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Density mismatch in thin diblock copolymer films
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Thin films of diblock copolymer subject to gravitational field are simulated by means of a cell dynamical
system model. The difference in density of the two sides of the molecule and the presence of the field causes
the formation of lamellar patterns with orientation parallel to the confining walls even when they are neutral.
The concentration profile of those films is analyzed in the weak segregation regime and a functional form for
the profile is proposed.

PACS numbdis): 61.41+e, 64.60.Cn, 64.75.g

[. INTRODUCTION profile and study the distortion of each layer within the
lamellae.

Recently, there has been a great deal of interest in study- In Sec. I, we define the model and outline the numerical
ing the properties of thin films of diblock copolymers scheme. Results for neutral and interacting walls in the pres-
(DBCP) mostly because films of micro phase separatecence and absence of the gravitational field are discussed in
DBCP have been used for the fabrication of templates in &ec. lll. The effects of frustration are analyzed as they affect
nanometer scal¢l—3]. Apart from technological applica- not only the size and number of lamellae, but also their in-
tions, it is important to understand the pattern formation internal structure. Also in this section we write the model pa-
confined films of DBCP since it involves problems not rameters in terms of fundamental quantities and estimate
present in bulk systems. Special attention has been given t@eir values for a typical experimental setting. In Sec. IV, the
interaction of the confining walls and each part of the mol-main conclusions are summarized.
ecule, since this effect determines the orientation of the mi-
crodomains. This issue has been addressed both theoretically
[4-7] and experimentally8-10] and the basic conclusions
for the lamellar pattern are that, when the confining walls are
neutral, the equilibrium pattern corresponds to lamellae per- Block copolymers are linear-chain molecules consisting
pendicular to the walls and, when the substrate prefers ongf two subchainsA and B grafted covalently to each other.
kind of monomer, the pattern may consist of lamellae paralBelow some critical temperatufE., these two blocks tend
lel or perpendicular to the walls, depending on the relationg separate, but due to the covalent bond, they can segregate
between the film thickness and the bulk lamellar width. Theg; pest locally to form periodic structurg]. Here, we con-
latter effect appears because the finiteness of the systegyyor only the case of even molecules corresponding to

brings about frustration and one has to take into account thg, ., qjiar equilibrium patterns. CDS models have been suc-

amount of compression or stretching of the molecules in Orzessfully used in several problems of phase separation dy-

der to ac_cpmmodate a certain number of lamellae betvVeeHamics due to their computational efficiency and versatility
the two rigid walls.

One issue that has not been emphasized in the above stJ&g_la’ so we prefer that method for the simulations. As

ies is the possibility of density mismatch between the th)usual, in this kind of description we assign a scalar variable

parts of the molecules. At the bottom wall, as the denser par‘f’(n,’t) to each lattice S.'te corresponplmg tp the coarse-
of the molecule sinks, lamellae parallel to the walls will 9r&ined order parameter in théh cell at timet (time here is

form, even if the walls are neutrdll1,17. Being a bulk defined as the number of iteration§his order parameter
effect, the interaction with the gravitational field is capablerepresents the differenge,— /5, whereya(¢g) is the local

of changing the microphase separation, even for infinite sysaumber density oA(B). The ingredients for the time evolu-
tems, as the lamellae tend to be aligned with the field fation of ¢ are: local dynamics dictated by a function with two
from the boundariegl1]. In finite systems, the lamellae per- symmetric hyperbolic attractive fixed points, diffusive cou-
pendicular to the field present more diffuse interfaces and thpling with neighbors, stabilization of the homogeneous solu-
gravitational field may completely destroy the microphasetion and conservation af. For the present problem, we also
separatiorf12]. In the present paper, we consider this prob-add the interaction with the gravitational field and with the
lem on two-dimensional films of even DBCP molecules asconfining walls. The conservation, when an external field is
we analyze the effects of the degree of polymerization angbresent, must be imposed by considering the Kawasaki ex-
film thickness on frustration by means of a cell dynamicalchange dynamics explicitly. The detailed explanation of this
system(CDS) model. We simulate films both in the weak- model is found in Refl19] for spinodal decomposition. With
and strong-segregation regimg8VSR)and (SSR]. For the  this, we come to the final equation for a melt of even DBCP
WSR, we empirically find the one-dimensional concentrationmolecules:

