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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

Spinodal decomposition (SD) is usually too fast to bespinodal decomposition starts. It will lead, after a long
captured in experiments. Also, most of the kinetic investime, to the formation of macroscopic domains charac-
tigations are based on scattering techniques which natterized by two well defined order parameté¥s(7T) and
rally lead to an inspection of the results in the reciprocal¥,(T)). We assume that the majority phase corresponds
Fourier space, where all quantities are integrated over this ¥, < ;.
whole sample. As a consequence, little has been said The kinetics is described as the sketch of suc-
about local behaviors. On the theoretical side, most o€essive events illustrated on Fig. 1, which considers
the productive efforts have been concentrated either oa one-dimensional space for the sake of simplicity.
extremely short times, where the linear Cahn-Hilliard the-The order parameter conservation constrajrd“r X
ory applies, or on last stage kinetics where domains of¥(r) — ¥y(r)] = 0 is a volume conservation condition
the two final coexisting phases are stabilized and slowlyn the (¢ + 1)-dimensional{r, ¥'} space. As a conse-
evolve according to quasistationary principles. Most ofquence, the time evolution of the spatial distribution of
the theoretical treatments are also based on a Fourier afit can be thought and described in terms of geomet-
proach. In this context, the present experimental workic distortions of a hypersurface which limits a closed
is claimed to be original by four aspects: (i) It focuses(d + 1) volume. Ford = 1, for instance, as on Fig. 1,
on the very early stage precisely where our experimentahe arbitrary axis¥’ = 0 and the moving line¥(x) are
knowledge is so poor [1]. (i) It gives the direct distribu- the two boundaries of a domain with a constant area.
tion of the order parameter in space as a function of time Hence, the first stage right after the quench appears
[2]. Only the use of a local probe makes it possible. Oursas a roughening of the initially straight ling = V.
is atomic force microscopy (AFM). (iii) It deals with a This stage is classically treated [5] as a linear instabil-
nonconventional experimental system for phase transitioity which favors one characteristic wavelength (= A¢
kinetics in two dimensions that we want to promote as dor d = 1). In a simplified description conforming to
powerful model system, competitive by many aspects withrig. 1(-a), the roughness spectrum reduces to the domi-
the more traditional Langmuir monolayers [3]. (iv) It nant modeAi.. Its amplitude is rapidly increasing with
deals with off-critical quenches; the final domain patterntime. TheW line spreads symmetrically towards bokh
is made of disconnected drops. andV,. The linear stage ends when the minimum in each

The goal of the present Letter is to propose a newperiod reaches some leval; below which no energy
qualitative description of the early stage, in which twois gained in decreasing further. Determination of the
different nonlinear mechanisms are proposed. The text isxact value of¥| is a difficult task and it should be sys-
organized as follows: The whole kinetics is first exposedem dependent, but its location must be abdteand in
in general terms. Our system is then introduced, anghe convex part of the coarse grained free enefy#’),
experimental results are presented. The connection ©urve at temperatur&. The latter is also schematically
finally made with the first part. drawn on the right hand side of Fig. 1-a.

The system under consideration belongs to the Ising In a second stage, the system is still decreasing its en-
universality class and satisfies model B constraints [4]ergy within each period.. by increasing¥ in the highaV
We start from a high temperature homogeneous equilibpart of the motif (hill) while expanding laterally the flat
rium state characterized by a uniform off-critical orderregion atW¥| (plain). The periodic profileV(r) loses its
parameter¥,. Operating at constartt,, we suddenly symmetry with respect to th#, level. The new pattern
guench the system to a temperatiireuch that Wy, T) is  is drawn on Fig. 1-b. The development of flat regions re-
located in the unstable region of the phase diagram. Thsults in the rise of higher order harmonics in the roughness
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of the latter remains an equilibrium one. The third stage
is therefore a ripening process involving units perma-
nently equilibrated. It is illustrated in Fig. 1-d. Larger
hills grow at the expense of smaller ones. The roughness
spectrum enriches with additional wavelengths, generated
by the disappearance of small hills on the spot. They are
thus integer multiples ofi.. Several iterations can be
necessary for the surviving hills to readh; ¥| at each
step becomes closer and closer. It constitutes a
cascade mechanism similar to those encountered in non-
linear dissipative phenomena such as turbulence decay
[7]. The third stage ends with the formation of domains
of the minority phase, as shown in Fig. 1-e. They will
evolve afterwards according to the classical late stage
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 systems
do not reduce to a single mode model, so that random
flat regions are expected to develop instead of the regu-
lar pattern of Fig. 1-b; they can be considered as isolated
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 mat-
ter. The second remark concerns the situation of Fig. 1-c:
The height of the characteristic bevel blocked hills re-
mains below the¥, level because we assume that a pe-
FIG. 1. Theoretical evolution of the order parameter profile jgq ¢ does not contain enougld + 1) material for a
during the spinodal decomposition kinetics. full domain at¥, to develop. This statement is not nec-

