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Motions in binary mixtures of hard colloidal spheres: Melting of the glass

S. R. Williams and W. van Megen
Department of Applied Physics, Royal Melbourne Institute of Technology, Melbourne, Victoria 3000, Australia

~Received 2 March 2001; published 19 September 2001!

Dynamic light-scattering experiments are performed on binary mixtures of hard-sphere-like colloidal sus-
pensions with a size ratio of 0.6. The optical properties of the particles are such that the relative contrast of the
two species is very sensitive to temperature, a feature that is exploited to obtain the three partial coherent
intermediate scattering functions. The glass transition is identified by the onset of structural arrest, or arrest of
the a process, on the time scale of the experiment. This is observed in a one-component suspension at a
packing fraction of 0.575. The intermediate scattering functions measured on the mixtures quantify how, on
introduction of the smaller spheres, thea process is released, i.e., how the glass melts. Increasing the fraction
of smaller particles causes thea process to speed up but, at a given wave vector, also incurs a change to its
amplitude in proportion to the change in the~partial! structure factor.
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I. INTRODUCTION

Colloidal suspensions of spherical particles, stabiliz
against coagulation by thin oligomeric layers attached
their surfaces, show a transition from a disordered to an
dered arrangement of particles that mimics the freezing t
sition predicted for perfect hard spheres@1#. On the strength
of this, these suspensions are considered as valuable
moreover, the only experimental models of the hard-sph
system in which significant structural rearrangements oc
in resolvable and accessible time frames@2#. Furthermore, a
small spread in particle radii inherent in all laboratory p
pared suspensions~typically 5% relative to the mean radius!
causes an appreciable delay in nucleation and crystal gro
@3#, while having little influence on the equilibrium phas
behavior@4#. This prolongs the lifetimes of metastable flu
states so that their structure and dynamical properties ca
unambiguously identified@5#. Once a certain volume fractio
fg'0.575 is exceeded, structural rearrangements bec
effectively arrested@5,6#.

Structural relaxation in these pseudo-one-compon
hard-sphere suspensions has been extensively studied
aspects of the density-density correlation function, or int
mediate scattering function, measured by dynamic light s
tering on suspensions in the vicinity of the glass transit
are quantitatively consistent with the predictions of the id
alized mode-coupling theory@7#.

In this paper, we present results of dynamic ligh
scattering~DLS! measurements made on mixtures of coll
dal hard spheres. To resolve the motions of the species,
to construct the three partial intermediate scattering fu
tions, we exploit novel optical properties of the particles
vary their contrast. Rather than altering the relative opti
density of the particles, achieved in neutron scattering
changing the isotopic composition of particles or suspend
phase@8#, variation in optical contrast in this work relies o
differences between the amplitudes of light scattered by
particle core and stabilizing shell. This core-shell interplay
so sensitive to temperature that, at least at selected w
vectors, the contrast between the species can be varie
1063-651X/2001/64~4!/041502~9!/$20.00 64 0415
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several orders of magnitude by merely altering the tempe
ture of the samplein situ @9#.

Where a one-component system of hard spheres is defi
entirely by the volume fraction,f, specification of a two-
component hard-sphere system requires, in addition, the
of radii ~small to large!, g5R2 /R1 , and composition, ex-
pressed here by the relative volume fractionf2/f of the
smaller particles. The equilibrium phase behavior of su
mixtures has been studied extensively by computer sim
tion and theoretical methods@10,11#. These predict a variety
of phase diagrams that encompass, asg is decreased from
unity, solid solutions, separation into solids of the individu
species, and formation of compounds, such asAB2 and
AB13. Experiments on mixtures of hard colloidal spher
with, for example,g'0.6 find significant agreement with
these calculations, including observation of the predic
AB2 andAB13 structures@11,12#. Experiments also indicate
that crystallization, if it occurs at all, is exceedingly slo
relative to that typically found for one-component suspe
sions@12#. It appears, therefore, that metastable fluid or gl
states in these binary mixtures persist long enough to st
their dynamical properties.