Il. COMPUTATIONAL MODEL
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p(n,t+1)=(1—e)gp(n,t) +((C{n,j;sgril(n,t)

=101, =1(J, D)), D
(@ h=0;e=0.004;V,= 0
where
I(n,t)=AtanH ¢(n,t)]— #(n,t) + D[({#(n,1)))
—(n,t)]+hn,+Vy(n) (3]

(D) h=0.01; & = 0.0014; V, = 0
is essentially the chemical potentidl.x)) is the isotropic
space average &f, A is a measure of the quench depth, and
D is the diffusion coefficient. The parameier 0 appears in
this model to stabilize the solutiogi=0 in the bulk, fore
=0 we have a model for spinodal decomposition, in which (C)h=0.01;&=0.01;V, =0
the domains can grow without bound. Scaling arguments
have proved that~N~2, whereN is the polymerization
index [20]. h is the strength of the gravitational interaction
and includes the gravitational fieldvhich we assume is in
the z direction and the density difference between the two
parts of the molecule, and, is the z component ofn. For (d) h=0; e = 0.01; V, = 0.01
molecules with matched densities we just tdke0. A pos-

sible interaction with the walls appears via the surface term FIG. 1. Equilibrium patterns for confined films with, =21 and
V¢(n). C is the collision coefficient given byC(i,j;a) L,=256 (only the first 150 columns are shoita) Neutral walls

[ et at() [ & _alﬂ(i)]/lﬁz where = i, are the fixed and matched densities. The lamellae are normal to the walls with
C C c? - Cc

. . . the bulk periodicity.(b) Neutral walls and density mismatch,in
points of Atanhy— for A>1. For all the simulations we
used the valuesi=1.2 andD=0.5, and uniformly distrib- the SSR. 1.5 lamellae are accommodated parallel to the vg)ls.

d d initial diti Th S field. wh Neutral walls and density mismatchjn the WSR. 2.5 lamellae are
uted random Initial conditions. The gravitational field, w €N formed parallel to the walls. The lamellar width is 8.401, smaller

present, is parallel t.o the smaller d!mension. The di,reCtiorfhen the bulk value of 9.422d) Interacting walls and matched
normal to the field will be called thedirection. We consider ygpsities € in the WSR. The lamellae are also parallel to the walls

systems with periodic boundary conditions in theirection  pyt are more segregated than(@.
and hard walls in the direction, separated by a distaricg.

At the hard walls we impose no flux boundary conditions injamellae normal to the hard wallg,10] as in Fig. 1a). W,

the form:[1(z+1)—1(2) lboundaries=0- was then measured using the one-dimensional structure func-
tion for each line and finally averaging along thdirection.
ll. RESULTS The values oW, found in both determinations agree, so we

In order to understand the effect of confinement on theconclude that the excessive interface curving of the disor-
: ) o dered pattern does not affect the lamellar width. Since the
lamellae width, we must first determine its bulk value. For

that matt imulati 51812 latti ith disordered patterns are easier to obtain, we will consider the
at matter, we ran simuiations on attices wi lamellar width obtained from them as our bulk equilibrium
periodic boundary conditions for different values gfand

h=0. The resulting isotropically striped pattern was thenvaluewb'
Fourier transformed, and the bulk lamellar widiti, was The results below correspond to simulations vith=0

. o (neutral wall$, h#0 (mismatched densitigs and h=0
measured in a standard way. Defining one lamellAB8 A (matched densities and V.#0 (interacting walls and h

we have =0. As will be seen, different patterns regarding the lamel-
20 lae orientation appear: lamellae normal or parallel to the hard
W=7, ©) walls and a mixture of both.
(K)eq
where A. Neutral walls
We focus now on films with mismatched densitids (
| S(k, %) kdk #0), confined by neutral wallsMs=0). In this situation, we

(K)eq= [S(k,») “) observe patterns of lamellae parallel to the hard walls, or a
mixture of wetting layers on the hard walls and lamellae