essarily true for every system at every unstable composi-
spectrum. This is the first nonlinear effect. The secondion ¥,. Let us therefore keep in mind that one cannot
stage ends when the energetic price for a further increasdways reach the “bevel early hills.” The third remark
of the slopg V¥| becomes too high [6]. This situation is concerns the third stage: The characteristic length for ef-
illustrated in Fig. 1-c. Up to that point, the pattern evo-ficient material exchange has now jumped from molecular
lution has been governed by local exchanges of neighbote A. level, so that the pertinent driving potential for the
ing (d + 1)-volume elements. Given a specifi€¥,T)  kinetics is u((¥)), where the averagéV) is taken over
diagram and a specific dissipation rule, it can be described domainA¢. In the monomodal model, the third stage
by local hydrodynamics in a finite volum@,A¢ of the  starts with a uniform distribution of joint blocks! at ¥,
{r, ¥} space. Had the system been of si#g its evolu-  which is unstable. The third stage can thus be treated as
tion would have been exactly the same, and would hava spinodal decomposition of the systemidfblocks, e.g.,
been completed at the end of the second stage. One periad a rescaled initial stage, and therefore linear. The same
in Fig. 1-c is actually an equilibrium pattern for this finite idea is transposable to the next step in the cascade. This
system. Hills in it are essentially made of what would berescaling procedure is close in spirit to the line followed
unstable matter in a larger system; they can be viewed as the phenomenological theory of Furukawa [10].
quasistable pieces of interfacial matter. In each domain Experiments were carried out on thin films of a
A¢, the chemical potentigk (W, A.) is uniform. symmetric polystyrene-polybuthylmethacrylate diblock

