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Early Stage of Spinodal Decomposition in 2D
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A qualitative description of a spinodal decomposition kinetics is proposed. It is made of a linear
stage followed by two nonlinear stages, leading, respectively, to higher and lower frequency generation
in the spatial order parameter distribution, then followed by the classical Ostwald ripening. This
general scheme is supported by a specific experimental study. It concerns the two-dimensional thickness
demixion of copolymer thin films made of three to four bilayers. [S0031-9007(96)01677-8]

PACS numbers: 64.75.+g, 61.25.Hq, 68.15.+e
g
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Spinodal decomposition (SD) is usually too fast to b
captured in experiments. Also, most of the kinetic inve
tigations are based on scattering techniques which na
rally lead to an inspection of the results in the reciproc
Fourier space, where all quantities are integrated over
whole sample. As a consequence, little has been s
about local behaviors. On the theoretical side, most
the productive efforts have been concentrated either
extremely short times, where the linear Cahn-Hilliard th
ory applies, or on last stage kinetics where domains
the two final coexisting phases are stabilized and slow
evolve according to quasistationary principles. Most
the theoretical treatments are also based on a Fourier
proach. In this context, the present experimental wo
is claimed to be original by four aspects: (i) It focuse
on the very early stage precisely where our experimen
knowledge is so poor [1]. (ii) It gives the direct distribu
tion of the order parameter in space as a function of tim
[2]. Only the use of a local probe makes it possible. Ou
is atomic force microscopy (AFM). (iii) It deals with a
nonconventional experimental system for phase transit
kinetics in two dimensions that we want to promote as
powerful model system, competitive by many aspects w
the more traditional Langmuir monolayers [3]. (iv) I
deals with off-critical quenches; the final domain patte
is made of disconnected drops.

The goal of the present Letter is to propose a ne
qualitative description of the early stage, in which tw
different nonlinear mechanisms are proposed. The tex
organized as follows: The whole kinetics is first expos
in general terms. Our system is then introduced, a
experimental results are presented. The connection
finally made with the first part.

The system under consideration belongs to the Is
universality class and satisfies model B constraints [
We start from a high temperature homogeneous equi
rium state characterized by a uniform off-critical orde
parameterC0. Operating at constantC0, we suddenly
quench the system to a temperatureT such thatsC0, T d is
located in the unstable region of the phase diagram. T
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spinodal decomposition starts. It will lead, after a lon
time, to the formation of macroscopic domains chara
terized by two well defined order parametersC1sT d and
C2sT d. We assume that the majority phase correspon
to C1 , C2.

The kinetics is described as the sketch of su
cessive events illustrated on Fig. 1, which conside
a one-dimensional space for the sake of simplicit
The order parameter conservation constraint

R
ddr 3

fCsrd 2 C0srdg ­ 0 is a volume conservation condition
in the sd 1 1d-dimensionalhr , Cj space. As a conse-
quence, the time evolution of the spatial distribution o
C can be thought and described in terms of geom
ric distortions of a hypersurface which limits a close
sd 1 1d volume. Ford ­ 1, for instance, as on Fig. 1,
the arbitrary axisC ­ 0 and the moving lineCsxd are
the two boundaries of a domain with a constant area.

Hence, the first stage right after the quench appe
as a roughening of the initially straight lineC ­ C0.
This stage is classically treated [5] as a linear instab
ity which favors one characteristic wavelengthlp (­ ld

p

for d ­ 1). In a simplified description conforming to
Fig. 1(-a), the roughness spectrum reduces to the do
nant modelp. Its amplitude is rapidly increasing with
time. TheC line spreads symmetrically towards bothC1
andC2. The linear stage ends when the minimum in ea
period reaches some levelC

0
1 below which no energy

is gained in decreasingC further. Determination of the
exact value ofC0

1 is a difficult task and it should be sys-
tem dependent, but its location must be aboveC1 and in
the convex part of the coarse grained free energy,FsCd,
curve at temperatureT . The latter is also schematically
drawn on the right hand side of Fig. 1-a.

In a second stage, the system is still decreasing its
ergy within each periodlp by increasingC in the high-C
part of the motif (hill) while expanding laterally the flat
region atC0

1 (plain). The periodic profileCsrd loses its
symmetry with respect to theC0 level. The new pattern
is drawn on Fig. 1-b. The development of flat regions r
sults in the rise of higher order harmonics in the roughne
© 1996 The American Physical Society
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FIG. 1. Theoretical evolution of the order parameter profi
during the spinodal decomposition kinetics.