The present dynamic light-scattering study of the me
stable fluid states of mixtures, with size ratiog50.6, is con-
fined to the range of volume fractions and compositio
where, on the basis of viscosity measurements, we expec
influence of composition to be significant. The viscosity,
low shear rates, of very dense suspensions of spheres
creases dramatically as the size distribution of sphere
broadened while the overall volume fraction~or solids load-
ing! is held fixed@13#. The greater the volume fraction, th
greater the reduction in viscosity produced by the inclus
of even a small amount of a second component of sma
spheres. This property, commonly used to enhance the
of dense suspensions, may be explained, at least in qua
tive terms, by the fact that the packing efficiency of a m
ticomponent randomly assembled arrangement of sphere
greater than that of a one-component assembly@14#.

While ‘‘dilution’’ of a one-component suspension wit
©2001 The American Physical Society02-1
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particles of different radius enhances flow and, by implic
tion, structural relaxation, there is also an attendant reduc
of variations in the static structure factor. At short and int
mediate delay times, in particular, one therefore anticipat
change in the decay rate of a concentration fluctuation,
given wave vector, in inverse proportion to the change in
static structure factor. The results presented below exp
the emergence of these competing processes as well a
manner in which a structurally arrested arrangement
spheres
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~colloidal glass! is released by inclusion of a second comp
nent.

II. SCATTERING THEORY

Here we briefly review the essential aspects of scatte
theory of a two-component assembly of spheres. The m
sured intermediate scattering function~ISF!, F (M )(q,t), for
wave vectorq and delay timet, of a mixture of components
j 51,2 is given by@2,8#
F ~M !~q,t!5
1

b~q!2
Ff1b1~q!2F11~q,t!12Af1f2b1~q!b2~q!F12~q,t!

1f2b2~q!2F22~q,t!
G , ~1!

wheref j andbj (q) are the volume fraction and scattering amplitude of speciesj,

b~q!25( f jbj
2~q!,

~2!
Fi j ~q,t!5Rê dr i~q,0!dr j* ~q,t!&,

are the partial ISF’s, or auto (i 5 j ) and cross (iÞ j ) correlation functions of the number density fluctuations

dr j~q,t!5 (
k51

Nj

^exp@ iq•r k
~ j !~t !#&. ~3!

Here r k
( j )(t) and Nj are the position of thekth particle and number of particles of speciesj, respectively. Att50, Eq. ~1!

reduces to the measured structure factor,

S~M !~q!5F ~M !~q,0!5
1

b~q!2
Ff1b1~q!2S11~q!12Af1f2b1~q!b2~q!S12~q!

1f2b2~q!2S22~q!
G , ~4!
of
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where Si j (q)5Fi j (q,0) are the partial structure factors.
the experimental sections below, we describe the dynam
properties of the system in terms of the normalized ISF’s

f ~M !~q,t!5
F ~M !~q,t!

S~M !~q!
and f i j ~q,t!5

Fi j ~q,t!

Si j ~q!
. ~5!

This normalization is achieved here by scaling the measu
and partial ISF’s to unity att50. For a one-component sys
tem, F (M )(q,t)5F(q,t), S(M )(q)5S(q), and f (q,t)
5F(q,t)/S(q). For a two-component system, the three p
tial ISF’s ~or partial structure factors! can be calculated from
Eq. ~1! @or Eq. ~4!# onceF (M )(q,t) @or S(M )(q)# has been
measured for three independent pairs of scattering am
tudes,b1(q) andb2(q).

III. EXPERIMENTAL METHODS

A. Sample preparation

The polymer particles used in this work are similar to t
polymethylmethacrylate particles first introduced by An
al

d

-

li-

,

et al. @15# and used subsequently in numerous studies
hard-sphere colloids@1,2,6#. Steeply repulsive ~‘‘hard-
sphere’’-like! interactions are produced by solvated layers
poly-12-hydroxystearic acid, approximately 10 nm thic
that are chemically grafted to the particles. The cores of
particles used here are composed of a copolymer of met
methacrylate~MMA ! and trifluoroethylacrylate~TFEA! @16#.
Variation of the ratio MMA: TFEA gives a small but, in th
present context, significant variation of the refractive ind
Furthermore, when the particles are suspended incis-decalin,
the suspensions are only weakly turbid at all volume fr
tions and, therefore, suitable for light-scattering studi
Table I gives the radii, polydispersities, core compositio
and refractive indices of the two species used. Since the
ference between the radii of the two species is significan

TABLE I. Particle properties.

