li
(L→`).
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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sample the ergodic time increases too, such that in the t
modynamic limit ergodicity is broken due to the divergen
of the ergodic time, yielding broken symmetry. Since Mon
Carlo simulations are restricted to finite samples, the s
dard procedure to avoid the problems treated in the forego
discussion is to consider the root mean square~or the abso-
lute! magnetization as an appropriate order paramete23

Turning back to the MEM, we find that the phenomenon
magnetization reversal@as shown in Fig. 1~a!# causes the
magnetization of the whole film to vanish at every nonze
temperature, provided that the film’s lengthl F ~which plays
the role oftobs) is much larger thanl D ~which plays the role
of terg). Therefore, as in the case of the Ising model,23 in
order to overcome shortcomings derived from the finite-s
nature of Monte Carlo simulations we have measured
mean absolute column magnetization, given by

um~ i ,L,T!u5
1

L U(j 51

L

Si jU. ~5!

In the stripped geometry used in this work the bias
troduced by the linear seed~a starting column made up en
tirely of up spins! can be studied in plots ofum( i ,L,T)u
versus i. It is found that um( i ;L,T)u exhibits a transient
growing period with a characteristic length of orderL, fol-
lowed by the attainment of a stationary regime. In additi
using several randomly generated seeds we could also e
lish that the system evolves into a given stationary state
dependently of the seed employed. Thus, the spin-up lin
seed can be used throughout without loss of generality. T
behavior has been observed throughout the range of inte
studied in the present work, i.e., 16<L<1024 and 0.2<T
<`. So, the influence exerted on the spin system by the s
can be easily recognized and eliminated from our results
by disregarding the firstl Tr5N.L columns, withN ranging
between 10 and 50. The given procedure of column ave
ing out from the transient region represents a significant
vantage of the stripped geometry used for the simulation
the MEM, in addition to that already mentioned~see Sec. II!.
In fact, when a single seed at the center of the sampl
used, the definition of the average magnetization of
whole cluster is strongly biased by the cluster’s kernel o
entation at the early stages of the growing process. Henc
is very difficult in this case to disentangle the stationary
gime from the transient region. Moreover, film growth o
planar substrata has the advantage that it can be impleme
experimentally, e.g., via vapor deposition in vacuum, che
cal deposition, electrodeposition, etc.

The mean column magnetization given by Eq.~3! is a
fluctuating quantity that can assumeL11 values. Then, for
given values of bothL andT, the probability distribution of
the mean column magnetization (PL(m)) can straightfor-
wardly be evaluated, since it represents the normalized
togram ofm taken over a sufficiently large number of co
umns in the stationary region.24–26 In the thermodynamic
limit ~lattice size going to infinite! the probability distribu-
tion (P`(m)) of the order parameter of an equilibrium sy
tem at criticality is universal~up to rescaling of the orde
parameter! and thus it contains very useful and interesti
Downloaded 20 Jan 2003 to 168.96.74.174. Redistribution subject to A
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information on the universality class of the system.27–29 For
example,PL(m) contains information about all momenta o
the order parameterm, including universal ratios such as th
Binder cumulant.27 Figure 4 shows the thermal dependen
of PL(m) for a fixed lattice size (L5128 in the present ex
ample! as obtained for the (111) dimensional MEM. We
can observe that at high temperaturesPL(m) is a Gaussian
centered atm50. As the temperature is lowered, the dist
bution broadens and develops two peaks atm51 and m
521. Further decreasing the temperature causes these p
to become dominant while the distribution turns distinc
non-Gaussian, exhibiting a minimum just atm50. It should
be pointed out that the emergence of the maxima atm5
61 is quite abrupt. This behavior reminds us of the ord
parameter probability distribution characteristic of the o
dimensional Ising model. In fact, for the well studie
d-dimensional Ising model,26,30 we know that forT.Tc ,
PL(M )31 is a Gaussian centered atM50, given by

PL~M !}expS 2M2Ld

2Tx D , ~6!

where the susceptibilityx is related to order parameter fluc
tuations by

x5
Ld

T
~^M2&2^M &2!. ~7!