spectrum. This is the first nonlinear effect. The seco
stage ends when the energetic price for a further incre
of the slopej=Cj becomes too high [6]. This situation is
illustrated in Fig. 1-c. Up to that point, the pattern evo
lution has been governed by local exchanges of neighb
ing sd 1 1d-volume elements. Given a specificFsC, T d
diagram and a specific dissipation rule, it can be describ
by local hydrodynamics in a finite volumeC0ld

p of the
hr , Cj space. Had the system been of sizeld

p , its evolu-
tion would have been exactly the same, and would ha
been completed at the end of the second stage. One pe
in Fig. 1-c is actually an equilibrium pattern for this finite
system. Hills in it are essentially made of what would b
unstable matter in a larger system; they can be viewed
quasistable pieces of interfacial matter. In each dom
ld

p , the chemical potentialmsC0, lpd is uniform.
The third stage is a slower exchange ofsd 1 1d vol-

umes of matter between neighboring periods. It impli
long range transport ofC and loss of the conservation
constraint at the scalelp. The driving force is the differ-
ence in chemical potential between adjacent periods. N
that even the simplified monomodal pattern of Fig. 1-c
unstable. We shall return to that point at the end of th
section. Since the kinetics is now governed by long ran
exchanges, while the evolution of the profileCsrd is gov-
erned by faster short range material transport, the sh
le
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of the latter remains an equilibrium one. The third stag
is therefore a ripening process involvinglp units perma-
nently equilibrated. It is illustrated in Fig. 1-d. Large
hills grow at the expense of smaller ones. The roughne
spectrum enriches with additional wavelengths, genera
by the disappearance of small hills on the spot. They a
thus integer multiples oflp. Several iterations can be
necessary for the surviving hills to reachC2; C

0
1 at each

step becomes closer and closer toC1. It constitutes a
cascade mechanism similar to those encountered in n
linear dissipative phenomena such as turbulence dec
[7]. The third stage ends with the formation of domain
of the minority phase, as shown in Fig. 1-e. They wi
evolve afterwards according to the classical late sta
ripening models [8], with the line tension as a driving
force.

Three remarks will close this section. The first con
cerns the beginning of the second stage: Real syste
do not reduce to a single mode model, so that rando
flat regions are expected to develop instead of the reg
lar pattern of Fig. 1-b; they can be considered as isolat
drops of the majority phase or “antiphase” domains [9
They rapidly multiply, and, ifd $ 2, they percolate and
encircle isolated hills which are drops of interfacial ma
ter. The second remark concerns the situation of Fig. 1
The height of the characteristic bevel blocked hills re
mains below theC2 level because we assume that a pe
riod ld

p does not contain enoughsd 1 1d material for a
full domain atC2 to develop. This statement is not nec
essarily true for every system at every unstable compo
tion C0. Let us therefore keep in mind that one canno
always reach the “bevel early hills.” The third remar
concerns the third stage: The characteristic length for
ficient material exchange has now jumped from molecul
to lp level, so that the pertinent driving potential for the
kinetics ismskCld, where the averagekCl is taken over
a domainld

p . In the monomodal model, the third stage
starts with a uniform distribution of joint blocksld

p at C0,
which is unstable. The third stage can thus be treated
a spinodal decomposition of the system ofld

p blocks, e.g.,
as a rescaled initial stage, and therefore linear. The sa
idea is transposable to the next step in the cascade. T
rescaling procedure is close in spirit to the line followe
in the phenomenological theory of Furukawa [10].

Experiments were carried out on thin films of a
symmetric polystyrene-polybuthylmethacrylate dibloc
copolymer with a molecular weightMn ­ 82000 gymol
and a polydispersity indexIp ­ 1.04, deposited on a solid
substrate. It was synthesized by anionic polymerizatio
In the ordered state [11] the film is made everywhe
of an integer number of bilayers (3 or 4), each with
thicknessL ­ 300 Å. The starting disordered state is
a homogeneous solid film with a thicknessh0 ­ 3, 4L
(sample 1) orh0 ­ 3, 6L (sample 2). In the final state,
the two thicknessesh1 ­ 3L andh2 ­ 4L are coexisting
along the surface, forming islands (sample 1) or hol
4395



VOLUME 77, NUMBER 21 P H Y S I C A L R E V I E W L E T T E R S 18 NOVEMBER 1996

h-
er

f
-
is

re

e
,

se
r,
2
p
ch

y
to
rst
nd
ng
e
e.

].

f
en
and
d

e
ive

c,
e

ic
or
ot
on
is

s
r,
-
y
-

a

(sample 2). The quench is obtained by annealing t
sample atT ­ 150 ±C, where the copolymer exhibits a
smectic ordering with homeotropic anchoring. The diffe
ence in free surface tensions between the two compone
is large enough to avoid the formation of the metastab
states described in Ref. [12]. The order parameter of t
transition is defined asC ­ f2hsx, yd 2 7LgyL, where
hsx, yd is the local thickness at positionsx, yd on the
surface. The geometrical vocabulary of part one th
makes direct sense for this system, in whichd ­ 2.

