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The growth of confined magnetic films with ferromagnetic interactions between nearest-neighbor
spins is studied in a stripped+1)-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 transitjazollapses, 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 Physic§DOI: 10.1063/1.1511725

I. INTRODUCTION using extensive Monte Carlo simulations. In order to simu-
late thin film growth, our study is carried out in confined

The preparation and characterization of magnetiqstripped geometries, which resemble recent experiments
nanowires and films is of great interest for the developmenivhere the growth of quasi-one-dimensional strips of Fe on a
of advanced microelectronic devices. Therefore, the study ofu(111) vicinal surfacé and Fe on a W10 stepped
the behavior of magnetic materials in confined geometriessubstratuhhave been performed. Also, in a related context,
e.g., thin films, has attracted both experimentaland the study of the growth of metallic multilayers have shown a
theoretical~" attention. On the other hand, the investigationrich variety of new physical phenomena. Particularly, the
of very interesting wetting phenomena has also drawn enomgrowth of magnetic layers of Ni and Co separated by a Cu
mous attention. For instance, surface enrichment or wettingpacer layer has recently been studiedt should also be
layers have been observed experimentally in a great varietyemarked that although the discussion is presented here in
of systems, such as polymer mixtutésand adsorption of terms of a magnetic language, the relevant physical concepts
simple gases on alkali metal surfac@sndeed, it is recog- can be extended to other systems such as fluids, polymers,
nized that wetting of solid surfaces by a fluid is a phenom-and binary mixtures.
enon of primary importance in many fields of practical tech- In the present work it is shown that, in far-from-
nological applicationglubrication, efficiency of detergents, equilibrium systems, the subtle interplay between finite-size
oil recovery in porous material, stability of paint coatings, effects, wetting, and interface growth mechanisms leads to
interaction of macromolecules with interfaces, ®ic.Fur-  more rich and complex physical features than in the equilib-
thermore, the study of wetting transitions at interfaces hagium counterpart. In fact, a complex phase diagram, that ex-
also attracted considerable theoretical intet&st; involv-  hibits a localization—delocalization transition in the interface
ing, among others, different approaches such as the meahat runs along the walls and a change of the curvature of the
field Ginzburg—Landau method,"® transfer matrix and growing interface running perpendicularly to the walls, is
Pfaffian techniques’'® density matrix renormalization evaluated and discussed.
group methods; solving the Cahn—Hilliard equatidii, us- This manuscript is organized as follows: In Sec. Il we
ing molecular dynamic simulatior$,solving self-consistent give details on the simulation method; Sec. Ill is devoted to
field equationg” and by means of extensive Monte Carlo the presentation and discussion of the results, while the con-
simulations®23-26 clusions are finally stated in Sec. IV.

However, most of the theoretical work has been carried
out within the framework of equilibrium systems. In con- IIl. THE MODEL AND THE SIMULATION METHOD
trast, the aim of this work is to study the properties of thin In the classical Eden modé€lon the square lattice, the
magnetic film growth under far-from-equilibrium conditions, growth process starts by adding particles to the immediate
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it normalization of the probabilities, the growing site and the
orientation of the spin are determined through standard
Monte Carlo techniques. Although both the interaction en-

-H ergy and the Boltzmann probability distribution considered

{ for the MEM are similar to those used for the Ising model

L with surface magnetic fieldsjt must be stressed that these

seed — two models operate under extremely different conditions,

l i namely the MEM describes theeversible growthof a mag-
M netic material and the Ising model deals with a magnet under
H equilibrium In the MEM, the position and orientation of all

FIG. 1. The general setup for the MEM in(&+1)-dimensional rectangular  deposited spins remain fixed. During the growth process, the
geometry. The magnetic film grows along the positive longitudinal directionsystem develops a rough growth interface and evolves
fmtmdacs)eed BO”Stcith‘Ed Ué’dPt’C_‘ra”e"O”E”tEd Sz"‘ls plafr(]edtiatl, as inoc'jij t_mainIy along the longitudinal direction. Some lattice sites
cated. Open boundary conditions are assumed along the transverse directi . el )
in which competing surface magnetic figttt>0 (H'=—H) acting on the %rhn remain empty even well Wlth,m the SYStemS bulk, ,bUt’
sites placed aj=1 (j=L) are considered. Since all deposited spins are SINCe at each growth step all perimeter sites are candidates
frozen, an algorithm that shifts the active growing region towards low for becoming occupied, these holes are gradually filled.
values can be repeatedly applied when the film is close to reaching the limit{ence, far behind the active growth interface, the system is
of the samplei(=M). Hence, flnlte_ S|ze.results are independenkgfand compact and frozen. When the growing cluster interface is
are thus only governed by the lattice width . . .

