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Homogeneous nucleation and growth in the critical three-dimensional Ising regime
of a binary polymer blend

G. Müller, D. Schwahn, and T. Springer
Forschungszentrum Ju¨lich GmbH, Institut fu¨r Festkörperforschung, D-52425 Ju¨lich, Germany

~Received 7 November 1996!

Phase separation in a binary blend of deutero-polystyrene and polyphenylmethylsiloxane was studied with
time-resolved light scattering~small-angle light scattering! for a nearly critical concentration at temperatures
between 0.2 and 2.6 K below thebinodal. It was shown by additional neutron small-angle scattering experi-
ments that all quenches end in themetastable region, i.e., in the gap between binodal and spinodal ofTB
2TS>4 K. A Ginzburg number of 0.4860.14 was found much larger than in simple binary mixtures, indi-
cating that thermal concentration fluctuations are very strong and that the three-dimensional~3D! Ising model
is valid. It was shown that strong thermal concentration fluctuations determine the phase separation, leading to
homogeneous nucleation and growth in the metastable region as proposed by Binder@Phys. Rev. A29, 341
~1984!#. Scattering patterns similar to those of spinodally decomposed structures were observed in a time
region of the intermediate and the late stage. Power laws were obtained for the time dependence of position
Qm(t) and intensityI m(t) of the scattering maximum in the late stage. Furthermore, the data were analyzed
with scaling concepts based on the evolution ofself-similar structures. The time-dependent structure factor
scales in the range ofx5Q/Qm<2 for all times in the late stage and all temperatures studied, following the
relation S(Q,t)5Qm(t)

2dF(x). But instead of the Euclidean dimensiond53, an exponent ofdf52.43
60.05 was found. This is tentatively explained by a precipitation process where the compactness of the
domains decreases with time. In the rangex.2 a second characteristic length was observed, namely, an
apparentinterface thicknessl I570006200 Å independent of time and quench depth. This was interpreted by
a waviness of the interface separating the coarsening domains. Furthermore, scaling was also observed for the
positionQm(t) and intensityI m(t) of the scattering maximum with the appropriate values for the collective
diffusion coefficient and the correlation length in the two-phase region. Their values were determined by
photon correlation spectroscopy~PCS! and small-angle neutron scattering in the one-phase region by an
extrapolation into the two-phase region. Finally, by the PCS measurements an extra relaxation process with a
characteristic time from 0.1 to 1 sec was discovered, which was related to density fluctuations.
@S1063-651X~97!08606-6#

PACS number~s!: 64.70.Ja, 64.60.Fr, 36.20.2r
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I. INTRODUCTION

The investigation of phase diagrams and demixing kin
ics in polymer blends has attracted great scientific interes
theory and experiment@1–4#. Polymer blends have man
features in common with other systems such as metallic
loys or mixtures of simple liquids, but they reveal typic
qualitative differences. Like many mixtures, polymer blen
have a miscibility gap, where the binodal separates the
mogeneous from the metastable and unstable regime.
proaching the critical temperatureTc on top of the miscibil-
ity gap, strong concentration fluctuations appear. One of
interesting features of these fluctuations was the observa
that they follow the mean-field approximation far fromTc
@5#, whereas close toTc a transition to a three-dimension
~3D! Ising behavior appears@6,7#. The transition regime and
the limiting cases of mean-field and Ising behavior are c
ered by a general crossover function@8#. The transition tem-
peratureT* is characterized by the so-called Ginzburg nu
ber Gi @9,10#. Gi5e*[uT*2Tcu/T* depends on the degre
of polymerizationN, but also on the packing density or mo
generally on the entropic part of the Flory-Huggins para
eter @11#.

The investigation of the demixing of polymer blends
551063-651X/97/55~6!/7267~16!/$10.00
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especially convenient, since the corresponding character
times can be controlled in a wide range by the degree
polymerization. According to the mean-field theory there e
ist different separation processes in the two-phase reg
@see Fig. 1~a!#: in the metastable region, demixing occurs
nucleation and growth; an energy barrier has to be overco
by the formation of droplets, which coarsen at later times
the unstable region, phase separation is governed by spin
decomposition. This process is characterized by unsta
concentration fluctuations with wavelengths above a criti
value. In its early stage, as long as fluctuations are small
not interacting, they can be described by a generalization
the Cahn-Hilliard-Cook theory@12,13#. Its predictions were
confirmed by many experiments, with typical features rela
to the macroscopic chain structure, such as a nonlocal
sager coefficient@14#, or the contribution of internal mode
of diffusion @15#. So far, for later stages of demixing th
situation is not well understood and many aspects are
unexplained@4#. A scattering maximum appears that shifts
smaller Q values with increasing intensity @Q
54p sin(u/2)/l with scattering angleu and wavelength of
light or neutronl#. There exists a time regime, the late stag
where the time-dependent structure factorS(Q,t) has scaling
properties. They indicate the evolution of self-similar stru
7267 © 1997 The American Physical Society
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tures. In particular,S(Q,t) scales with a characteristic leng
Qm

21(t), the inverse of the maximum position. It leads to t
dynamical scaling hypothesis@16#

S~Q,t !5Qm~ t !2dF~x!, ~1!

with a time-independent normalized structure factorF(x),
with x5Q/Qm(t), and the Euclidean dimensiond53. This
behavior was confirmed in many experimental studies,
we refer to the detailed monographs of Hashimoto@3# and
Binder @4#. However, this exponent was controversially d
cussed for the blend of polystyrene and polyphenylmethy
loxane ~PS/PPMS!. Nojima et al. obtaineddf52.3860.48
for various off-critical quenches anddf52.7760.3 for criti-
cal quenches@17#. In contrast to these results, Takahas
et al. @18# as well as Kuwaharaet al. @19# reportedd53, as
expected.

FIG. 1. Phase diagram for a binary mixture in mean-field
proximation ~a!. The binodal separates the stable one-phase f
the two-phase region, which is separated in the metastable an
stable regions by the spinodal. Two different phase separation
cesses occur in the two-phase region, the classical nucleation
growth in the metastable regime and the spinodal decompositio
the unstable regime. The phase diagram becomes more comp
one takes the 3D Ising regime into consideration~b!. In the shaded
two-phase region the phase separation is described as a tran
from homogeneous nucleation and growth to nonlinear spino
decomposition by strong fluctuations@22#. In this regime, the spin-
odal loses its physical significance though it can be formally fou
by extrapolation from the one-phase region.
d

i-

i

Beyond this scaling, forx.2 the introduction of a second
characteristic length was necessary. It was identified as
‘‘interface’’ thickness of the domainsl I @20#, which should
be proportional to the critical correlation length@21#. How-
ever, in most experiments the second length was much la
than predicted@3,20#.

In our experimental work we studied the blend of deute
polystyrene and polyphenylmethylsiloxane~d-PS/PPMS!
both with a molecular volume ofV54300 cm3/mol. We
used small-angle neutron scattering~SANS! and photon cor-
relation spectroscopy~PCS! for the investigation of the equi
librium properties. The nonequilibrium properties were stu
ied by quenches from the one- into the two-phase reg
with time-resolved small-angle light scattering~SALS!. We
will mainly deal with three questions:~i! the influence of
thermal concentration fluctuations on demixing after t
quenches;~ii ! the phase separation during its later stages
order to investigate the scaling behavior and, in particu
the determination of the dimensionalityd from Eq. ~1! and
deviations fromd53; and ~iii ! the ‘‘second’’ length scale
and its relation to the interface thickness.