By decreasing the temperature the order parameter p
ability distribution broadens, it becomes non-Gaussian,
nearTc it splits into two peaks that become more separa
the lower the temperature. ForT,Tc and linear dimensions
L much larger than the correlation lengthj of order param-
eter fluctuations, one may approximatePL(M ) near the
peaks by a double-Gaussian distribution, i.e.,

FIG. 4. Data corresponding to the (111)-dimensional MEM: plots of the
probability distribution of the mean column magnetizationPL(m) vs m for
the fixed lattice widthL5128 and different temperatures, as indicated in t
figure. The sharp peaks atm561 for T50.45 have been truncated, in orde
to allow a detailed observation of the plots corresponding to higher temp
tures. This behavior resembles that of the one-dimensional Ising mode
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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PL~M !}expS 2~M2M sp!
2Ld

2Tx D
1expS 2~M1M sp!

2Ld

2Tx D , ~8!

whereM sp is the spontaneous magnetization, while the s
ceptibility x is now given by

x5
Ld

T
~^M2&2^uM u&2!. ~9!

From Eq.~6! it turns out that the Gaussian squared widths2

associated with high temperature distributions is very cl
to the second moment of the order parameter, i.e.,

s2'^M2&. ~10!

It should be noticed that this equation is a straightforw
consequence of the Gaussian shape of the order param
probability distribution and, thus, it holds for the MEM a
well. From the well known one-dimensional exact soluti
for a chain ofL spins32 one can establish the relationship

x5
1

T
exp~2/T!, ~11!

then, Eqs.~7! and ~11! lead us to

^M2&5
1

L
exp~2/T! ~12!

~where it has been taken into account that^M &50 due to
finite-size effects, irrespective of temperature!. From Eqs.
~10! and~12! we can see that the high temperature Gauss
probability distribution broadens exponentially asT is low-
ered, until it develops delta-like peaks atM561 as a con-
sequence of a boundary effect on the widely extended di
bution. It should be noted that ford>2 this phenomenon is
prevented by the finite critical temperature which splits
Gaussian, as implied by Eq.~8!.

Figure 5 shows the thermal evolution of the probabil
distribution as obtained for the (211)-dimensional MEM,
using a lattice of sideL516. For high temperatures, th
probability distribution corresponds to a Gaussian centere
m950. At lower temperatures we observe the onset of t
maxima located atm956M sp (0,M sp,1), which become
sharper and approachm9561 asT is gradually decreased
These low-temperature probability distributions clearly
flect the occurrence of the magnetization reversal effect
ready discussed for the case of (111)-dimensional magnetic
films.

Figure 6 shows the location of the maximum of the pro
ability distribution as a function of temperature for bothd
11)-dimensional MEM models~with d51,2) where we
consider only maxima located atm,m9>0, since the distri-
butions are symmetric aroundm5m950. After inspection of
Fig. 6, the different qualitative behaviors of both syste
becomes apparent. In fact, while for thed52 case we ob-
serve a smooth transition from themmax9 50 value character-
istic of high temperatures to nonzerommax9 values that corre-
spond to lower temperatures, the curve obtained ford51
shows, in contrast, a Heaviside-like jump. The latter c
Downloaded 20 Jan 2003 to 168.96.74.174. Redistribution subject to A
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reflects a behavior which is similar to that observed simu
ing the equilibrium Ising model in one-dimension. In ord
to carry out a quantitative comparison between both mod
we have also evaluated the average absolute magnetiz
(^uMIsingu&) for chains of the same lengthL as the columns of
the (111)-dimensional MEM. Figure 7 shows log–linea
plots of ^uM u Ising&(L,T)2^umuMEM&(L,T) versus L21 ob-
tained for two different values ofT. It becomes evident tha

FIG. 5. Data corresponding to the (211)-dimensional MEM: plots of the
probability distributionPL(m9) vs m9 for the fixed lattice sizeL516 and
different temperatures, as indicated in the figure. The occurrence of
maxima located atm956M sp ~for a given value ofM sp such that 0,M sp

,1) is the hallmark of a thermal continuous phase transition that ta
place at a finite critical temperature.

FIG. 6. Plots showing the location of the maximum of the probability d
tribution as a function of temperature for both (d11)-dimensional MEM
models (d51,2). The lines are guides to the eye. The smooth transition
d52 constitutes more evidence of the nonzero critical temperature as
ated with the (211) MEM.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the different L-dependent values of the magnetization a
finite size effects observed as a consequence of the s
used. Such effects vanish in the thermodynamic limit.