S(k,) is the circular average of the structure functionnormal to the walls in the center part of the film. First we
S(k,t)=|¢(k,t)|?, calculated at large times, that is, when theanalyze the case of lamellae parallel to the walls only. Due to
value of(k) approaches a constant value. the density difference of chaifsandB, the denser palsay

Just to make sure that the bulk lamellar width as measured) will be at the bottom, and the less dense fadyB), at
above was not affected by the interface bending of the disthe top. For a blend of two homopolymeksandB, the film
ordered pattern, we also measuMl in 32X 128 systems would have the lower half filled withA and the upper one
with hard neutral walls and zero field, or matched densitieswith B. The covalent bond betweeh and B parts hinders
As expected the equilibrium configuration correspond tothis complete separation and forces the alternatioA-oth
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FIG. 3. Average concentration profiles for a film with=21
andL,=256. The continuous line corresponds to a fitting using Eq.
(5). (@ Neutral walls, mismatched densities. The profile is well
fitted by a sine function plus exponential enhancement at the hard
@@L =17 walls. (b) Neutral walls, mismatched densities, and molecules larger
__ — than in(a). From the fitting it is clear that more than one Fourier
component must be considered, indicating that the film is already in
the SSR; (c) interacting walls [V¢(1)=—0=—-VL,)] and
matched densities.

(c)L, =20

experiment the penetration of other layers, resulting in an
ML =9 excess ofA at the bottom and oB at the top.
Som—— A correction for this effect led us to the tentative function

(@L =5 P(x)=(—1)""15singx+2Ce Ptsinh 28x
FIG. 2. Equilibrium patterns for films witth=0.01, e=0.01 for —L/2<x<L/2, (5)
(WSR), and variable widthL,= 256 but only the first 150 columns
are shown. As the width, is decreased, the film goes discontinu-
ously fromm=3 to m=0 lamellar patterns(b), (d), and(f) show
transition patterns with mixed parallel and perpendicular lamellae.

which fits very well the profile in Fig. @&). For films in the
WSR we found that the fitted value fqris indistinguishable
from 27(m+1/2)/L,, so we define the average lamellar
andB-rich microregions that will then have thicker interfaces width W, directly from the fitting, as z/q. As will be seen
due to the interpenetration of domaifi2]. In the extreme below, the interaction with the gravitational field causes a
case, the existence of a density mismatch may completelglistortion within the lamellae regarding the width of the
destroy the segregation éf andB. The number of alternat- andB-rich layers, but, if considered as a unit, all the lamellae
ing lamellae will depend on both chain size(see Fig. 1 ~ have a width very close to the average value. The transitions
and the separation between walls, (see Fig. 2 Also, the  between consecutive values mfas we varylL, is shown in
equilibrium patterns will always haven+1/2 lamellae, Fig. 4. From this figure, we see that discontinuous transitions
wherem=0,12. ... occur from a pattern in which the lamellae are stretched,
As we varyL, for a fixed e we clearly see the effects of compared to its bulk state, to a compressed state with one
frustration. Figure 2 shows the transitions froam=0, tom more lamella, as , is increased. The regions between steps
=1, m=2, andm= 3 patterns a&, is changed from 5 to 29 of fixed mcorrespond to transition patterns in which lamellae
for e=0.01 andh=0.01. The transition patterns are frus- normal to the walls form in the center portion of the film.
trated and present lamellae normal to the walls in the central We can, alternatively, fiX., and varye, which corre-
region. Since full lamellar patterns are essentially one dimensponds to fixing the film width and varying the bulk lamellae
sional, we define the average concentration profilewidth. For 0.006<e<<0.018 we obtain patterns wittn=2,
(¥(n,))x, as the average over thedirection of the vertical in the range 0.004 €<0.006 again we observe a transition
variation of . Figure 3 shows the behavior 6fs(n,)), for pattern, and decreasirgfurther we find that an=1 pattern
three different situations, for now we are interested in Figsappears. Figure 5 shows patterns witl=1, m=2 and in
3(a) and 3b) only. Figure 3a) corresponds to the profile for the transition region. The analysis of the transitions in this
€=0.01, h=0.01, V¢4=0, andL,=21. If we try to fit a sine  case is more complicated since 0+ 0.004 the system is no
function to that profile, we see that the fitting will miss only longer in the WSR as can be seen from the fitting of &g.
the wetting layers. From this we conclude that the system i Fig. 3(b). It is clear that other Fourier components need to
in the WSR so that the inner layers can be described by judie included in this case.
one Fourier componeififl]. The wetting layers have an en-  The accommodation of the lamellae distorts their widths
hanced concentration due to gravitational field and the presionuniformly as may be easily checked from the plot of the
ence of the wall: the bottom and td§B layers are consid- width of each individualA-rich and B-rich layer. Figure 6
erably stretched by the effect of buoyancy and do noshows the behavior, as a function @fof the widths of the
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Lz FIG. 6. Variation ofA-rich andB-rich layers as a function of