Our quenches end in the metastable regime as show
combining different scattering techniques. By the determi
tion of the Ginzburg number Gi we will show that stron
concentration fluctuations exist in a wide temperature ran
This will be discussed in the context of homogeneous nu
ation, which occurs in the shaded region of Fig. 1~b!, as
proposed by Binder@22#. According to the Ginzburg crite-
rion the amplitude of the concentration fluctuations becom
comparable to the difference of the concentrations de
mined by the binodal. Thus, contrary to the classical ca
nucleation is much easier, because many small droplets
grow simultaneously in the sample. In particular, the sp
odal loses its physical significance, and, seemingly, homo
neous nucleation cannot be distinguished experiment
from spinodal decomposition. Consequently, we analyze
data with the scaling concepts of spinodal decomposition
use its terminology. But, in contrast to the mean-field ca
the ‘‘early stage’’ of spinodal decomposition does not app
at all in the Ising regime because of the large fluctuation

II. THEORETICAL CONCEPTS

A. Equilibrium properties and static structure factor

In the mean-field regime of the one-phase region,
static structure factorS(Q) of binary polymer blends is de
scribed by the random phase approximation~RPA! @1# to be

S21~Q!5S1
21~Q!1S2

21~Q!22G ~2!

with the structure factorsSi , i51,2, for the polymer specie
1 and 2,

Si~Q!52FVi$y211exp~2y!%/y2. ~3!

The generalized Flory-Huggins interaction parameterG is a
free energy in units ofRT ~R gas constant!, namely, G
5Gh /T2Gs , with Gh and Gs the enthalpic and entropic
term, respectively@4#. It is a segmental quantity; i.e., it doe
not depend on the degree of polymerizationN. F is the
concentration,Vi is the molecular volume of one of the cha
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55 7269HOMOGENEOUS NUCLEATION AND GROWTH IN THE . . .
components, andy5Q2Rg
2 is related to the momentum tran

fer Q and the radius of gyrationRg . Equation ~3! is the
Debye function for a Gaussian coil. For the limiting ca
QRg<1 one obtains the Zimm approximation

S21~Q!5S21~0!1AQ2 ~4!

with the inverse forward scattering

S21~0!5H 1

FV1
1

1

~12F!V2
J 22G52~GS2G!. ~5!

The slopeA depends on the conformations

A5
1

3 H Rg,1
2

FV1
1

Rg,2
2

~12F!V2
J . ~6!

GS is the Flory-Huggins parameter at the spinodal tempe
ture. It is determined by the molecular volumes and the c
centration. For similar chains withRg,1'Rg,2 and V1'V2
this yields

S21~0!5@F~12F!V̄#2122G and

A5R̄g
2/@3F~12F!V̄#. ~7!

R̄g is the mean value of the radius of gyration andV̄ the
mean molecular volume. The inverse forward scattering
susceptibility, connected to thermodynamics by the relat

S21~0!5]2~DG/RT!/]F2. ~8!

The inverse of Eq.~4! is the Ornstein-Zernike formula

S~Q!5S~0!/~11j2Q2! ~9!

with the correlation lengthj5AAS(0). In the asymptotic
regimes near and far from the critical point, the temperat
dependence of forward scattering and correlation length
given by simple scaling laws

S~0!5Ce2g, j5j0e
2n, ~10!

respectively, with the reduced temperaturee5uT2Tcu/T and
the critical temperatureTc . Far from the critical point the
extrapolated mean-field critical temperature isTc

MF , the criti-
cal amplitudes areCMF andjMF , and the critical exponent
areg51 andn50.5. In the region close to the critical poin
the fluctuations grow and are mutually correlated. In the u
versality class of the three-dimensional~3D! Ising model one
gets the critical temperatureTc , the critical exponentsg
>1.24, n>0.63, and the critical amplitudesC1 ,j1 .
Whereas the scaling laws in Eq.~10! are only valid in the
asymptotic regions, the following general crossover funct
@8# holds:

ê5~112.333Ŝ~0!D/g!~g21!/D

3$Ŝ21~0!1@112.333Ŝ~0!D/g#2g/D%. ~11!

It approximates the susceptibility over the whole one-ph
regime including the asymptotic mean-field and 3D Isi
regimes. Equation~11! is a universal function with the scale
-
-

a

e
re

i-

n

e

quantitiesê5e/Gi and Ŝ(0)5GiS(0)/CMF where Gi is the
Ginzburg parameter. It is developed from ane expansion
based on renormalization-group analysis, and yields Gi
CMF as fit parameters. The Ginzburg number Gi is defined
the reduced temperaturee*[(T*2Tc)/T* at which the de-
viation of the data from the Ising model@Eq. ~10!# ap-
proaches 10%.CMF51/@2(Gc1Gs)# is expressed by the en
tropic part of the Flory-Huggins parameterGs and its value
at the critical pointGc , which is related to the entropy o
mixing and proportional to 1/N @Eq. ~5!#.

B. Dynamical structure factor

The relaxation of concentration fluctuations in the on
phase region close to the equilibrium valueF is described by
the dynamical structure factor@23,24#

Sd~Q,t !5S~Q!exp~2t/t!. ~12!

The relaxation timet is related to the interdiffusion coeffi
cientDc according to

t215DcQ
2. ~13!

Equation~13! is valid in the hydrodynamic regimeQj!1.
Close to the critical point we can reachQj.1 and a regime
exists where mode coupling corrections have to be con
ered. In particular, a transition fromQ2 to Q3 behavior is
theoretically predicted and confirmed experimentally@25#.
Neglecting mode coupling effects in the 3D Ising regime t
temperature dependence of the diffusion coefficient read

Dc5egD0exp~2EA /RT!, ~14!

with g>1.24. The Arrhenius form for the kinetic factor i
multiplied with theeg term which follows the usual critica
slowing down of the interdiffusion process in the vicinity o
the critical temperatureTc . EA is the activation energy as
suming the diffusion is caused by a thermally activated p
cess. The slowing down near the glass transition tempera
TG was neglected because our blend was always far f
TG .

C. Phase decomposition

After a temperature quench from the thermodynamica
stable one-phase into the unstable two-phase and mean
region, the system decomposes. The corresponding equ
rium concentrations are determined by the binodal. If
sample is quenched into the metastable regime, phase s
ration occurs by nucleation and growth; e.g., the therm
concentration fluctuations of the concentration have to ov
come a barrier before becoming unstable and driving
phase separation. On the other hand, if the sample
quenched into the unstable regime the phase decompos
occurs by the growth of the unstable long-waveleng
modes. This is the process of spinodal decomposition.
time evolution can be tentatively classified into three regim
@3#. In the early stage the concentration fluctuations are sm
and uncorrelated. They are described analytically by the
ear Cahn-Hilliard-Cook theory. There is a maximum grow
rate of concentration fluctuations at a constant wave num
Qm52p/Lm . For small times the unstable fluctuatio
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7270 55G. MÜLLER, D. SCHWAHN, AND T. SPRINGER
modes grow exponentially with time. In the intermediate a
late stages the concentration fluctuations interact with e
other and are described by a nonlinear equation where
analytic expression exists. In a more sophisticated pic
@26# a fourth time regime was proposed, namely, the tran
tion stage between intermediate and late stages, called
final stage in that paper.

D. Scaling concepts in phase separation

In scattering experiments the domain structure and
time evolution are measured by the time-resolved st
structure factorS(Q,t). The domain structure in the lat
stage of spinodal decomposition is supposed to be chara
ized as an evolution of a self-similar structure. Therefore
is possible to describe the decomposition process by a s
ing function that only depends on a single characteri
length, which depends on time. It should become indep
dent of system properties such as the molecular volumV
and the quench depthDT. Thus S(Q,t) should follow a
master curve if scaled with the characteristic length of
decomposition process. This length is identified with the
verse wave number of the intensity maximumQm(t)

21 lead-
ing to Eq.~1!. The time-independent structure factorF(x) is
proportional to the mean square deviation of the concen
tion from its mean valueF:

F~x!}^dF2&. ~15!

F(x) grows during the early and intermediate stages of ph
separation. In the intermediate stage the mean concentra
of the developing domains change until they reach their e
librium valuesF8 andF9 on the binodal, and we introduc
DF5F82F9 ~Fig. 1!. From then onF(x) stays constan
during the late stage. Thus a time-independent scaling fu
tion F(x) indicates the beginning of the late stage.