close to reaching the limit of the sample<M), the rel-

evant properties of the irreversibly frozen cluster’s b(itk
neighborhood(the perimeter of a seed particle. Subse- the region where the growing process has definitively
quently, particles are stuck at random to perimeter sites. Thigtopped are computed, the useless frozen bulk is thereafter
growth process leads to the formation of compact cluster§rased, and finally the growing interface is shifted towards
with a self-affine interfac®~3? The growth of a ferromag- the lowest possible longitudinal coordinate. Hence, repeat-
netic material can be studied by means of the so-called magdly applying this procedure, the growth process is not lim-
netic Eden mode(MEM),3® which considers an additional ited by the lattice lengtiM, and so the lattice width is the
degree of freedom due to the spin of the growing particles. IPnly relevar;t parameter concerning the finite-size natléjre of
the present work the MEM is investigated on the square latthe samplé! In the present work clusters having up t0°10
tice using a rectangular geometyx M [with M>L (Ref. ~ Spins have typically been grown.
34)]. Figure 1 illustrates the general setup assumed. The lo-
cation of each site on the lattice is specified through its rectlll. RESULTS AND DISCUSSION

angular coordinates (j) (1<i<M, 1<j<L). The starting Magnetic Eden films that grow in a confined geometry
seed for the growing cluster is a column of parallel-oriented,iin competing surface fields exhibit a very rich phase dia-
spins placed at=1 and film growth takes place along the gram, which is composed of eight regiofes shown in Fig.
positive longitudinal direction(i.e., i=2). The boundary 2) These regions are delimited by several distinct, well-
conditions are open along the transverse direction, in whichyefined transition curves. As will be shown below, the bulk
competing surface magnetic fielts>0 (H'=—H) acting  grder—disorder(finite-size critical point T(L), the Ising-
on the sites placed gt=1 (j=L) are considered. Then, type quasiwetting transition curvg,(L,H), and two mor-
magnetic films are grown by selectively adding spi ( phological transitions associated to the curvature of the
==1) to perimeter sites, which are defined as the nearesyrowing interface(namely, from convex to nondefined to
neighbor(NN) empty sites of the already occupied ones.  concavg, can be quantitatively located. Moreover, in order
Considering a ferromagnetic interaction of strendth o gain some insight into the physics involved in this com-
>0 between NN spins, the ener§yof a given configuration  pjex phase diagram, some typical snapshot configurations

of spins is given by characteristic of the various different growth regimes are ob-
J tained(see Fig. 6 and discussed.
E=- 5( > Sijsi’j’> —H( 2 Si— > Si, As is well known from finite-size scaling theory, there is
('’ (2 (20 some degree of arbitrariness in locating thelependent

1) critical temperatureT (L) of a finite system. However, the
where the summatiokij,i’j’) is taken over occupied NN critical point T, of the infinite system, obtained by extrapo-
sites, while(i,%,), (i, ) denote summations carried over lating T;(L) to theL—co limit, is unique and independent of
occupied sites on the surfacges 1 andj=L, respectively. any particular choice for the finite-size critical point. In par-
Throughout this work we set the Boltzmann constant equaticular, the (L-dependentbulk order—disorder critical tem-
to unity and we take the temperature, energy, and magnetjgerature can be identified with the peak of the susceptibility
fields measured in units @f The probability for a perimeter at zero surface field. Fdr=32, the critical point so defined
site to be occupied by a spin is taken to be proportional to thés T.(L=32)=0.55, and is shown in Fig. 2 by a vertical
Boltzmann factor exp(AE/T), where AE is the change of straight line. So, the leftiright-) hand side part of the phase
energy involved in the addition of the given spin. At eachdiagram corresponds to the order@lisorderedl growth re-
step, the probabilities of adding up and down spins to a giveilgime that involves Regions |1, 111, IV, andA (RegionsV,
site have to be evaluated for all perimeter sites. After prope¥ |, andB).