Species Radius~nm! Polydispersity Weight % TFEA ne
( i )

1 200 6% 16 1.491
2 120 9% 24 1.486
2-2
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MOTIONS IN BINARY MIXTURES OF HARD . . . PHYSICAL REVIEW E64 041502
larger than their polydispersities, we will, in the ensuing d
cussion, regard the mixtures as binary.

Suspensions of the larger particles show the crystall
tion transition expected of hard spheres. Accordingly, as
previous work@1#, we determine the effective hard-sphe
volume fraction,f1 , of this species by scaling the sample
calculated volume fraction so that the observed freezing
ume fraction is equal to the known freezing volume fractio
f f50.494, of hard spheres@17#. With this reference, we find
@1# that the melting volume fraction of the colloidal crystal
0.53560.005. Presumably, due to the polydispersity gen
ally encountered in these suspensions, the observed me
value tends to be lower than that~0.545! expected of perfec
hard spheres@1#. The calculated volume fraction is based
dry weight analysis, and the difference between it and
effective hard-sphere volume fraction stems mainly from
steric barrier, which is solvated when the particles are s
pended in liquid. Probably due to their larger polydispers
suspensions of the smaller particles do not crystallize. In
case, an estimate of 11 nm for the thickness of the solva
layer was used to convert calculated to effective hard-sph
volume fractions.

Samples were prepared with total volume fractions,f
5f11f2 , in the range 0.51<f<0.58 and compositions
f2 /f50, 0.05, 0.10, and 0.20 in cylindrical glass cells
8-mm path length. Samples were tumbled for several ho
prior to light-scattering measurements in order to shear-m
any crystals and disperse settled particles.

B. Light-scattering methods

Although the suspensions appear only weakly turbid,
contribution of multiply scattered light to the total scatter
intensity may be significant particularly at those wave v
tors, such as the positions of form-factor minima, whe
single scattering is weak. Therefore, scattered intens
were measured mainly with an ALV two-color multiple su
pression spectrometer operating with the main bluel
5488 nm) and green (l5514 nm) lines of an argon-ion la
ser@18#. Corrections for multiple scattering and beam atten
ation were made by procedures described in Ref.@9#.

Particle form factorsbj (q)2 were obtained from measure
ments on dilute samples of known concentration of in
vidual species at wave vectors in the range 1.5<qR1<4 and
temperatures between 5 and 28 °C, in steps of one deg
Scattered intensities were then measured on mixture
known ~total! volume fraction and composition at three tem
peratures, chosen to optimize differences of the contras
tio, C5@b1(q)/b2(q)#2, of the components~see Sec. III! for
selected values ofqR1 . From these data, the partial structu
factorsSi j (q) were then calculated by Eq.~4!.

The above temperature variations do not, as far as we
ascertain from the phase behavior, influence the hard-sp
nature of the interactions nor the particle dynamics, once
delay time is expressed in terms of the characteristic Bro
ian time ~see below!.

Comparison of auto and cross time correlation functio
of the blue and green scattered intensities revealed no
nificant multiple scattering for either the one-component
04150
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binary suspensions at the wave vectors and temperature
lected. DLS measurements were therefore performed wi
conventional~ALV ! spectrometer operating with a He-N
laser (l5633 nm). The digitized scattered light signal w
fed into either an ALV-5000 correlator or a homebuilt inte
leaved sampling correlator@19# ~see below!.

When the sample volume fraction is less than about 0
fluctuations in the scattered intensity decay in less than ab
10 s. Thus, for a measurement lasting several thousand
onds, time and ensemble averages of the intensity autoco
lation function~ACF! are equivalent, i.e.,

gE~q,t!5gT~q,t!, ~6!

where

gE,T~q,t!5
^I ~q,0!I ~q,t!&E,T

^I ~q!&E,T
2 . ~7!