Another criterion to identify this time regime is the inte
grated square of the order parameter. It is proportional to
second moment of the scattered intensity

E
0

Q*
^dF2~ t !&Q2dQ}E

0

Q*
S~Q,t !Q2dQ ~16!

with an upper integration limitQ* determined by the experi
ment. Plotting the second moment versus time@Eq. ~16!# the
beginning of the late stage is characterized by the inset
plateau. This also indicates that the thermal concentra
fluctuations of concentration on length scales equal to
smaller than 1/Q* reach equilibrium. On the other hand in
tegration of Eq.~16! toQ→` would include scattering from
concentration fluctuations for all length scales, and there
the second moment would be constant for all times and p
portional toF(12F).

The scaling function normalized for different quench te

peraturesTf according toF̄}F/*0
Q* ^dF2&dQ can be ap-

proximated by@27#

F̄~x!5xn~11h/n!/~h/n1xn1h! ~17!

with 2<n<4, h5d11 for F,0.16 andh52d for F
.0.16. So far, no conclusive and general derivation
F̄(x) exists. For smallx theoretical predictions exist withn
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52 @27# as well asn54 @28,29#. F̄(x) in Eq. ~17! is normal-
ized to F̄(1)51. The concentrationF50.16 is the limit of
percolation@27#. This scaling function is applied to interpre
our data.

E. Scaling ofQm and Sm

During the time evolution of the spinodal decompositi
in the intermediate and late stages, the position of the s
tering maximumQm shifts to smaller values, and the pea
intensitySm(t)[S„Qm(t),t… increases. The decrease ofQm
is related to coarsening, whereas the increase ofSm is related
to the increase ofdF and to the coarsening of the domains
well. The time evolution ofQm(t) and Sm(t) is approxi-
mately described by power laws according to

Qm~ t !}t2a~ t ! and Sm~ t !}tb~ t !. ~18!

The exponentsa andb depend on the different coarsenin
mechanisms during decomposition. Therefore they
change with time in going from one regime to anoth
Eliminating t one gets from Eq.~18!

Sm}Qm
;~b/a! ~19!

For the late stage this leads to the relationshipb/a5d from
Eq. ~1!, i.e., d53 in the case of compact structures. Durin
the intermediate stage the exponentsa and b lead tob/a
.d. The underlying reason is the time-dependent growth
the difference of concentrationdF in both phases.

For the quantitiesQm(t) and Sm(t) one also obtains a
master curve with the same arguments as forS(Q,t), pro-
vided that these quantities and the time are scaled with
collective diffusion coefficient and the correlation lengt
This leads to@30#

Q̄m~ t̄ !5&Qm~ t !j~T!, S̄m~ t̄ !52&j3~T!Sm~ t !,

t̄5t•Dc /~2j2! ~20!

and yields the dimensionless quantitiesQ̄m( t̄), S̄m( t̄), and
the reduced timet̄. The plots ofQ̄m( t̄) and S̄m( t̄) are sup-
posed to follow a master curve independent of the polym
properties and temperatureTf .

F. Other characteristic length scales: ‘‘Local properties’’
of the domain interface

The basic assumption of scaling during the late stage
spinodal decomposition is that the precipitated domain str
ture is self-similar and characterized by a single length sc
There are, however, other characteristic lengths in the sys
that determine what we call ‘‘local’’ properties. These a
essentially the thickness or an eventual waviness of the
main interface. There are other scales as the correla
length of thermal concentration fluctuations and the dim
sion of the coil, i.e., its radius of gyration and statistic
segment length, which are beyond the accessibleQ range of
our spectrometer, and which are not considered for the
ment. Scaling by a single length is observed if the dom
size is of the order ofmm and much larger than the othe
lengths which are typically of the order of 100 Å.



er

m
a

i
tio

r
-
ce

in
e
th
ca
th

-
ly
tem-
er
-
in
n.
ion

e

ma-
n,
re
ed
nts.
rela-
en
ple
nt,
n-
ri-

er
he
eri-
uce
e
v-
ck
as

ll-

l

The

it

55 7271HOMOGENEOUS NUCLEATION AND GROWTH IN THE . . .
Therefore, in order to reveal these local properties exp
ments have to be performed at largerQ values. ForQ
.2Qm ~i.e., x.2! one expects the validity of Porod’s law
@20#

S~Q,t !5P~ t !Q24exp@2 l I~ t !
2Q2/2p# ~21!

with the interface thicknessl I and Porod’s constantP, which
is proportional to the surface of the domains per volu
element. Equation~21! leads to Porod’s scattering law for
negligible interface thickness (l IQ!1). In equilibrium and
in the mean-field approximation the interface thickness
related to the correlation length of the thermal concentra
fluctuations@21#

l I52&j~T!. ~22!

From Eq. ~21! one obtains the scaling function forx.2,
namely,

F~x!5 P̂x24exp~2 l̂ I
2x2/2p! ~23!

with the normalized Porod constantP̂5Qm(t)
(d24)P(t) and

the normalized interface thicknessl̂ I5 l I(t)Qm(t). Thus,
combining the scaling functions of Eq.~17! (x,2) together
with Eq. ~23! (x.2) one gets a scaling function fo
S(Q,t) for a largerQ or x range, describing the time evolu
tion of the domains including the properties at their interfa
This scaling function is depicted in Fig. 2. IfF(x) follows a
master curve also forx.2, the second length of the doma
structure is negligibly small or it follows the time law of th
domain size itself. Finally, it has to be mentioned that
above discussed formalism of scaling does not include s
tering from the thermal concentration fluctuations inside
domains because they are not visible in ourQ range.

FIG. 2. Schematic picture of the scaled structure factorF̄(x)
versus the scaled scattering vectorx5Q/Qm in the late stage of
spinodal decomposition. The curvature of the function forx.2
deviating from Porod’s law is caused by the domain interface, w
a second characteristic length.
i-

e
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III. EXPERIMENTAL SECTION

A. Sample preparations

The blend of deuterated polystyrene~d-PS! and polyphe-
nylmethylether~PPMS! shows an upper critical solution tem
perature~UCST!, which means that it is homogeneous
mixed at high temperatures and phase separated at low
peratures. Thed-PS polymer was purchased from Polym
Science Standards~PSS! in Mainz and the PPMS polymer
ized at the Max-Planck-Institute for Polymer Research
Mainz. Both were synthesized by anionic polymerizatio
The molecular weight was determined by gel permeat
chromatography with a value ofMW54900 g/mol and a
polydispersity better thanu51.1 defined as the ratio of th
weight and number averaged molecular weightsMW and
Mn , respectively. The characteristic parameters are sum
rized in Table I. A sample of nearly critical compositio
namelyFd-PS50.51, was mixed for 30 min at a temperatu
between 100 °C and 120 °C. A homogeneously mix
sample was obtained, as confirmed by SANS experime
The preparation was carried out under air because the
tively short chains of our sample do not react with oxyg
and water up to 170 °C. For the SANS experiments sam
material of 1-mm thickness was filled into a containme
which had a 1-mm niobium back window and a front wi
dow of 2-mm boron-free quartz glass. For the SALS expe
ments optical pure quartz glass~suprasil! was used from
Hellma in Mühlheim/Baden. The cell had a 22-mm inn
diameter and 1-mm thick front and back windows. T
samples were 0.1 and 0.01 mm thick. For the PCS exp
ments, another procedure was required to sufficiently red
parasitic light scattering from impurities. After dissolving th
polymer mixture in benzene it was purified by filtering se
eral times. Then the solution was filled into a 10-mm-thi
cylindrical cell and freeze dried. Afterwards the cell w
filled with argon and molten off.