Downloaded 20 Jan 2003 to 168.96.74.167. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpoljcpcr.jsp



J. Chem. Phys., Vol. 117, No. 14, 8 October 2002 Phase transitions in far-from-equilibrium magnetic film 6701

1 )
(a)
0

J
4 -
®) 1500 [ (©
2t s00 |
[ L]
or -500
—2 b 1. _1500 L 1 1 It
0.6 ‘ 08 19 0 10 2 30 0 0,20 30
T j j

FIG. 3. Plots of the averaged interface profiles j* for T=0.6,L =32 and
different values of the surface magnetic fiédd (2) H=0, (b) H=0.6, and
{2 H=4. The sidej* =1 (j* =L) is the one associated with the dominant

FIG. 2. H—T phase diagram corresponding to a lattice of $ize32. The
vertical straight line af (L) =0.55 corresponds to tHe-dependent critical
temperature, which separates the low-temperature ordered phase from t _ ! \ ! -
high-temperature disordered phase. Offéled) circles refer to the transi- ~ (Nondominantspin domain. Increasing the surface fields, the curvature of
tion between nondefined and convéoncave, growth regimes, and tri- the_ growing !nterface changes: converondefined-concave. This qL_Jall- _
angles stand for the Ising-like localization—delocalization transition curve tative behavior has been observed for all temperatures and lattice sizes

Eight different regions are distinguished, as indicated in the figure.iyso ~ Within the range of interest of this work.
the isothermal width of RegioB, is marked forT=0.6. More details in the
text.
confinement walls, and a wet state associated to a delocalized

domain interface centered between roughly equal domains of
up and down spin&l® In fact, it is observed that a finite

_ . ) ) . ) jump in the wetting layer thickness takes place as a result of
stripped(1+1)-dimensional geometry is not criticéle., it 0 finite size of the system. As the lattice size is increased,
only exhibits an ordered phaseTat 0 in the thermodynamic the magnitude of the jump grows. However, it should be
limit). Hence, as we consider larger and larger lattices, th?emarked again that the occurrence of this F;henomenon at
finite-size critical pointsT (L) turn smaller and smaller, and finite temperature is essentially due to the small size of the
vanish indeed in the thermodynamic limit. This implies thatthin film, and it becomes irrelevant in the thermodynamic

the eight regions coexisting in tié—T phase diagram are a limit. Since confined (1+1)-dimensional magnetic Eden

finite-size effect only relevant for the growth of magnetic )< are noncriticaf® the whole ordered phase correspond-

films in confined geometries. The ordered phase correspon ig to T<T,(L) (involving Regionsl, 11, 111, IV, andA)

Ing to theT<TC(L). region be(_:omes stead!ly_narrower the that also contains the quasiwetting curve, collapses ir_the
larger the lattice widtiL, and in theL —co limit only the  __ iyt Thys, standard procedures carried out in the in-
d]sorderedhphase corresp_ﬁnbdlnghto IhebT?(L) r(Tglon sur- vestigation of equilibrium wetting phenomena concerning
vives. Furthermore, as will be shown below, also Redibn the finite-size scaling behavior within the ordered

shrinks and collapses in this limit, so that only Regidhs hasé15-2%are simply meaningless in the case of the model
andVI are present in the phase diagram of the infinite SySTnvestigated here

tem. ) , i L i Since the MEM is a nonequilibrium kinetic growth
As in prewous_lnv_estlgatlon%r’, let us define the mean model, it also allows the identification of another kind of
transverse magnetization(i,L,T,H) as phase transition, namely a morphological transition associ-
1t ated with the curvature of the growing interface of the sys-
m(i,L, T,H)= EE Sjj - (2)  tem. To avoid confusion, we remark that the ténterfaceis
=1 used here for the transverse interface between occupied and
Also the susceptibilityy can be defined, as usual, in terms of empty lattice sites, while it was used above for the longitu-
the magnetization fluctuations. Then, using a standardinal interface between up and down spin domains.
proceduré, the localization—delocalization transition curve Figure 3 shows the shape of the mean growing interface
corresponding to the up—down interface running along the obtained for different values of the surface magnetic field
walls can be computed considering that onkhe T plane, a  H, for fixed temperatureT=0.6) and lattice sizel(=32).
point with coordinates H,,,T,,) on this curve maximizes Notice that the transverse coordinate has been conveniently
x(H,T). So, the size-dependent localization—delocalizatiorredefined, so that* =1(j* =L) corresponds to the side of
transition curve is obtained, as shown in Fig(c&rve with  dominant(nondominant spin domain, whilej=1(j=L) is
triangles. As in the case of the Ising model, this quasiwet-the side of positivénegative magnetic field. From the figure
ting transition refers to a transition between a nonwet staté follows that three qualitatively distinct growth regimes can
that corresponds to a localized interface bound to one of thelearly be distinguished. Indeed, it is observed that while for