for films with 2.5 lamellaew,,w, are the widths of the lowest
) ) A-rich andB-rich layers,w, is 1/4 of the central lamella and, is
_FIG. 4. Total number of lamellag, as a function of the film 14 ot the bulk lamellar width. The vertical line indicates the sepa-

thicknessL, for a film with mismatched densities, confined by neu- 4iion between regions where the film is in compressed and
tral walls. The solid points on the steps represent lamellar patteigye(ched states. All the widths are measured in units of lattice spac-
with n lamellae parallel to the hard walls and between consecutive, o
steps the film is in a mixed configuration with horizontal and ver-
tical lamellae. The vertical dashed lines correspond to the fil
thickness adequate to accommodate the corresponding number [
lamellae but with the bulk widthV, . We see that as the film width
increases, discontinuous transitions betweestretched lamellae
andn+1 compressed lamellae occur.

ellae are compressed and stretched as compared to the
k, we notice two different situations. In the compressed
region,w; increases adl increases € decreases due to a
compression of the internal layers caused by the greater
stretching of the surface layers which produces an increase in
i _ _ the internal pressuréor L, fixed). We expected the inverse
first A-rich layer that wets the bottom wallg), the first  gtfact to happen wheN was reduced in the stretched region:
B-rich layer connected to the bottom wetting layer), and  {he internal layers would shrink producing a tension that
one quart of the central lamellavt=\W/4). For the sake of \yqiq stretch the surfacfiarger effect and second layers
comparison, the variation of the bulk widtiu,=W,/4, of  (smaller effect But, in fact, we observe a drastic reduction
Acrich (or B-rich) layers is also plotted. Although the varia- ¢ the second layer acting as a tension center for surface and
tion is small compared to the bulk behavior, we see thatgntral layergFig. 6).

Wp<w.<w, consistently. This happens because there is a | js clear that the above effects are meaningful only for
reduction in the number ok andB contacts in the first layer i, fiims. The transition from this to the bulk behavior may
(for the lack of neighboring molecules from belpand an e gbserved as we analymg, w,, andw, as a function of
increase in the next one because the gravitational field shiftg,o fim thicknessL,. If the bulk behavior prevailsy,
the A parts downwards. As we separate the regions where thg W, ~Ww,~w,~L,/m. As we increasé , and observe films
with increasing number of lamellae, we fiveh —w,—w,
—W,. On the other hand, the slope of each group ofw
values is proportional tm™ %8 instead ofm 1, which reflects

the different behavior of each layer of DBCP under stretch-
e =0.01 ing or compressions as can be seen in Fig. 7.

B. Interacting walls

The effect of surface fields in the formation of lamellar
patterns has been extensively studiée10]. Our goal here
e=0.005 is to compare the effect of the surface and bulk fields, so we
first consider a film of DBCP molecules with matched den-
sities confined by interacting walls in such a way that the
bottom wall attracts the denser component and the top wall
prefers the less dense component. As will be seen below, in
e=0.0014 many ways this choice of walls produces a pattern similar to
the one obtained with neutral walls and a density mismatch,