B. Small-angle neutron scattering

The SANS experiments were performed with the sma
angle neutron diffractometer at the Riso” National Laboratory
in Denmark. The entrance slit was a square of 1 cm2. The
neutron wavelength of 7 Å was selected with a mechanica
selector having a resolution ofDl/l50.18. The distance
between sample and area sensitive detector was 6 m.
resulting range of scattering vectors was 1022 Å21,Q

h

TABLE I. Characteristic properties of the componentsd-PS and
PPMS.

d-PS PPMS

r (g/cm3) 1.130 1.143
m ~g/mol! 112 136
V (cm3/mol) 99.1 119
MW ~g/mol! 4900 4900
VW (cm3/mol) 4340 4290
u 1.04 1.08
N 44 36
TG ~°C! 76 226
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7272 55G. MÜLLER, D. SCHWAHN, AND T. SPRINGER
,431022 Å21 with Q54p sin(u/2)/l. The temperature
control system provided a stability better than 0.1 K.

The scattering curves were corrected for background
inhomogeneous detector efficiency. Corrections for incoh
ent and multiple scattering were not necessary. The d
were calibrated in absolute units with a vanadium-calibra
Lupolen standard. The structure factorS(Q) was then calcu-
lated from the macroscopic cross sectiondS/dV with the
relation

S~Q!5
dS

dV
~Q!~NA /Dr2!. ~24!

Dr is the difference of the coherent scattering length de
ties between the blend components, andNA is the Avogadro
number.

C. Photon correlation spectroscopy

The PCS experiments were performed at the Max-Plan
Institute for Polymer Research in Mainz. The intensity–tim
correlation functionG(Q,t) was measured at a fixed angle
u590°. The light source was a Neodym-YAG laser oper
ing at l5533 nm, which yieldsQ52.631023 Å21 at u
590° withQ54pn sin(u/2)/l ~n is the refractive index of
the medium!. A temperature stability better than 0.5 K wa
achieved by a metal heater. The normalized dynamical st
ture factorg(Q,t)5Sd(Q,t)/S(Q) @31# is evaluated from
G(Q,t) if measured under homodyne conditions by

G~Q,t !5^I ~Q!&2~11 f a2ug~Q,t !u2!. ~25!

Sd(Q,t) and S(Q) are the respective dynamical and sta
structure factors already introduced, and^I (Q)& is the time
average of the scattered light intensity. The numberf is an
instrumental factor,a is known from the fraction of the tota
scattered intensityI (Q) which belongs to a selected rela
ation process. Corrections for multiple scattering were
necessary under the present experimental conditions.

D. Small-angle light scattering

The time-resolved light scattering experiments were a
performed at the Max-Planck-Institute for Polymer Resea
in Mainz. The light of a He-Ne laser withl5633 nm ~Q
range 1024 Å21,Q,731024 Å21! passes a metal heate
~temperature stability better than 0.05 K! and then hits the
sample. The scattered light falls onto a scattering scr
made of frosted glass and, after reemission, was recorde
the position-sensitive CCD~charge coupled device! detector
of a video camera. The primary beam passes the sc
through a hole and is reflected into a photodiode to de
mine instantaneously the transmission. Intensities varying
to four decades could be detected by using different d
phragm diameters.

We have to apply several corrections for the data red
tion: first, after radial averaging the detected intensity w
corrected for the deadtime of the CCD detector, which led
a correction factor depending linearly on the counted int
sity @32# and gave a 40% correction for the highest intens
Secondly, the parasitic scattering times the transmission
efficient was subtracted from the scattered intensity. T
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transmission was found between 0.85 and 1. Parasitic s
tering came from the heating windows, the sample cell, a
dust and was measured at high temperatures with the sa
in its mixed state. The scattering from thermal concentrat
fluctuations was negligible. Thirdly, the resulting raw da
were corrected for effects due to the scattering geom
@33#, e.g., the distancer between the flat screen and th
sample depends on the scattering angleu, which results in a
correction for ther22 decrease of the scattered intensi
Fourthly, the reemitted intensity was corrected for the ani
tropic reemission probabilities of the screen, which depe
on the angles of incidence and emission. This correction
tor was determined by a calibration of the screen using
aqueous solution of latex spheres@32#. For a sphere radius o
Rs>2000 Å and a volume fraction ofF56.231025 the
scattering lawS(Q) is theoretically described by the form
factor of spheres. In Fig. 3 the measured intensity of
aqueous solution~circles! is compared with the theoretica
form factor~dashed line!. Interparticle effects were shown t
be negligible. The full line is a fit with the form factor usin
a larger radiusRs>2400 Å. Dividing both theoretical curve
we achieved the correction factor for the anisotropic reem
sion, which is plotted as the inset in Fig. 3. It amounts up
30% for largeQ values. We should remark that the calibr
tion could also be used to get the scattered intensity in ab
lute units, i.e., the calibrated cross sectiondS/dV in units
~1/cm! @32#. Finally, the data were multiplied with empirica
conversion factors accounting for different diaphragm dia
eters. To demonstrate the influence of all applied correcti
one data set before and after correction is plotted in Fig. 4
can be seen that the corrections lead to smaller intensity
ues for lowQ values mainly because of the background su
traction whereas one gets larger values at higherQ’s due to
the geometrical and screen corrections. These correction
very important. Even the value ofQm is shifted by them.

FIG. 3. Characteristic reemission-efficiency of the SALS sp
trometer screen. The intensityI of an aqueous solution of late
spheres with a concentrationf56.231025 is plotted vs the scat-
tering vectorQ ~circles!. The fitted form factor of the spheres wit
Rs52400 Å ~full line! is compared with the calculation for th
actual radiusRs52000 Å ~dashed line!. The ratio of both leads to a
correction factor for the efficiency~inset!.
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IV. RESULTS AND DISCUSSIONS

A. Equilibrium structure factor, phase boundaries,
and Ginzburg number from SANS

Figure 5~a! shows the equilibrium structure factorS(Q)
in a Zimm representation for different temperaturesT.TB in
the one-phase region measured with SANS. The data fo
the theoretical least-square fit of Eq.~4! for all temperatures.
Figure 5~b! is a plot of the structure factor for temperatur
T,TB in the two-phase region after phase separation.
largeQ the scattering data follow a straight line as in t
one-phase region. They represent the equilibrium ther
concentration fluctuations in the domains. Their intensity
creases for lower temperatures because the distance
Tc increases. At smallQ a deviation from the theoretica
straight lines is observed, which increases for lower temp
tures. The very high intensity in thisQ range results from the
scattering by the phase-separated domains. This indic
that the quench temperature reaches the two-phase regi
the phase diagram. Thus one can distinguish between
one- and the two-phase region with SANS, and we obt
directly the binodal temperature atTB5(123.560.5) °C.

In Fig. 6 the temperature dependence of the inverse
ward scatteringS21(0) is plotted in scaled quantities@Eq.
~11!# for T.TB . The full line represents the least-square
of the crossover function@Eq. ~11!# yielding the spinodal
temperatureTS5(119.560.1) °C. Thus, the SANS experi
ments show that the blend is slightlyoff the critical concen-
tration. The width of the metastable region, i.e., the gap
tween binodal and spinodal is determined to beDTM[(TB
2TS)>4 K.

Obviously, the quenches penetrate deeply into the Is
regime; even for temperaturesDT[(T2TS)>50 K we still
find ê5e/Gi,1. The Ginzburg number Gi50.4860.14 ob-
tained from the fit in Fig. 6 is much larger than for simp
liquids (Gi>1022). This underlines that our system follow
the 3D Ising model over a wide temperature range, leadin

FIG. 4. IntensityI of an arbitrary data set measured with SAL
vs scattering vectorQ before ~diamonds! and after~circles! data
reduction includes also the correction for parasitic scattering
smallQ values. For largerQ the scattering geometry and the scre
efficiency are dominating according to the results in Fig. 3.
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strong thermal concentration fluctuations. Previous SANS
sults on the same system@34# confirmed that even in the
phase-separated domains, the equilibrium fluctuations
still comparable to the order parameter itself.