The bracketŝ &E and ^ &T denote ensemble and time ave
ages, respectively.

When f is increased beyond 0.56, the sample’s slow
fluctuation times approach the maximum measurement t
~set, somewhat arbitrarily, atT55000 s!. By definition, fluc-
tuation times exceed the measurement time once the g
transition is reached. Thus, at these higher volume fractio
on the time scale of the measurements,gE(q,t)ÞgT(q,t),
and ensemble-averaged quantities were determined by
following two steps@20#.

~i! First, M53600 measurements of the~normalized!
time-averaged intensity ACF,gT

( j )(q,t), and intensity,
^I (q)&T

( j ) , were made. The duration of each measuremenj,
wasT512 s. A computer-controlled stepper motor subjec
the sample to a rotation of a few minutes of arc between e
measurement. The process essentially provides value
gT

( j )(q,t) and ^I (q)&T
( j ) for M independent spatial Fourie

components of the sample’s concentration fluctuations. F
these the ensemble-averaged intensity ACF,gE(q,t), to a
maximum delay timet510 s, was calculated from

gE~q,t!5
M( j 51

M gT
~ j !~q,t!@^I ~q!&T

~ j !#2

@( j 51
M ^I ~q!&T

~ j !#2 . ~8!

~ii ! The second step, described in detail in Ref.@20#, mea-
sures the intensity ACF for longer delay times. The pro
dure entails continuous rotation of the sample at about
revolutions per second and sequential triggering of each
3600 correlators in the computer software with a gating ti
of 1023 s. This process also provides 3600 independ
time-averaged quantities, but now over the time window
<t<4000 s. Again,gE(q,t) was estimated from these b
Eq. ~8!.

Although, as discussed in Ref.@20#, loss of signal due to
repositioning errors and spatial integration, resulting fro
continuous rotation of the sample, is minimal,gE(q,t) ob-
tained by one of the above methods must be scaled so th
overlaps smoothly with the other in the region, 1<t<10 s.
The resulting ensemble-averaged intensity ACF obtained
the combination of these methods spans the time wind
2-3
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S. R. WILLIAMS AND W. van MEGEN PHYSICAL REVIEW E64 041502
1026<t<43103 s. From this the normalized intermedia
scattering functionf (M )(q,t) was calculated in the usua
manner by the Siegert relationship@21#,

gE~q,t!511c@ f ~M !~q,t!#2. ~9!

The factorc arises from spatial integration over the fini
detector area and necessitates normalization of the IS
that f (M )(q,0)51.

After preparation and tumbling, each sample was allow
to relax to a stationary state. This was achieved by delay
accumulation of final data until the intensity ACF’s we
independent of commencement time. For the glass state
was necessary to delay the commencement of measurem
by at least ten days before waiting time effects moved ou
the experimental window.

IV. SINGLE-PARTICLE FORM FACTORS

In the Rayleigh-Debye limit, the scattering amplitude o
particle having a spherically symmetrical optical dens
nj (r ), embedded in a medium of optical densityn0 , is

bj~q!5
4p

v j
E dr@nj~r !2n0#r 2

sin~qr !

qr
, ~10!

wherev j is the volume of the particle. In neutron scatteri
@8#, variations in the particles’ relative optical densit
unj (r )2n0u, are usually large in comparison with refractiv
index variations within the particle, so that Eq.~10! can be
approximated by

bj~q!5@nj2n0#
4p

v j
E

0

Rj
dr r 2

sin~qr !

qr
5

bnj2n0c
v j

p~qRj !,

~11!

where

p~qR!54pq23~sinqR2qRcosqR!, ~12!

andRj andnj are the particle’s radius and its mean optic
density. However, it appears to be difficult in practice
obtain sufficient variation in the relative contrast,C
5@b1(q)/b2(q)#2, to avoid significant amplification of ex
perimental errors in the solution of Eq.~1! or Eq. ~4!, par-
ticularly in the vicinity of the minima inbj

2(q), whose posi-
tions, by virtue of Eqs.~11! and ~12!, are independent ofnj
andn0 .