FIG. 5. Equilibrium patterns for confined films with,= 21 and . . . .
L= 256 (only the first 150 columns are shopwihree different val- but the two S'“!a“ons _are' |r'1 fact, different. .
ues of . As in the case of variable film width, the number of  1he above interaction with walls may be simulated by
lamellae varies discontinuously and transition patterns with mixed®h00sing the surface interaction a&= o for z=1 andV,
orientation lamellae appear. Fer=0.01 2.5 weakly segregated = —o¢ for z=L,. The equilibrium pattern obtained far
lamellae are formed, the concentration profile can be well fitted by=0.01, L,=21, h=0, ando=0.01 is very similar to the
Eq. 5.e=0.005 produces a transition pattern ane0.0014, amore one with the same values efandL,, =0, andh=0.01,
segregated pattern with 1.5. as both present 2.5 lamellae parallel to the wédkse Figs.
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30— — ; — since CDS modeling is discrete in its nature and the function
] o W ] dictating the dynamics is arbitrarily chosen. The purpose of
287 g Strefched o W ] this type of model is to give a description on a mesoscopic
2.6+ - W, ] scale and has been very successful on this issue due to its
2.4 Y 56 5@95 ] computational efficiency that allows the exploration of
w . ¥ o asymptotic regimes of fairly large systems. But, still, we may
2.2 g C 7 at least estimate orders of magnitude by reading(Eqgas a
e m=4 . . . - .
2.0 g . m=3 i crude dlscret|zgtlon of a generalized Cahn-Hilliard equation.
18 S m=1 m=2 Compressed ] For small amplitudes ofy we use[16,19,23
T T T T T 7 T T T T T T T T T T &lp "
5 10 15 20 25 30 35 40 45 V2uo+hVM-2— ey (6)

L o
The equation above results from writing the continuity equa-

tion with a ¢ current defined in terms of the appropriate
‘Landau-Ginzburg free-energy

FIG. 7. Variation ofA-rich andB-rich layers as a function df,
for films with e=0.01. We use here the same notation of Fig. 6
Each group of points corresponds to lamellar patterns with (
+1/2) lamellae. Ad_,, and correspondinglyn, increases, the film b u c
behaves more like a bulk sample in the sense that the distortion of _—__ — j d3r[ — =P+ —1//4+—(V¢//)2} — hf d3rzy
lamellae is less significant. The slopeof each group is propor- kgT 2 4 2
tional to m~°8 for larger values ofL, a crossover to the bulk

behavioraxm™! is expected. + 4if d3rd3r YG(r,r' )y’ =Fo+ FetFe, (1)
™

1(c) and Xd), respectively. The first distinction appears in

the segregation of domains: it is clear that the pattern in FigSuch that

1(c) is less segregated due to effect of interpenetration of

domains driven by the gravitational field. A substantial dif- :ﬁ

ference appears for larger valueshodnd o. Figure 8 shows Ho Y/

patterns with the same value ef0.01 andL,= 21 but one -

with surface field only and the other with density mismatchThe mobility has the formM=M(1— ¢2/¢§) with i

only. In this case, the lamellar structure still exists tor = /b/u. In this light, the correspondence between simulation
=0.04 but here, foh=oc the lamellar structure is com- and free-energy parameters i©=1-.4~0.2, u=.A/3
pletely destroyed in the center of the film. ~0.4, c=D~0.5, andh~0.01.
A more convenient form for Eq6) is obtained by choos-
C. Comparison with real systems ing the natural density .= yb/u) and length €= /c/b)

The parameters used so far are related qualitatively t§¢@/€923]. Using these scales, we are able to write a dimen-

actual quantitiesA— 1 is a measure of the quench depth, for Sionless equation of motion

example,e” 2 is proportional to the polymerization index, 5

and h_ combines the strength of the g_ravitational field and the _‘/' =V2(— 2+ A+ V2 — gV - 7— €. @)
density difference. To obtain meaningful values for the pa- dt

rameters, we must rescale our model equation in order to

obtain the fundamental quantities. This is not straightforwardl he important factor, measures the relative intensity of the
h field and, for the typical value oh=0.01 used in the

simulations, is given by

_h¢
T by

0.1. 9)
(@e=001;h=0;V, =004

We can evaluate the form faj given the density mismatch
Ap=ps—pg between the phases and the gravitational field
g. The total gravitational energy corresponds to the integral
of the local densityp(r)