The correlation lengthj evaluated from Eq.~9! is plotted
in Fig. 7 versus the reduced temperature in a double lo
rithmic scale. A linear regression fit givesj159.060.1 Å
and the critical exponentn50.63360.003, as predicted by
the 3D Ising model in Eq.~10!.

B. Diffusion coefficient and an ‘‘extra’’ slow
relaxation process

Photon correlation spectroscopy was used to determ
the collective diffusion coefficientDc of the mixture for vari-
ous temperaturesT.TB . In Fig. 8 four exemplary spectra o

at

FIG. 5. ~a! The structure factorS(Q) measured with SANS and
plotted in a Zimm representation for various temperaturesT.TB in
the one-phase region. The full lines are least-square fits with
~4!. ~b! Various data sets in the same representation forT,TB in
the metastable regime. The full lines fitted with Eq.~4! describe the
thermal concentration fluctuations inside the phase separated
mains. Additional scattering of the precipitated domains leads
deviations from the solid lines for smallQ values. The statistica
error bars are always less than the size of the symbols.
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the normalized dynamical structure factorSd(Q,t)/S(Q) are
depicted versus time in a semilogarithmic scale. The st
decrease of the correlation function att>1023 s is related to
the relaxation process of the concentration fluctuations. S
prisingly, an additional very slow relaxation process is o
served in a time region of about 0.1 s for temperatu
152 °C and 199 °C. This will be discussed at the end of t
section. The full lines in Fig. 8 were obtained by fitting E
~12! and adding a second exponential.

The diffusion coefficient was then calculated according
Eq. ~13! because mode coupling effects can be neglec
This was proven by determining the temperature where
relaxation times show a transition from theQ2 dependence
of Eq. ~13! in the hydrodynamic regime (Qj!1), to a non-

FIG. 6. Rescaled inverse forward scatteringŜ21(0) vs rescaled
reduced temperatureê in a double logarithmic scale. The full line i
a fit with the crossover function of Belyakov and Kiselev@8#. All
data are taken deep in the Ising regime (ê,1). The resulting Ginz-
burg number Gi50.4860.14 is much larger than for simple liquids

FIG. 7. Double logarithmic plot of the correlation lengthj vs
the reduced temperaturee in the homogeneous regionT.TB . Fit-
ting the data with Eq.~10! gives the correct critical exponentn
50.63360.003 for the 3D Ising model.
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diffusive Q3 behavior (Qj.1). To measure at differentQ
values or scattering angles we had to use another spect
eter, which, unfortunately, provided only temperatures up
140 °C. Therefore, we prepared another mixture of the sa
blend with slightly smaller molecular weight in order to sh
the spinodal to lower temperatures. The PCS experiments
this mixture were performed at scattering angles betw
Q530° and 150° in the one-phase region. Plotting the
verse relaxation timet21 versusQ in a double logarithmic
scale we determined the exponenta* according tot21

5DQa* . A deviation from theQ2 dependence was onl
detected forDT[(T2TS)<9 K above the spinodal. Only in
this temperature range mode coupling corrections had to
considered. Therefore, for temperaturesDT>9 K the diffu-
sion coefficient could be reliably calculated from Eq.~13!.
The results for this mixture were also valid for the origin
blend because their critical amplitudesj1 differ only by 0.1
Å, which was confirmed by SANS experiments. In Fig. 9 t
collective diffusion coefficient, calculated from Eq.~13!, is
plotted in a semilogarithmic scale versus the inverse te
perature. The full line is a least-square fit of Eq.~14! yielding
an activation energy ofEA54363 kJ/mol. Approaching the
spinodal, the deviation ofDC from the Arrhenius straight
line ~dashed! reveals the increasing influence of the therm
dynamic factor in Eq.~14! leading to the well-known critical
slowing down. An additional slowing down that might ap
pear approaching the glass transition temperatureTG was not
observed.~TG of the blend was between 120 and 200
below the experimental temperatures.! Previous SANS ex-
periments confirmed that an Arrhenius behavior of the dif
sion was still valid even 50 K above the glass transition
an isotopic mixture of polystyrene@35#.

Finally, we discuss the unexpected additional relaxat
process. In blends, slow processes with relaxation time

FIG. 8. Normalized dynamic structure factorSd(Q,t)/S(Q) vs
time t in a semilogarithmic plot for different temperaturesT in the
one-phase region measured with PCS. The step is caused b
concentration fluctuations. A second and very slow relaxation p
cess appears for higher temperatures. The full lines are least-sq
fits with Eq.~12! supplemented by an additional exponential for t
slow relaxation process. Various shift factors are used for be
representation.
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seconds were already observed by several groups. It se
that these slow processes are generally related to de
fluctuations. In glass-forming liquids a slow relaxation pr
cess was observed near the glass transitionTG and related to
so-called density ‘‘clusters’’@36#. However, the glass trans
tion temperature for our mixture is about 200 K below t
experimental temperature, as discussed in the last sectio
we conclude that the observed slow processes in Fig. 8 h
nothing to do with the glass transition. Two publications
port such a slow process in binary polymer mixtures: in
asymmetric critical mixture of low molecular polystyren
and polybutadien Hairet al. @37# discovered such a proces
at different scattering angles and temperatures with t
scales as observed by us. These authors relate the slow
cess to the ‘‘Fisher renormalized’’ critical behavior, whic
occurs if a third component is present in the system
starts to fluctuate. It is plausible to relate the observed s
process to such density fluctuations, associated with the
volume or loose packing of the blend. A slow process w
also observed by Meieret al. @38# in the same blend as use
in our work, but with slightly different molecular weight an
at temperatures closer to the glass transition temperature
evaluated equilibrium properties of the mixture are summ
rized in Table II.

FIG. 9. Collective diffusion coefficientDc vs inverse tempera
tureT21 for T.TB . The full line is a fit with Eq.~14!. The critical
slowing down appears as a curvature deviating from the das
Arrhenius line. The extrapolation to the spinodal temperatureTS is
shown by the dotted line.

TABLE II. Experimental equilibrium results of the
d-PS/PPMS blend determined by SANS and PCS.

TB ~°C! 123.560.5
TS ~°C! 119.560.1
DTM ~K! 4
Gi 0.4860.14
j1 9.060.1
n 0.63360.003
EA ~kJ/mol! 4363
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C. Late stage of spinodal decomposition

The experiments to investigate the decomposition p
cesses were performed with time-resolved small-angle l
scattering. Before starting the actual quench experiments
determined the boundary between the one- and two-ph
region by neutron scattering experiments~see Sec. IV A!.
Phase separation first appeared at the cloud-point temp
ture Tcl5116.8 °C whereas the blend was still homog
neously mixed at a temperature 0.1 K aboveTcl . The scat-
tered intensity did not change even after 4 h. Previo
experiments on the same blend with slightly different m
lecular weight confirmed that the cloud-point temperatu
Tcl , as determined by light-transmission measurements,
be identified with the binodal temperatureTB , as determined
by SANS. Both methods were applied on the same sampl
the same sample cell and under the same experimental
ditions allowing direct comparison@39#. We were sure that
our quenches started above the binodal temperatureTB .
Small differences of the absolute values of our binodal te
peratures measured by SANS and SALS are due to the
ferent experimental setups@40#.

The samples were rapidly cooled from an equilibriu
state in the one-phase region down to a ‘‘final’’ temperatu
Tf within the two-phase region with quench depthsDTB
[TB2Tf between 0.2 and 2.6 K. From the SANS expe
ments~see Sec. IV A! we know that the gap between binod
and spinodal is (TB2TS)>4 K. So we conclude that al
quenches ended in the metastable regime. Furthermore,
the large Ginzburg number we learn that the thermal conc
tration fluctuations are very strong: their amplitudedF is
expected to approach the difference of the coexistence
centrations, i.e.,DF>F82F9. In this region @shaded in
Fig. 1~b!#, the fluctuations are strong enough to overcome
barrier of the classical heterogeneous nucleation. This le
to spontaneous formation of many droplets everywhere
the system, and, consequently, to homogeneous nuclea
and growth, as predicted by Binder@22#. So, due to the
strong thermal concentration fluctuations, the spinodal as
trapolated fromS21(Q50) looses its physical meaning fo
the nonequilibrium properties in the region close to the
of the miscibility gap. However, we still apply the termino
ogy and theoretical concepts developed for the late stage
spinodal decomposition.