In light scattering from concentrated suspensions of n
micrometer-sized particles, optical densities of all comp
nents must be matched closely to the suspending liquid,
nj (r )'n0 , otherwise the suspensions are opaque. This
striction clearly precludes adaptation to light scattering of
contrast variation methods employed in neutron scatter
The requirement thatnj (r )'n0 , in turn, means that refrac
tive index variations in the particles,nj (r ), are important.
These can, for our sterically stabilized polymer particl
simply, yet fairly accurately, be expressed by an optica
04150
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homogeneous core of radiusRc
( j ) and a thin shell of radius

R( j )5Rc
( j )1d (d!Rc

0) @9#. The scattering amplitude for thi
model is

bj~q!5~nc
~ j !2no!p~qRc

~ j !!1~ns2no!

3@p~qR~ j !!2p~qRc
~ j !!#. ~13!

Here nc
( j ) , ns , andn0 are the refractive indices of the pa

ticle cores, shells, and suspending liquid. Differences
tween these must be less than about 1% in order to a
unacceptable levels of multiple scattering@9#. Hence, small
changes in relative values of the refractive indices, produ
by altering the sample’s temperature, change the scatte
amplitudes of the core@first term in Eq.~13!# vis-à-vis the
shell ~second term!.

The consequences of this are illustrated in Fig. 1, wh
the single-particle form factorsbj (q)2 of the two species are
shown at two temperatures. One sees that at 6 °C, the
trast ratioC is of order 1022 over the range of wave vector
(1.5<qRi<4) shown. This ratio is almost inverted when th
temperature is increased to 26 °C. Since we measure
ISF’s at particular values ofq, the form factors are shown in
Fig. 2~a! as functions of temperature. This exposes more
rectly the large variation in the relative contrast of the tw
species obtained by simply varying the temperature of
samplein situ. Although, in principle, any set of three tem
peratures provides the required three different values oC,
the difference in contrast is largest for temperaturesT1
56 °C and T3526 °C, whereC'1022 and 103, respec-
tively. Thus, atqR153.0, S(M )(q) and F (M )(q,t) of the
mixtures were measured at these temperatures as well a
temperatureT2516 °C chosen somewhat arbitrarily whe
C'1. These results, in combination with the scattering a
plitudes at the same temperatures, were then used to s
Eq. ~1! or Eq. ~4! for the required partial ISF’s and structur
factors. Typical~matrices of! coefficients ofFi j (q,t) @Eq.
~1!# are listed in Table II forf50.54 and two compositions

FIG. 1. Single-particle form factorsbj (q)2 ~in arbitrary units!
shown as functions of the wave vector,qR1 .
2-4
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MOTIONS IN BINARY MIXTURES OF HARD . . . PHYSICAL REVIEW E64 041502
The set of temperatures selected for optimum contrast va
with wave vector. AtqR51.5, for example@Fig. 2~b!#, these
are 8, 15, and 26 °C.

Previous analyses@9# of the form factors in terms of the
core-shell model@Eq. ~13!# reveal that for both speciesnc

( j )

FIG. 2. Single-particle form factorsbj (q)2 vs temperature for
~a! qR153.0 and~b! qR151.5.

TABLE II. Coefficients of Fi j (q,t), in Eq. ~1!, for different
compositions,f2 /f, and temperatures,T, at qR153.0 and f
50.58.

f2 /f T ~°C!
f1b1(q)2

i 5 j 51
2(f1f2)1/2b1(q)b2(q)

i 51, j 52
f2b2(q)
i 5 j 52

0.05 26 6492 149.3 3.43
14.5 1067 2293.0 80.43
6 24.67 80.54 262.9

0.20 26 5467 274.0 13.73
14.5 898.5 2537.7 321.7
6 20.77 147.8 1051
04150
es

,n0 and ns,n0 , i.e., bj (q→0),0, whenT<6 °C. From
this the sign of the scattering amplitude of each species a
importantly, the sign of the second term on the right-ha
side of Eq.~1!, are inferred for allT andq.