Previous studi€s have demonstrated that the MEM in a
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small fields the system grows with convex curvature, in-FIG. 5. Plots of catf) vs T for L=32 and several different magnetic fields:
creasing the fields the growth process enters into a regime & H=0.2,(b) H=0.6,(c) H=0.85, andd) H=1.8. fjp (6np) is the con-

. . . . - tact angle corresponding to the dominagmbndominantspin cluster, and is
nondefined curvature, since the dominant spin domain par- 9 P 9 ant sp

. . . . represented by opsdffilled) circles. The vertical dashed lines mark the tem-
tially wets the confinement wall, while the nondominant do-peratures that separate a given growth regime from another one, as indi-
main does not. But then, further increasing the fields, a poimated. Reference lines corresponding ta @ct0 have also been included.
is reached where the nondominant spin domain #fso-
tially) wets the wall and the growing interface turns concave.
This qualitative behavior has been observed for all temperathese features are compactly shown in Bhe T phase dia-
tures and lattice sizes within the range of interest of thisgram of Fig. 2, where opef(filled) circles refer to the tran-
work. sition between nondefined and conve&oncave growth re-

To explore this phenomenon quantitatively, the behavioigimes.
of the contact angles between the growth interface and the As anticipated above, we will now introduce and discuss
confinement wallgas functions of temperature and magneticsome characteristic snapshot pictures, in order to provide
field) have to be investigated. Clearly, two different contactqualitative explanations that account for the different growth
angles should be defined in order to locate this transitionregimes observed. Let us begin with Regiofsee Fig. 2,
namelyép for the angle corresponding to the dominant spinthat corresponds to the Ising-type nonwet state and the con-
cluster, andyp for the one that corresponds to the nondomi-vex growth regime. In this region, the temperature is small
nant spin cluster. Figure 4 shows plots of(@tversusH for ~ and the system grows in an ordered state, i.e., the dominant
T=0.6 andL=32. The vertical dashed lines indicate the spin domain prevails and the deposited particles tend to have
fields that separate a given growth regime from another onéheir spins all pointing in the same direction. Small clusters
One observes that, increasing the surface fields, the growthith the opposite orientation may appear preferably on the
regime changes from convex to nondefined to concave, isurface where the nondominant orientation field is applied.
agreement with the interface profiles plotted in Fig. 3. Analo-These “drops” might grow and drive a magnetization rever-
gously, Figs. ta)—5(d) show plots of caty) versusT for L sal, thus changing the sign of the dominant donjage Fig.
=32 and several different values for the magnetic fidld 6(a)]. In fact, the formation of sequences of well-ordered
Again, vertical dashed lines correspond to transition temdomains are characteristic of the ordered phase of confined
peratures between different growth regimes. Figug or-  (finite-size spin systems such as the Ising maghBue to
responds tdH=0.2 and displays the characteristic behaviorthe open boundary conditions, perimeter sites at the confine-
for very small magnetic fields, that is, a convex growingment walls experience a missing neighbor effect, that is, the
interface irrespective of temperature. Hd=0.6 one ob- number of NN sites is lower than for the case of perimeter
serves a single transition from the growth regime of nondesites on the bulk. Sincél is too weak to compensate this
fined curvature to the convex growth regime, which showseffect, the system grows preferentially along the center of the
up by increasing the temperature, as shown in F{§).9t  sample as compared to the walls, and the resulting growth
should be noticed that the concave growth regime is preinterface exhibits a convex shape. So, Redi@orresponds
vented, since for small enough magnetic fields &@fJ<O  to the Ising-like nonwet state and the convex growth regime,
for all T. As the fields are increased, cf) moves upwards as shown by the snapshot picture of Figa)6
and crosses cdi(p)=0, as expected from the plot of Fig. 4. Let us now consider an increase in the fields, such that
For instance, the plots of d@) versusT for H=0.85, shown we enter Regioml (see Fig. 2 Since the temperature is kept
in Fig. 5(c), exhibit this behavior. Hence, here one has tolow, the system is still in its ordered phase and neighboring
deal with three transition temperatures. Finally, by furtherspins grow preferably parallel-oriented. The surface fields in
increasing the fields, the whole low-temperature region ighis region are stronger and thus capable of compensating the
dominated by the concave growth regime and two transitioomissing NN sites on the surfaces. But, since the fields on