Figures 10 and 11 show the scattered intensityI (Q,t)
versus the scattering vectorQ for the shallowest and the
deepest quenches. In both figures a scattering maximum
pears that shifts to smallerQ values with increasing time
For the deeper quench the experimentalQ window was
passed 20 times faster and with a five times higher intens
The positionQm(t) of the scattering maximum and the max
mum intensityI m(t) are plotted versus time in Figs. 12 an
13 in a double logarithmic scale.

The transition from the intermediate to the late stage
sketched by the dashed line. The exact transition timet l
were obtained from the time evolution of the mean squ
deviation of the concentrations, evaluated from the sec
moment of the scattered intensity@Eq. ~16!#. Typical data are
plotted in Fig. 14 forDTB50.4 K. A plateau clearly appear
after a timet l when the concentrations have reached th
equilibrium value determined by the binodal. This indicat

ed
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the beginning of the late stage of decomposition. The ex
nentsa andb in Eq. ~18! were obtained from the slope of th
fitted straight lines in Figs. 12 and 13. Only a weak tim
dependence of the exponents follows from a slight curva
of the lines. Botha andb increase with increasing quenc
depthDTB . In Fig. 15 I m is plotted versusQm in a double
logarithmic scale. According to Eq.~19! the data follow a
straight line whose slope givesb/a. In Fig. 16 the exponents
b andb/a are plotted versus the quench depthDTB . Con-
trary toa andb their ratiob/a is independent of the quenc
depth. Surprisingly, we getdf5b/a52.4360.05, which is
smaller than the expected value, namely, the Euclidean
mensiond53, as predicted by Eq.~1!. This observation will
be further discussed later in the context of the scaling pr
erties ofF(x). The sample thickness in these measureme
was 10mm. Results for a sample with a larger thickness
100mm are plotted in Fig. 16~full symbols!. The exponents
for both samples agree very well. This demonstrates that

FIG. 10. Intensity I vs Q for the shallowest quenchDTB
50.2 K measured with SALS. The maximum grows and shifts
smallerQ values with increasing time.

FIG. 11. Same as in Fig. 10 for the deepest quenchDTB
52.6 K. The scattering maximum is five times higher, passing
accessibleQ window twenty times faster. As for the data in Fig. 1
the statistical error bars are always less than the size of the sym
o-

re

i-

-
ts
f

ur

result is not influenced by the relatively small sample thic
ness or by wall effects. For different temperatures a
sample thicknesses the values of the exponentsdf are sum-
marized in Table III.

Quench-depth-dependent values fora and b were also
found by Hashimotoet al. @42# for a high molecular mixture
of PS/PVME with critical concentration, and by Takahas
et al. @18# for a noncritical mixture of PS/PPMS. On th
other hand, Izumitaniet al. @43# and both Nojimaet al. @17#
and Kuwaharaet al. @19# got constant values ofa andb for
the high molecular SBR/PB@poly~styrene-r-butadiene!
~SBR!/polybutadiene~PB!# and low molecular PS/PPMS.

D. Scaling ofQm and I m

Qm(t), I m(t), andt were transformed into dimensionles
quantitiesQ̄m( t̄), Ī m( t̄), and t̄ @Eq. ~20!# to obtain the pre-
dicted master curve~see Sec. II E!. For this purpose one
needs the interdiffusion constant and the correlation lengt

e

ls.

FIG. 12. Double logarithmic plot of the positionQm of the
scattering maximum versus time for different quench temperatu
The dashed line indicates the timest l for the transition from the
intermediate to the late stage.Qm follows a simple power law in the
late stage whose exponents are obtained from the straight line

FIG. 13. Same plot as in Fig. 12 showing the intensityI m vs
time for different quench temperatures. The dashed line has
same meaning as in Fig. 12.I m follows a simple power law.
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the ‘‘final’’ temperatures of phase decomposition. Bo
quantities were found in the following way:~i! determination
of the ‘‘sample’’ parametersj1 , D0 , andEA from the mea-
suredj andDc in the one-phase region with SANS and PC
~ii ! Extrapolation ofj andDc into the two-phase region us
ing Eqs.~10! and ~14!. Thus the fit parameter to obtain th
master curves forQ̄m( t̄) and Ī m( t̄) is the reduced tempera
turee5(TS,expt2Tf)/Tf with the temperature after the quenc
Tf . Figure 17 shows thatQ̄m( t̄) and Ī m( t̄) follow quite well
a master curve. The fittede leads toTS,expt, it disagrees with
the spinodal temperature obtained from extrapolation
S21(0) ~see Sec. II A! and is 0.2 Kabovethe binodal tem-
peratureTB . This implies that the kinetic experiments do n
describe the results. Obviously, the interdiffusion constan

FIG. 14. Integral of the second moment of the order param
depicted versus time, typical results forDTB50.4 K. The inset of a
plateau marks the beginning of the late stage where the conce
tion difference of the domains reaches its value at the binodal.

FIG. 15. Double logarithmic plot ofI m vsQm for various tem-
peratures. Again a dashed line separates the intermediate from
late stage. Contrary to Figs. 12 and 13 the slopes of the stra
lines fitted to the data in the late stage are now independent o
quench temperature.
.

f

n

the gap between spinodal and binodal is already nega
i.e., phase separation takes place as if one were in the
stable regime. Under these circumstances, in the follow
the quenched steps will be characterized byDTB[(TB
2Tf) instead ofDTS[(TS2Tf).

In Fig. 18 several master curves are presented, as obta
for the same system PS/PPMS, but from different exp
ments together with theoretical predictions. The models
Langer-Bar-on-Miller ~LBM ! @44#, Binder-Stauffer ~BS!
@16#, and Siggia (S) @45# describe the phase separation on
by a single process for all times. They reveal a constant sl
for a limited part of our master curve. Furukawa’s equati
(F) @27# describes a wider time regime including differe
coarsening mechanisms; the results show a strong curva
The master curve for our experimental data shows the s
curvature as the theoretical curve by Furukawa. Howev
our data appear at reduced times smaller by nearly one o
of magnitude. Experimental results of Nojimaet al. ~circles!
@17# and Kuwaharaet al. ~triangles! @19# are also plotted in
Fig. 18. Their data, on the other hand, appear at later redu
times than ours. We emphasize that Nojimaet al.and Kuwa-
haraet al.made their experiments at temperatures close
the glass transition than we did. Furthermore, Kuwah
et al. used a scaling concept that differs from ours in E
~20!. The reason for the observed discrepancy between
data and the theoretical prediction may result from the
trapolation of the diffusion constantDc into a regime where
the underlying Eq.~14! fails because of mode coupling e
fects. These tend to increaseDc @25#. Actually, a five times
largerDc would shift the experimental data in our mast
curve to larger reduced times, thus approaching the theo
ical prediction.

E. Scaling of the structure factor at constant temperature

Figure 19 shows the scaled structure factorF(x) ~in arbi-
trary units! versus the scaled scattering vectorx. It is plotted
in a double logarithmic scale for different times in the la
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FIG. 16. Plot of the exponentsb andb/a vs the quench depth
DTB . Summarizing Figs. 12, 13, and 15 the value ofb depends on
DTB whereas the ratiob/a does not. Surprisingly,df5b/a52.43
60.05 deviates fromd53. Two sample thicknesses were usedx
510mm ~open symbols! and x5100mm ~full symbols!: The re-
sults are not influenced by wall effects.
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TABLE III. Experimental nonequilibrium results of thed-PS/PPMS blend determined by SALS.