V. RESULTS AND DISCUSSION

A. Structure factors

To facilitate interpretation of the ISF’s, we begin by e
amining the static structure factors. These also expose
systematic amplification of experimental errors incurr
when inverting the above coefficient matrices. The norm
ized ISF’s, f i j (q,t) @Eq. ~5!#, benefit from cancellation of
this amplification effect.

Figure 3 shows a comparison between measured and
oretical partial structure factors,Si j (q) for f50.58: S11(q)
@Fig. 3~a!#, S12(q) @Fig. 3~b!#, andS22(q) @Fig. 3~c!#. Theo-
retical results were calculated from the Percus-Yevick
proximation @22# with the Verlet-Weiss correction (f→f
2f2/16). Other work has shown that the results of this a
proximation compare favorably with experiment@23,24#. We
therefore regard the theoretical results as the best estima
the structure and attribute differences between them and
measured quantities to experimental errors. These dif
ences tend to be largest~.10%! for S12(q) andS22(q), the
partial structure factors involving the small particles, wh
their weighting,f2 /f, is least.

Note that atqR153, where the majority of the DLS mea
surements have been made,S11(q) increases andS12(q) and
S22(q) decrease whenf2 /f is increased, i.e., the mean
squared amplitude of density fluctuations of the large p
ticles is enhanced while that of the small particles is s
pressed. In addition,S12(q) is negative, indicating tha
density variations of large and small particles, at this wa
vector, tend to be out of phase. Figure 3~a! also shows the
structure factorS(q) of a one-component fluid at the sam
total volume fraction,f50.58.

The effect of increasingf2 /f on the large particle struc
ture factor is, in some respects, similar to dilution. In th
regard, note that increasingf2 /f from zero to 0.2 halves the
magnitude of the main peak, a reduction comparable to
expected from simple dilution of a one-component ha
sphere fluid by 20% from an initial volume fraction of 0.5
The difference is that dilution with smaller particles, inste
of solvent, shifts the positionqmax of the primary maximum
to higherq. The other difference is that atf2 /f50.2 the
~large particle! structure factor atqR151.5 has increased
10-fold ~Table III!. Simple dilution would incur an increas
by a factor of about 3.

In the shift of the main structure factor peak to higherq
and the enhancement, in excess of that obtained by sim
dilution, of the mean-squared amplitude of long-wavelen
(q!qmax) fluctuations, one sees the effects of the attract
depletion potential~of mean force! that emerges between th
larger particles upon introduction of the smaller particle
The size ratiog50.6 selected here is too large for depletio
effects to incur fluid-fluid phase separation@25#.
2-5
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FIG. 3. Partial structure factors~a! S11(q), ~b! S12(q), and ~c!
S22(q) for compositionsf2 /f50.05 ~1!, f2 /f50.10 ~s!, and
f2 /f50.20 ~3! and total volume fractionf50.58. The light and
heavy symbols, respectively, represent Percus-Yevick and ex
mental results. The solid line in~a! is the structure factor,S(q), of
the one-component fluid.
04150
B. Intermediate scattering functions

The results presented here are in the form of the norm
ized measured and partial intermediate scattering functio
f (M )(q,t) and f i j (q,t). The dimensionless delay timet is
expressed in units of the characteristic Brownian tim
R1

2/(6D0) (50.021 s), of the large particles, whereD0 is
their free diffusion coefficient. Figure 4 shows normaliz
ISF’s f (M )(q,t), for qR153.0 andf50.55, measured at th
temperatures and compositions,f2 /f, indicated. The nor-
malized partial ISF’sf i j (q,t), calculated from them by Eqs
~1! and ~4! are also shown. To appreciate the temperat
and composition dependence of the difference betw
f (M )(q,t) and f i j (q,t), seen in this figure, we refer to Tabl
II, which lists the coefficients of the three~un-normalized!
ISF’s Fi j (q,t), appearing in Eq.~1!. Normalization of the
latter is effected by dividing by their zero time value
Si j (q)5Fi j (q,0), which, atqR153.0, are all of order unity
~see Fig. 3! and will, therefore, have little influence on th
relative optical weights listed in Table II.