temperatures remain, as shown in Figd)Sfor H=1.8. All both surfaces have opposite signs, it is found that, on the one
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FIG. 7. Plots of the isothermal width of Regid@(wg(L,T)) vs L™ for
FIG. 6. Typical snapshot configurations that exhibit a variety of different'atticé sizes in the range 82 <512, corresponding td=0.6 andT
growth regimes. GrayblacK circles correspond to spins udown). The =O.8.'The lines are gwdeg to the eye. Eollowmg thl§ gxtrapolatlon proce-
surface field on the uppetower) confinement wall is positivénegative. ~ dure, it turns out that RegioB collapses in the. —c limit, and so only
The snapshots correspond to a lattice &ize32 and several different values RegionsV andV1 are present in the infinite size phase diagram.
of temperature and surface field&@ H=0.05, T=0.4; (b) H=0.7, T
=0.4; () H=1.8,T=0.5; (d) H=1.8,T=1.0; () H=0.1,T=0.7; and(f)
H=0.3,T=0.54.
state[Region VI, see Fig. €)], both within the concave
growth regime, is observed. Analogously, for small enough
hand, the field that has the same orientation as the dominafields, a temperature increase drives the system from the or-
spin cluster favors the growth of surface spins, while on thedered convex growth regiméRegionl) to the disordered
other hand, the sites on the surface with opposite field have @onvex growth regiméRegionV, see Fig. €)]. As shown
lower probability to be chosen during the Monte Carloin Fig. 2, there is also an intermediate fluctuating st&e-
growth process. Hence, the contact angle corresponding @ion B) between Region¥ and VI, characterized by the
the dominant spin cluster is thefp<w/2, while the non- competition between the disordered convex growth regime
dominant is 6yp>m/2. Thus, on the disfavored side the and the disordered concave one.
growing interface becomes pinned and the curvature of the Finally, a quite unstable and small regi@RegionlIl in
growing interface is not defined. Figuréb® shows a typical Fig. 2) that exhibits the interplay among the growth regimes
snapshot corresponding to Regidn of the contiguous regions, can also be identified. Since the
Keeping H fixed within Regionll but increasing the width of Regionlll is of the order of the rounding observed
temperature, thermal noise will enable the formation of dropsn T.(L), large fluctuations between ordered and disordered
on the disfavored side that eventually may nucleate intestates are observed, as well as from growth regimes of non-
larger clusters as the temperature is increased even furthelefined curvature to convex ones. However, Fid) 6hows
This process may lead to the emergence of an up—dowa snapshot configuration that is the fingerprint of Redidn
interface, separating oppositely oriented domains, running imamely a well-defined spin up—down interface with an al-
the direction parallel to the walls. Since sites along the up-most flat growing interface.
down interface are surrounded by oppositely oriented NN  As already commented, the noncriticality of confingd
spins, they have a low growing probability. So, in this case+1)-dimensional magnetic Eden films implies that the whole
the system grows preferably along the confinement walls andrdered phase corresponding to the T.(L) region, which
the growing interface is concaé&ig. 6(c)]. Then, as the contains the quasiwetting curve, collapses inlthec limit,
temperature is increased, the system crosses to RAgisee  since in this limitT.(L)— 0.2° Concerning the structure of
Fig. 2 and we observe the onset of two competitive growththe disordered phase in the thermodynamic limit, it can be
regimes:(i) one exhibiting a nondefined growing curvature shown that the morphological transition curves merge into a
that appears when a dominant spin orientation is present, @ingle curve that separates the disordered convex growth re-
in the case shown in Fig.(B); (i) another that appears when gime (RegionV) from the disordered concave ofigegion
an up—down interface is established and the system has\4dl). In order to illustrate this, we defineig(L,T) as the
concave growth interface, as is shown in Fi¢c)6 isothermal width of the intermediate fluctuating stéiRe-
Further increasing the temperature and for large enoughion B). For instancewg is marked in Fig. 2 fol. =32 and
fields, the formation of a stable longitudinal up—down inter-T=0.6. Figure 7 shows plots afg(L,T) versusL ! corre-
face that pushes back the growing interface is observed. Seponding to lattice sizes in the ranges82<512 and for
the system adopts the concave growth regjsee Fig. 6c)  two different temperatures. Using this standard extrapolation
corresponding to RegiohV in Fig. 2]. Increasing the tem- procedure, it turns out thatig(L,T)—0 asL—«, and so
perature beyond (L), a transition from a low-temperature only RegionsV andV1 are present in the infinite size phase
ordered statéRegionlV) to a high-temperature disordered diagram.
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