DTB ~K! d ~mm! a b df5b/a t l ~s! DTS ~K! t l* ~s! h n ^ l l& (10
3 Å)

0.2 10 0.62 1.59 2.50 750 0.4 700 4.88 2.14 6.8
0.3 100 0.72 1.76 2.44 550 0.5 520
0.4 10 0.72 1.76 2.40 350 0.7 330 4.93 2.26 7.0
0.6 10 0.83 1.96 2.36 170 1.0 190 4.70 2.15 6.8
0.9 100 0.78 1.93 2.49 140 1.2 150
1.1 10 0.83 1.98 2.37 90 1.4 90 4.56 2.38 6.8
1.1 100 0.83 2.00 2.39 100 1.4 90
1.6 10 0.90 2.21 2.45 60 1.8 60 4.11 1.86 6.5
2.6 10 0.93 2.28 2.47 40 2.5 40 3.69 1.58 7.9
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stage atDTB50.4 K. In the rangex<2 whereQ21 is of the
order of the domain size, the experimental data follow
master curve. The scaling hypothesis predicted by Eq.~1! is
obeyed. However, the scaling leads todf52.4360.05,
which we found for all quench depths studied. We emp
size thatdf agrees well withb/a obtained in the previous
section. In Fig. 20 the region around the scattering maxim
of F(x) of Fig. 19 is expanded in scale and plotted linea
versusx @Fig. 20~a!#. For comparison,F(x) is tentatively
plotted ford53 @Fig. 20~b!#. Obviously, the function does
not scale. As already shown in Fig. 16 we emphasize that
unexpected value ofdf has nothing to do with the sma
sample thickness.

The validity of the dynamical scaling hypothesis for t
late stage of phase separation demonstrates the evolutio
self-similar structures. For compact structures scaling le
to the Euclidean dimensiond53. So far, no theoretical pre
diction exists that explains a value smaller than 3. Howev
the following considerations lead to a tentative interpre
tion. Combination of Eqs.~1! and ~15! leads to

S~Qm!}Qm
23^dF2&. ~26!

For homogeneous or ‘‘compact’’ domains in the late sta
one expectsS(Qm)}Qm

23; therefore^dF2& is constant and
equal to DF25(F82F9)2. Since, from our results

FIG. 17. Master curve for position and intensity of the scatter
maximum as reduced quantitiesQ̄m and Ī m , double logarithmically
vs the reduced timet̄.
a

-

m

e

of
ds
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e

S(Qm)}Qm
22.43, it follows that ^dF2& decreases with in-

creasing time asQm
0.57(t). This decrease of concentration di

ference cannot be attributed to strong thermal concentra
fluctuations inside the domains. The PS-rich phase ha
much larger viscosity than the PPMS-rich phase. Thus,
tentatively explain the decrease of the concentration dif
ence by the buildup of PPMS-rich inclusions in the PS-r
domains. We assume that the PS-rich domains grow by
agulation. This leads to an increasing number of larger inc
sions, which reduceŝdF2& with increasing time. Under
these circumstances the PS-rich phase has a noncom
structure, e.g., of ramified clusters@4#, whose lifetime is
larger than the time of investigation; i.e., the domains do
compactify during the observed coarsening. Obviously,
inclusions must have a broad distribution of sizes that m
be larger thanj and certainly smaller than 1/Qm .

We draw attention to other work, where a value ofd,3
was observed. For the late stage of spinodal decompos
Nojima et al. @17# got df52.3860.48 for various off-critical

g

FIG. 18. Master curve ofQ̄m vs t̄ obtained from different ex-
periments and theories. The curvature of our master curve~dia-
monds! is in good agreement with Furukawa’s theoretical pred
tion ~full line!, though lying at smaller reduced times. The resu
from Nojima et al. @17# ~circles! and Kuwaharaet al. @19# ~tri-
angles! are shifted in the opposite direction to larger reduced tim
The straight lines of Siggia~dash-dotted line! @45#, Binder and
Stauffer~dotted line! @16#, and Langer, Bar-on, and Miller~dashed
line! @44# describe part of the master curve.
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mixtures, anddf52.7760.3 for a critical mixture of PS/
PPMS. In a more recent publication, these authors repo
df52.660.4 ~off critical! andd53.060.2 ~critical! for the
same blend but with a slightly different molecular weig
@18#. On the other hand, Kuwaharaet al. @19# foundd53 for
the same system at critical concentration, and also a num
of publications dealing with other polymer blends repor
dimensiond53 for critical and noncritical concentrations a
well.

A behavior withd,3 was found in previous experimen
on the aggregation of a dense solution of latex spheres@46#.
The agglomeration of the colloidal clusters shows spino
type dynamics with a shifting scattering peak. Dynami
scaling was achieved for the later times of the aggrega
process usingdf51.9060.02. In fact, the structure of thes
clusters exhibited a fractal morphology, anddf51.90 was
also obtained from the slope of the structure factor ver
Q in a double logarithmic plot. As stated before, our ble
has a large viscosity difference between both componen
the precipitated structure, i.e., the PS- and PPMS-rich ph
have high and low viscosity, respectively. This is analogo
to the latex system, where the colloidal particles are hig
viscous or rigid and are embedded in a low viscous solv

For x.2 of Fig. 19 scaling forF(x) fails, andF(x) in-
creases with time. According to Eqs.~21! and~23! the range
x.2 is related to the ‘‘local’’ structure of the domain boun
aries. The increase with time of the scaled structure fa
means that the evolution of the interface structure has
inherent characteristic scale with a time dependence diffe
from that of 1/Qm . As will be discussed below, a secon
length has to be introduced for a complete description
second length scale was also found in the mixtures SBR
and PB/PI @polybutadiene~PB!/polyisoprene~PI!# as re-
ported by Takenakaet al. @47,20#, respectively.

Figure 21 shows two scaling functionsF(x) for times in
the intermediate stage witht<t l . One clearly sees that th
scaling is not fulfilled at all. This is because^dF2& has not
yet approached its equilibrium value. Table III compares

FIG. 19. Double logarithmic representation of the scaled str
ture factorF(x) vsx5Q/Qm for different times in the late stage fo
DTB50.4 K. Scaling was achieved forx,2 but with df52.43
instead ofd53. Forx.2 the curves do not scale.
ed
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e

values t l* for the determined transition time obtained wi
those found earlier from the inset of the plateau of the sec
moment in Fig. 14.

F. Scaling of the structure factor for different temperatures
in the range x<2

So far we tested scaling of the domain structure in
range ofx<2 during its time evolution at a fixed tempera
ture. Now we test the dynamical scaling hypothesis of
structure factor. In order to compare its evolution for diffe
ent temperatures it has to be normalized with^dF2& accord-
ing to Eq.~15!. To provide a comparison of all experiment
scaling functions with the theoreticalF̄(x) in Eq. ~17! we
normalize them to unity atx51. The obtained structure fac
tors are depicted in Fig. 22 for the different quenches.
nearly common curve is obtained for the four shallow
quenches. Quite generally, the curves slightly broaden
deeper quenches. The full lines represent the least-squar
for the theoretical scaling function Eq.~17!. For the four
shallowest quenches the mean curve from the theoretica
were chosen for better representation. With deeper que
depthn decreases from 2.1 to 1.6 andh from 4.9 to 3.7. The

-

FIG. 20. ~a! Linear representation of an expanded region arou
the maximum ofF(x) in Fig. 19. For direct comparison scalin
with d53 is plotted in~b!. A common scaled structure factor ca
only be achieved withdf52.43.
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half-width Dx of the peak atQm increases from 0.8 to 1.1
The fit parameters are summarized in Table III. Contrary
our result recent publications reportedn54 @21,26#. A value
of h56 was found for various polymer systems of eith
critical or noncritical mixtures contrary to our resul
@18,19,42,43,47,48#. Only Nojima et al. @17# obtained 4.3
.h.3.8 for critical and noncritical mixtures of PS/PPM
in good agreement with us.