At T526 °C, the coefficient of thei 5 j 51 term ~see
Table II! exceeds the other two coefficients by more than
order of magnitude. Not surprisingly,f (M )(q,t) and f 11(q,t)
are virtually identical, i.e., atT526 °C the scattering prop
erties of the particles are such that the observed fluctuat
in the scattered intensity are almost entirely due to the m
tions of the large particles.

When the temperature is decreased from 26 to 6 °C,
relative contrast,C, of large to small particles is decreased
about five orders of magnitude~see Fig. 2 and Table II!.
However, even this large reversal of the relative contras
not sufficient, at least for the small fractions of small pa
ticles considered here, to suppress the contribution from
slowly decaying cross-correlation functionf 12(q,t). As a
consequence~see Fig. 4!, the decay off (M )(q,t), measured
at 6 °C, is appreciably slower thanf 22(q,t). Comparing the
results in Figs. 4~a! and 4~b!, one sees that the differenc
betweenf (M )(q,t) and f 22(q,t) at T56 °C decreases as th
fraction of smaller particles is increased from 0.05 to 0
Nonetheless, this comparison illustrates the difficulty in o
tically isolating, in a single measurement, the motions or,
that matter, the spatial distribution of the minor compone
in a mixture.

We now examine in more detail the ISF of the large p
ticles shown in Fig. 5~a! for the wave vectorqR153.0. One
sees, first of all, from the ISF of the one-component susp
sion of the larger particles that, with increasing volume fra
tion, there is an increasingly pronounced separation of s
structural rearrangement, ora process, from a faster initia

ri-

TABLE III. Values of the~large-large particle! structure factor,
S11(q), for different values of the wave vector,qR1 , and compo-
sition, f2/f, at f50.58. Forf2/f50, S11(q)5S(q).

f2 /f qR151.5 qR153.0 qR153.6

0 0.016 0.26 3.13
0.05 0.048 0.42 2.59
0.20 0.16 0.72 1.80
2-6
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decay. In fact, forf.0.57, f (q,t) settles to a plateau tha
remains almost constant to the extremity of the experime
window. This arrest of thea process indicates that the su
pension has formed a glass. The height of the plate
f (q,t→`)50.78 at f50.58 for example, represents th
fraction of the structure that is arrested@5–7#.

These results merely confirm previous observations o
glass transition atfg50.57560.005 in a one-componen
hard-sphere suspension@5,6#. The ambiguity infg arises
from the uncertainty in the sample’s volume fraction a
differences in observation time employed in different expe
ments.

Turning to the influence of composition, one sees@in Fig.
5~a!# that asf2 /f is increased, the overall decay time of th
ISF decreases; this decrease is only marginal forf50.51 but
is about two decades, whenf2 /f is increased from 0 to 0.2

FIG. 4. Normalized intermediate scattering functions vs lo
rithm of delay time atf50.54 for compositions~a! f2 /f50.05
and ~b! f2 /f50.20. Open symbols indicate measured ISF
f (M )(q,t), at T56 °C ~squares!, 14.5 °C ~diamonds!, and 26 °C
~circles!. Closed symbols show the calculated partial ISF’sf 11(q,t)
~circles!, f 12(q,t) ~diamonds!, and f 22(q,t) ~squares!.
04150
al

u,

a

-
at f50.55. At f50.58, introducing the smaller sphere
gradually releases the arrested structure until, atf2 /f
50.2, complete structural decay occurs in the experime
window. In qualitative terms at least, the enhancement
structural relaxation observed here is expected since, as