The third stage is a slower exchange(d@f+ 1) vol-  copolymer with a molecular weigh,, = 82000 g/mol
umes of matter between neighboring periods. It impliesand a polydispersity indek, = 1.04, deposited on a solid
long range transport o and loss of the conservation substrate. It was synthesized by anionic polymerization.
constraint at the scalg.. The driving force is the differ- In the ordered state [11] the film is made everywhere
ence in chemical potential between adjacent periods. Notef an integer number of bilayers (3 or 4), each with a
that even the simplified monomodal pattern of Fig. 1-c isthicknessL = 300 A. The starting disordered state is
unstable. We shall return to that point at the end of thiss homogeneous solid film with a thickness = 3,4L
section. Since the kinetics is now governed by long rangésample 1) orky = 3,6L (sample 2). In the final state,
exchanges, while the evolution of the profilr) is gov-  the two thicknesses; = 3L andh, = 4L are coexisting
erned by faster short range material transport, the shapdong the surface, forming islands (sample 1) or holes
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(sample 2). The quench is obtained by annealing thetep corresponds to Fig. 1-a. It exhibits a surface rough-
sample atl’ = 150 °C, where the copolymer exhibits a ness with a root mean square roughness of 10 A over
smectic ordering with homeotropic anchoring. The differ-a 20 um X 20 um area to be compared with the initial
ence in free surface tensions between the two componentslue of 5 A. The height distribution is symmetric with
is large enough to avoid the formation of the metastableespect to its average valug, and the roughness spec-
states described in Ref. [12]. The order parameter of theum, which is nhot monomodal, has a dominant period of
transition is defined ast = [2Aa(x,y) — 7L]/L, where  0.75um. This roughness is continuously and rapidly in-
h(x,y) is the local thickness at positiofx,y) on the creasing from the beginning of the kinetics. We take this
surface. The geometrical vocabulary of part one thusnstability as a signature of a spinodal decomposition.
makes direct sense for this system, in whitk= 2. The second step corresponds to 1-c. Flat regions are
Figure 2 presents four typical steps in the experimentatoexisting with transient hills of height smaller th@n
kinetics of each sample. Each step is illustrated by thre@he histogram, highly nonsymmetric, is made of one
representations directly delivered by the atomic force mistrong peak coexisting with a long tail extending towards,
croscope: The image is a top view of the copolymer film;but not up to,s,. Note that the distinction between
the bottom curve is a section taken along the dark line ostages 1-b and 1-c is not easy to make in practice because
the image; the curve on the right hand side is a histograrthe roughness spectrum is not monomodal. However,
of the image, which is, in our case, the distributith/d¥  stage 1-b is expected to be so fast that step 2 in Fig. 2
of the order parameter along the surfad®&, being the must probably correspond to stage 1-c. The third step
sample area covered py, ¥ + 4¥]. corresponds to the stage where some islands finally reach
Let us first focus our attention on the islands kinet-the ¥, level. A second peak is just appearing in the
ics (right column) which is a concrete realization of thedistribution, and a maximum height, common to many
general scheme discussed in the first section. The firsslands, becomes visible in the section. It corresponds to
the end of the cascade mechanism described in the first
section, say, somewhere in between illustrations 1-d and
1-e. Note thatthe surface coverage by islands is increasing
and thereforal| is decreasing between the second and the
third step. The fourth step at last corresponds to Fig. 1-e.
Islands with a height 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 of
Fig. 2, please note the qualitative resemblance between
the actual series of shapes observed as time goes, and
the theoretical evolution that was numerically predicted
: by Langer, Bar-on, and Miller for strongly off-critical
TN guenches in Ref. [13].
“"?%@UPMW B, N Figure 3 presents a zoom in space and time of the
! N T T e sample in stage 1-c. It shows successive perspective
PIPEMASZE wncald 5 minuis  150°C. PSPTMASIX smsealed 20 minotes at |50°C. views of the samed X 9 um? portion of the surface

--’a‘;:ﬂ‘l B sample for annealing times 290, 530, 790, and 1460 sec,
l-m which approximately covers the time range from the

N

,ls;?g;’; second to the third line of images in Fig. 2, right hand
3I:I_,T\_:-:\ !.ﬁ_ o

: W ]

HOLES

o st column. Figure 3 gives strong support to the subharmonic
U’ R l anf\ N [ nonlinear mechanism proposed in the general part for
(1d) o ot stage 1-c: Large transient islands are growing on the spot

PSPAMARIK sanealed 2 hours at 150°C. PSPMARIK sancsied 13 hous s 130°C. to the expense of small transient islands disappearing on
»? '.1 | ., the spot. M_oreo_ver, the sh_ape pf the .growing_ is_lands is
(" ‘- . v slowly evolving, in conformity with their description as
A Pyl f i quasiequilibrium structures.
.\_t '1 : iﬁ i\ To summarize, the islands formation closely resembles
S Wy ’n_U_' the general scheme given in the first section. However,
D i e e - the interpretation of this ordering process in terms of two-

FIG. 2. Evolution of the free surface of a thin film of dimensional phase transition kinetics is not universally

symmetric diblock copolymers with the annealing time atgccepted. The major argument against it is the f_OIIOW'
150°C under vacuum: Top view (upper left), section (bottom),ing: The evolution of the surface topography is just a
and height histogram (upper right). consequence of bulk ordering in the film; it is known to
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are conserved. In particular, the second image from
the top demonstrates the existence of flat regions at
h,, coexisting with a wide distribution of thicknesses
spreading towards, but not down té;. Hence, the
argument above is contradicted by this experiment. Early
flat regions correspond, in both cases, to the majority
phase.

L 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 more
intuitive understanding of the mechanism. It also brings
new concepts such as the existence of the blocked hills or
the succession of two different nonlinear stages (harmonic
and subharmonic) in the so-called intermediate regime

A2k B 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 is
under progress on nucleation kinetics.
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