With the exception of Takenaka and Hashimoto’s wo
@20# a broadening of the peak inF̄(x) is reported in various
publications@48,49#. This is also in contrast to the theoretic
work of Furukawa, which predicts a reduction of the pe
width. Quite generally the phase separation at lower te
peratures may be influenced by the finite quench rate. It
about 8 s for a step ofDTB>1 K. Thus, the temperatur
steps for the two deepest quenches possibly did not
from equilibrium.

FIG. 21.F(x) vs x for DTB50.4 K. As before a common curv
was obtained for timest.t l in the late stage fulfilling the scaling
hypothesis. Structure factors for timest,t l gave smallerF(x),
indicating that the order parameter is still growing in the range
the domain structure.

FIG. 22. Normalized scaled structure factorsF̄(x,T) for differ-
ent quench temperatures vsx. The full lines are Furukawa’s theo
retical predictions. The four shallow quenches lead to nearly
same scaling function which broadens for deeper quenches.
o

r

k
-
as

rt

G. ‘‘Local’’ properties

In Fig. 19 the influence of ‘‘local’’ properties on the sca
tering function is observed in the range of large moment
transfers forx>2. In Fig. 23 ln(IQ4) is plotted versusQ2 for
various times atDTB50.6 K to analyze the scattered inten
sity following Eq. ~21!. At largeQ the data can be fitted by
straight lines, whose slope and ordinate values yield the
terface thicknessl I and the Porod constantP, respectively. A
time evolution of the interface thickness could not be se
Thus, the mean values were taken from the results for
temperatures~Table III! and plotted versus the quench dep
DTB in Fig. 24. No relevant change ofl I is visible and the

f

e

FIG. 23. Scattered intensity for different times atDTB50.6 K
represented as ln(IQ4) vs Q2. For largeQ values the data follow
straight lines whose slope yields the interface thicknessl I as pre-
dicted by Eq.~21!. A time dependence of the slope cannot be se

FIG. 24. Interface thicknessl I vs the quench depthDTB . The
experimentally obtained mean values for different times~squares!
show no dependence from the quench temperature. Their m
value is plotted by the upper full line. This is in clear contradicti
to the theoretical values calculated from Eq.~25!, plotted as the
lower full line. The experimental values are nearly one magnitu
larger than the theoretical predictions.
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mean value is plotted as a straight line. The theoretic
predicted interface thickness should follow Eq.~22! with the
previously obtained value ofj1 ~see Sec. A!, assuming 3D
Ising behavior and the experimental values ofDTB . The
resulting value is shown as a full line in Fig. 24 for compa
son. The mean value for all times and temperatures g
^ l I&570006200 Å, nearly 2 orders of magnitude larger th
the expected valuesl I52&j, which is of the order of 100
Å. This is an indication that the second characteristic len
found for x>2 is not the actual interface thickness. We a
sume that this high value follows from a waviness of t
interface. Its amplitude is expected to be much smaller t
1/Qm but larger than the correlation lengthj. Such a wavy
interface leaves the relationb53a unchanged. An appre
ciable contribution of the ‘‘true’’ interface thickness to th
domain size would lead to the relationb.3a, as experi-
mentally confirmed by Bates and Wiltzius@26#. These au-
thors introduced a so-called transition stage with a time
gime having a non-negligible interface thickness. T
observationb.3a is in clear contradiction to our results; i
our case the dynamical scaling remains valid though a
ond characteristic length is found.

Only few publications explicitly deal with the time evo
lution of the interfacial thickness. Takenaka and Hashim
@20# observed an interface thickness decreasing with t
and approaching a constant value, about four times la
than the theoretically expected value of Eq.~22!.

V. SUMMARY AND CONCLUSIONS

In the binary polymer blendd-PS/PPMS of nearly critica
concentration numerous temperature quenches were ca
out into the two-phase regime with a quench depthDTB
>(TB2Tf) from 0.2 to 2.6 K in order to study the phas
separation with time-resolved SALS. For all our experime
the phase separation occurred in the metastable regime o
phase diagram because we hadDTB,(TB2TS). This was
confirmed by SANS measurements, which probe the ther
concentration fluctuations in the one-phase region. Thed
Ising model is valid in the region where the quenches end
i.e., thermal concentration fluctuations are strong. This w
inferred from the crossover function@Eq. ~11!#, yielding Gi
50.4860.14, which is much larger than for simple fluid
Our experiments observe homogeneous nucleation
growth, which are obviously induced by the strong therm
concentration fluctuations which initiate the phase separa
with the formation of numerous clusters, which coarsen
terwards. This process has been proposed theoreticall
Binder @22#. It is noteworthy that the amplitude of the con
centration fluctuations is comparable with the order para
eter itself, i.e.,dF>DF, and the spinodal loses its physic
meaning. As a consequence of the strong thermal conce
tion fluctuations, the early stage of spinodal decomposit
as described by the Cahn-Hilliard-Cook theory@12,13# does
not appear at all. Surprisingly, the coarsening process of
domains in its late stage can still be described by the form
isms of spinodal decomposition if the spinodal temperat
TS is replaced by the binodal temperatureTB . Thus, for a
quantitative description of the domain growth we used
quench depthTB2Tf instead ofTS2Tf . On the other hand
the equilibrium quantities, namely, the susceptibilityS(0)
ly
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and the correlation lengthj diverge at the spinodal tempera
tureTS .

In all experiments, the scattered light intensityI (Q,t,T)
shows the typical maximum at a scattering vectorQm(t).
The corresponding intensityI m(t) increases with time
whereasQm shifts to smaller values. For the transition fro
the intermediate to the late stage of spinodal decomposit
the transition timet l was determined by the inset of a plate
in the time-dependent second moment of the intensity@Eq.
~16!#. During the late stage, bothQm(t) and I m(t) follow
power laws in time with exponentsa and b, respectively.
The exponents depend on the quench depth. The ratiob/a
5df was independent of the quench depth withdf52.43
60.05. Surprisingly, this is smaller than the expected va
d53. The structure factorF(x) scales in the rangex
5Q/Qm,2 for all quench depths. This indicates the se
similar evolution of the precipitating structures. However,
Eq. ~1! it was necessary to usedf52.4360.05 in agreement
with the value obtained fromb/a quoted before. The struc
ture factor could be described by Furukawa’s scaling fu
tion, which broadens for deeper quenches. The value odf
52.43 is tentatively explained by a growing fraction of ‘‘is
lands’’ of the low viscous PPMS-rich phase embedded in
highly viscous PS-rich phase.

At larger Q, i.e., for x.2, the scaling hypothesis fail
also in the late stage. A second characteristic length
required for the description of the evolving structure. It
independent of time and quench depth, withl I57000
6200 Å. This value is much larger than the expected thi
nessl I52&j. We believe that this length is related to
waviness of the domain interface.

Furthermore, power laws hold forQm(t) and I m(t) using
the appropriate values for the interdiffusion coefficient a
the correlation length in the two-phase region, respectiv
Both were obtained from a fit of the reduced temperat
with the equilibrium values ofD0 , EA , andj1 determined
by PCS and SANS in the one-phase region. The master c
of the scaledQ̄m( t̄) has the same curvature as theoretica
predicted, however, it is shifted towards smaller reduc
times. This discrepancy may result from an incorrect e
trapolation of the interdiffusion constant into a regime w
strong mode coupling effects. A five times larger diffusio
coefficient would give agreement between the experime
and theoretical data. The quench temperatures obtained
the fit are in good agreement with the experimental value
DTB[(TB2Tf) was used.

From the PCS experiments at higher temperatures an
tra slow relaxation process in the 0.1-s region was obser
and related to density fluctuations.
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