In contrast to the (111)-dimensional case, the behavi
exhibited by the (211)-dimensional MEM~e.g., as dis-
played by Figs. 5 and 6! is the signature of a thermal con
tinuous phase transition that takes place at a finite crit
temperature. It should be noted that this transition invol
the entire system, that may be either in the disordered ph
or in the ordered one, depending on temperature. The bro
symmetry at a finite critical temperatureTc implied by the
thermal continuous phase transition can be explained
terms of the broken ergodicity that occurs in the syst
when we tend to the thermodynamic limit (L→`) making
use of the temperature dependence exhibited by the o
parameter distribution function. In fact, if we introduce
ergodic lengthl erg defined byl erg[ l D , wherel D is the char-
acteristic length of MEM’s domains, we can carry out a co
plete analogy with the Ising model by associatingl erg to terg

~the Ising model ergodic time! and the above mentione
film’s total length l F to the Ising model observation tim
tobs. In this way, we encounter that excursions ofm9 from
m951M sp to m952M sp and vice versaoccur at length
scales on the order ofl erg. When the film’s total length be
comes larger and larger (l F@ l erg) the whole film’s magneti-
zation is averaged to zero. Furthermore,l erg diverges as the
strip’s width becomes larger and larger, as shown in Fig
and again broken symmetry arises as the consequenc
broken ergodicity.

It should be noted that as in the case of equilibriu
systems, in the present case various ‘‘effective’’L-dependent
critical temperatures can also be defined. In particular,
will define Tc1(L) as the value that corresponds to^um9u&
50.5 for fixedL, andTc2(L) as the temperature that corr
sponds to the maximum of the susceptibility for a givenL,
assuming that the susceptibility is related to order param
fluctuations in the same manner as for equilibrium syste
@as given by Eqs.~7! and ~9!#. Then, we should be able t

FIG. 7. Comparison of results corresponding to the (111) MEM and the
d51 Ising model: log–linear plots of^uM u I&(L,T)2^umuMEM&(L,T) vs L21

for T50.5 andT51.0. The lines are guides to the eye. Hence, difference
the magnetization due to finite-size effects appear to vanish in the the
dynamic limit.
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obtainTc from plots ofTcn(L) versusL21 ~for n51,2), as it
is shown in Fig. 8. Indeed, following this procedure we fin
that, for L→`, both Tc1(L) and Tc2(L) extrapolate~ap-
proximately! to the same value, allowing us to evaluate t
critical temperatureTc50.6960.01 in the thermodynamic
limit. Notice thatTc depends on both the coordination num
ber and the topological structure of the lattice. Furthermo
these properties are not uniquely determined by the dim
sionality. So, the small value ofTc obtained for the MEM, as
compared to the Ising model on the square lattice with f
nearest NNs given byTc

Ising52.2692,32 reflects the fact that
the effective number of occupied NN sites upon deposit
of spins in the MEM (̂NNMEM&) should be^NNMEM&,4.
Furthermore, the effective topological structure of the ME
compatible with the measured value ofTc remains an open
question.

IV. CONCLUSIONS

In the present work we have studied the growth of ma
netic films with ferromagnetic interactions between near
neighbor spins in a (d11)-dimensional rectangular geom
etry ~for d51,2), using Monte Carlo simulations. For bo
dimensions the phenomenon of spontaneous magnetiza
reversal is observed at low temperatures. Indeed, MEM fi
grown at low temperatures are constituted by a sequenc
magnetic domains, each of them with a well defined mag
tization, such that the magnetization of adjacent domain
antiparallel. Further increasing the temperature causes
onset of disorder in the bulk of the domains. Subsequentl
rounded effective transition to a fully disordered state ta
place. These pseudo-‘‘phase transitions’’ occur at film wid
L dependent effective critical temperatures. However, in
thermodynamic limit (L→`), the (111)-dimensional

n
o-

FIG. 8. Plots of the effective finite-size critical temperaturesTcn(L) vs L21

~for n51,2) corresponding to the (211)-dimensional magnetic film.
Tc1(L) is defined as the value that corresponds to^um9u&50.5, whileTc2(L)
is the temperature that corresponds to the maximum of the susceptib
The solid lines show the linear extrapolations that meet at the critical p
given byTc50.6960.01.
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MEM is not critical ~the transition takes place atT50),
while a true second-order phase transition is expected to
cur at a finite temperature (Tc50.6960.01) in the
(211)-MEM. The observed behavior is reminiscent of th
of the equilibrium Ising model, although it should be stress
that the MEM is a far-from-equilibrium growing system.

The finite size of the films causing magnetization rev
sal and the occurrence of effective order–disorder transit
may be undesired effects that shall be avoided in the pre
ration of high quality magnetic films. However, these sho
comings may disappear if the film strongly interacts with t
substrate where the actual growing process takes place.
ther studies on the growth of magnetic films in the prese
of surface magnetic films that account for the interact
with the substrate are under progress.33,34
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