(b)e=0.01;h =0.04;V, =0

FIG. 8. A comparison between bulk and surface interacti@s. Fg= f d*rp(r)gz= %I drzy, (10
Interacting walls and matched densities. Although the surface inter- 0
action is stronger than the one considered so far, the only noticeab
difference is the segregation of the wetting lamelld®. Neutral
walls and mismatched densities. Increasing the value of the bul
field h by the same amount as the surface field the observed pattern

lﬁhich, compared to the standard Landau-Ginzburg form,
gives
(Pa—pPB)9

changes dramatically: instead of a lamellae pattern we observe a h=——"——""= (12)
frustrated mixed orientation pattern. 2kgTiho
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The above form foh can be rescalel®3] to a dimensionless o=(A-1)ogc. (14)
form 7y, that should be compared with the values used in
simulations

£/ £ In Ref.[24], the authors usegc= 0.4, which corresponds to
Nexp™ 101{%)( pg) (12) o~0.1 for A=1.2. The dimensionless surface field for typi-

cal experimental settings are in the range 16 10 2 [23],
Typical experimental setting®3] are: N~2,000 is the po- so botho and oz correspond to reasonable experimental
lymerization numberb~20 nm, é£&~20 nm is the correla-

values.
tion length, Ap~0.5x 10> kg/m?® is the density mismatch,
g~10 m/$ and T=~320 K. Thus, 7ex,~10 '—10"%, so
that the valuep=0.1 used in the simulations do not corre- IV. CONCLUSIONS
spond to the usual experimental conditions. The observation
of gravitational effects might be within reach if we use pow-
erful centrifugation devicesgtoday’s technology can reach
over 10@ per ton of material, with a possible 3 éactor gain
for smaller samples Besides, if we work near the critica
temperature, the critical fluctuations will enhance the gravi
tational flipping(via the £° term inh). It might be possible
to obtain another Tfactor gain by bringing the system a
few degrees fronT .

It is also interesting to compare our parameters with th
ones used in the simulations of surface-induced ordere
DBCP samples by Brown and Chakrab&2#]. In that paper
the authors used a modified Cahn-Hilliard equation, inte-; . .
grated by an Euler scheme with a time inters&=0.01 and film. On the othgr hand, the negtlayer is narrower, in such
unit lattice spacing. The resulting equation is very similar to@ Wy that the first lamella, defined as the sequexiB&A

ours, and it is possible to find an equivalence from theirhas a width very close to the central I._a\mellae.

values ofg ande if we relate their lattice spacing to ours. In . The average conpentra‘qon prof|'le in the WSR Was'v.vell
the following, we use the subscriptC to identify variables fitted by a t.”al funct|_on which consists of the superposition
in the context of Ref[24]. The first step is to compare the of a S'r_‘“so'da' _funct|on, characteristic of the WSR' and ex-
equilibrium patterns with similar bulk lengths/ge~w. ponential functions for the enhanced concentration of the

) : L tting layers.
Knowing the latti ize in h nd L n we . . . .
c Olj)nti ng tth: nit:ncbee rS Ofe la m;?; mC::deﬁw @ \cljv e E}ﬁz dathc(ja The comparison of the simulation parameters with those
) BC

relation between the lattice spaciage anda. For example, of a typical experimental setting showed that a realistic value

. _ of the parameteh that incorporates both the gravitational
for tEe pattern N F!g. ®) of Ref. [24], LB?_ 128 and field and the density difference should be of order 40The
mgc=13.5, considering that the lamellar width is not af-

fected by frustration in this casewge=Lgo/m samle anal;z/sis for th_e surface fields yields values in th_e range
—9.48 a,c. In our case, a pattern wit*;v=B% 483B°WO5|8 10" *—10"*. With this we conclude that the observation of
accbmmo%cétm=2 5 lamellae in 4. — 24 lattice. which im- the gravitational bulk effect is very difficult and the surface
plies a~aqc. The. discretization of the diffe;ential equa- interaction will easily dominate for the usual experimental

. . h settings. The same situation holds for blends of polymers.
tions, -and expansion of the tapmear /=0, lead to the The observation of a bulk gravitational-type interaction will
following relation between model parameters

require the use of an ultracentrifuge and temperatures close
to the critical temperature for phase separation.