Figure 2 presents four typical steps in the experimen
kinetics of each sample. Each step is illustrated by thr
representations directly delivered by the atomic force m
croscope: The image is a top view of the copolymer film
the bottom curve is a section taken along the dark line
the image; the curve on the right hand side is a histogra
of the image, which is, in our case, the distributiondSydC

of the order parameter along the surface,dS being the
sample area covered byfC, C 1 dCg.

Let us first focus our attention on the islands kine
ics (right column) which is a concrete realization of th
general scheme discussed in the first section. The fi

FIG. 2. Evolution of the free surface of a thin film of
symmetric diblock copolymers with the annealing time a
150±C under vacuum: Top view (upper left), section (bottom
and height histogram (upper right).
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step corresponds to Fig. 1-a. It exhibits a surface roug
ness with a root mean square roughness of 10 Å ov
a 20 mm 3 20 mm area to be compared with the initial
value of 5 Å. The height distribution is symmetric with
respect to its average valueh0, and the roughness spec-
trum, which is not monomodal, has a dominant period o
0.75 mm. This roughness is continuously and rapidly in
creasing from the beginning of the kinetics. We take th
instability as a signature of a spinodal decomposition.

The second step corresponds to 1-c. Flat regions a
coexisting with transient hills of height smaller thanL.
The histogram, highly nonsymmetric, is made of on
strong peak coexisting with a long tail extending towards
but not up to, h2. Note that the distinction between
stages 1-b and 1-c is not easy to make in practice becau
the roughness spectrum is not monomodal. Howeve
stage 1-b is expected to be so fast that step 2 in Fig.
must probably correspond to stage 1-c. The third ste
corresponds to the stage where some islands finally rea
the C2 level. A second peak is just appearing in the
distribution, and a maximum height, common to man
islands, becomes visible in the section. It corresponds
the end of the cascade mechanism described in the fi
section, say, somewhere in between illustrations 1-d a
1-e. Note that the surface coverage by islands is increasi
and thereforeC0

1 is decreasing between the second and th
third step. The fourth step at last corresponds to Fig. 1-
Islands with a heightL are well formed and start growing
in diameter according to the usual ripening mechanism [8
The height distribution exhibits two well defined narrow
peaks. Focusing now exclusively on the histograms o
Fig. 2, please note the qualitative resemblance betwe
the actual series of shapes observed as time goes,
the theoretical evolution that was numerically predicte
by Langer, Bar-on, and Miller for strongly off-critical
quenches in Ref. [13].

Figure 3 presents a zoom in space and time of th
sample in stage 1-c. It shows successive perspect
views of the same9 3 9 mm2 portion of the surface
sample for annealing times 290, 530, 790, and 1460 se
which approximately covers the time range from th
second to the third line of images in Fig. 2, right hand
column. Figure 3 gives strong support to the subharmon
nonlinear mechanism proposed in the general part f
stage 1-c: Large transient islands are growing on the sp
to the expense of small transient islands disappearing
the spot. Moreover, the shape of the growing islands
slowly evolving, in conformity with their description as
quasiequilibrium structures.

To summarize, the islands formation closely resemble
the general scheme given in the first section. Howeve
the interpretation of this ordering process in terms of two
dimensional phase transition kinetics is not universall
accepted. The major argument against it is the follow
ing: The evolution of the surface topography is just
consequence of bulk ordering in the film; it is known to
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FIG. 3. Evolution with annealing time, of the same portio
s9.22 mm 3 9.22 mmd of the free surface of sample 1 a
150±C: experimental evidence of the subharmonic nonline
mechanism.

start from the solid and progressively extend towards
free surface [14]. Therefore the appearance of flat regi
in the early stage results from the fact thath1 is smaller
than h2 and has nothing to do with the behavior of th
majority phase in a 2D phase transition kinetics.

Our answer against this argument is experimental.
is given in the left column of Fig. 2, which illustrate
a kinetics similar to that of the right column for th
formation of holes. Every step is transposable from o
column to the other. Differences are only quantitativ
they concern the exact shapes of the order param
profiles, the time intervals between corresponding ste
the time evolution of the surface fraction covered
the majority phase, and so on. All qualitative featur
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are conserved. In particular, the second image from
the top demonstrates the existence of flat regions a
h2, coexisting with a wide distribution of thicknesses
spreading towards, but not down to,h1. Hence, the
argument above is contradicted by this experiment. Earl
flat regions correspond, in both cases, to the majorit
phase.

To conclude, we have given a description of the
spinodal decomposition in direct space. It contrasts with
the formidable amount of work done in the reciprocal
Fourier space and hopefully brings a new and mor
intuitive understanding of the mechanism. It also brings
new concepts such as the existence of the blocked hills
the succession of two different nonlinear stages (harmon
and subharmonic) in the so-called intermediate regim
and also new technical solutions like the possibility of
treating blocked hills as equilibrium structures or a way
to linearize the second nonlinear stage. A similar study i
under progress on nucleation kinetics.
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helpful discussions, and J. P. Lingelser for his valuable
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