T |

We have studied the effects of surface and bulk gravita-
tional fields coupled with hard wall restrictions on the lamel-
lar pattern formation of diblock copolymer systems. We have
| found that the two are the predominant factors to determine
the final equilibrium pattern: lamellae tend to form normal to
the field and their number is determined by the ability of the
system to resolve the frustration caused by the confinement.
Unresolved patterns present a mixture of wetting lamellae
@ormal to the field and lamellae parallel to the field in the
entral part of the film. The gravitational field also distorts
the periodicity of the lamellar pattern. The bottéayer is
larger than it would be if placed in the central part of the

e A-1aj:. A-1
— = e (13
€BC 2 a2 2
N ACKNOWLEDGMENTS
For A=1.2, egc=0.1=¢€=0.01, which is used throughout
this paper. Following the same reasoning, the intensity of the This work was partially supported by the Brazilian agen-

surface interaction are related as cies CNPq and Faperj.

[1] M. Park, Ch. Harrison, P. Chaikin, R.A. Register, and D.H. [6] G. Brown and A. Chakrabarti, J. Chem. Phy<)2 1440

Adamson, Scienc276, 1401(1997). (1995.
[2] F.S. Bates and G.H. Fredrickson, Phys. To8ay2 (1999. [7] G.T. Pickett and A.C. Balazs, Macromolecul@9, 3097
[3] zh.-R. Chen, J.A. Kornfield, St.D. Smith, J.T. Grothaus, and (1997.

M.M. Satkowski, Scienc@77, 1248(1997). [8] A. Menelle, T.P. Russell, S. Anastasiadis, S. K. Satija, and C.
[4] M.S. Turner, Phys. Rev. Let69, 1788(1992. F. Majkrzak, Phys. Rev. Let68, 67 (1992.

[5] M. Kikuchi and K. Binder, Europhys. LetR1, 427 (1993. [9] P. Lambooy, T.P. Russell, G.J. Kellogg, A.M. Mayes, P.D.



4124 MARTINS, MORGADO, MASSUNAGA, AND BAHIANA PRE 61

Gallagher, and S.K. Satija, Phys. Rev. L&®, 2899(1994).

[10] G.J. Kellogg, D.G. Walton, A.M. Mayes, P. Lambooy, T.P.
Russell, P.D. Gallagher, and S.K. Satija, Phys. Rev. [Zit.
2503(1996.

[11] M. Bahiana, Physica 257, 307 (1998.

[12] M. Bahiana and W.A.M. Morgado, Phys. Rev. 38, 4027
(1998.

[13] Y. Oono and S. Puri, Phys. Rev. LeB8, 836 (1987).

[14] Y. Enomoto and K. Kawasaki, Mod. Phys. Lett. 8 605
(1989.

[15] A. Chakrabarti and J.D. Gunton, Phys. Rev. 3, 3798
(1988.

[16] M. Bahiana and Y. Oono, Phys. Rev.4, 6763(1990.

[17] M. Mondello and N. Goldenfeld, Phys. Rev. A2 5865
(1990.

[18] A. Shinozaki and Y. Oono, Phys. Rev. Lef6, 173(1991).

[19] K. Kitahara, Y. Oono, and D. Jasnow, Mod. Phys. Lett2B
765(1988.

[20] Y. Oono and M. Bahiana, Phys. Rev. Leiil, 1109(1988.

[21] L. Leibler, Macromolecule43, 1602(1980.

[22] C. Yeung, T. Rogers, A. Hernandez-Machado, and D. Jasnhow,
J. Stat. Phys66, 1071(1992.

[23] G. Krausch, E.J. Kramer, F. Bates, J.F. Marko, G. Brown, and
A. Chakrabarti, Macromolecule?, 6768 (1994).

[24] G. Brown and A. Chakrabarti, J. Chem. Phyk01, 3310
(1994).