-

,

FIG. 5. Intermediate scattering functionf (q,t) of the one-
component suspension~solid lines! and partial intermediate scatte
ing functions,~a! f 11(q,t), ~b! f 12(q,t), ~c! f 22(q,t), for mixtures
at compositionsf2 /f50.05 ~1!, f2 /f50.10 ~s!, and f2 /f
50.20~3!, at qR153.0. Successive data sets, at total volume fr
tions indicated, have been translated along the log10(t) axis by two
units.
2-7
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in Fig. 3, introduction of the second component effective
dilutes the suspension. Figure 6 showsf 11(q,t) at several
volume fractionsf>0.58 for the compositionf2 /f50.2.
Thus, to obtain structural arrest in this binary mixture,
volume fraction needs to be raised to approximately 0.60

The enhancement of structural relaxation seen inf 11(q,t)
@Fig. 5~a!#, asf2 /f is increased, is also evident in the oth
two partial ISF’sf 12(q,t) and f 22(q,t), shown in Figs. 5~b!
and 5~c!. For reasons already mentioned, there is more n
in the latter quantities, particularly at the higher volume fra
tions. With due allowance for this, one generally sees tha
f2 /f is increased,f 12(q,t) and f 22(q,t) decrease at all de
lay times. However,f 11(q,t) increases at short and interm
diate times.

To aid our explanation of the decay of the partial ISF
observed at short and intermediate times, we recall kno
connections between the structure factor and the decay o
ISF for a one-component system. First, the initial decay o
concentration fluctuation is purely diffusive and, hydrod
namic interactions notwithstanding, is characterized by
diffusivity, D(q), which is proportional toS21(q) @2#. Sec-
ondly, the amplitude of thea process has a wave-vecto
dependence that varies in harmony withS(q) @7#. The latter
feature has been predicted by mode-coupling theory@7# and
verified by experiment@6# and computer simulation@26#. We
therefore expect that the largerS(q) is, the slower will be the
initial diffusive decay of the ISF and the larger the amplitu
of the a process.

From the partial structure factors~Fig. 3!, we have al-
ready noted that, atqR153.0,S11(q) increases whileS12(q)
andS22(q) decrease with increasingf2 /f. Now we see that
this influence of composition onSi j (q) is reflected in the
decay of the corresponding partial ISF’s at short and in
mediate times. This is most evident inf 11(q,t) at the highest
volume fractions@Fig. 5~a!#. One sees that the initial deca
rate decreases and the amplitude of thea process, inferred

FIG. 6. Partial intermediate scattering functionsf 11(q,t) at
qR153.6, for the compositionf2 /f50.20 and total volume frac-
tions f50.58 ~s!, f50.596~1!, andf50.613~3!.
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from the height of the plateau or shoulder, increases, but
in earlier, with increasingf2 /f. While the influence of
composition on the initial and intermediate decay of t
other two partial ISF’s is compatible with that seen in th
corresponding partial structure factors, the connection is
convincing. One reason is that, at this wave vector,S11(q) is
more sensitive to changes in composition than eitherS12(q)
or S22(q). Also, as already mentioned, there is more expe
mental noise inf 12(q,t) and f 22(q,t).

To explore further the connection between the struct
factor and the ISF, Fig. 7 shows plotsf 11(q,t) at f50.58

FIG. 7. Intermediate scattering functionf (q,t) of the one-
component suspension~solid lines! and partial intermediate scatte
ing functions f 11(q,t) for mixtures at compositionsf2 /f50.05
~1!, f2 /f50.10~s!, andf2 /f50.20~3!, and total volume frac-
tion f50.58. Successive data sets, shown for different wave v
tor, qR151.5, 3.0, and 3.6, have been translated along the log10(t)
axis by four units.

FIG. 8. Partial intermediate scattering functionsf 11(q,t)
~circles!, f 12(q,t) ~diamonds!, and f 22(q,t) ~triangles! of mixtures
at compositionf2 /f50.10. Successive data sets, shown for to
volume fractionsf50.51, 0.55, and 0.58, have been transla
along the log10(t) axis by four units.
2-8
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MOTIONS IN BINARY MIXTURES OF HARD . . . PHYSICAL REVIEW E64 041502
for several wave vectors. Examination of this figure in co
junction with Table III~and Fig. 3! indicates that the chang
to the amplitude of thea process, incurred whenf2 /f is
increased, is in harmony with the change inS11(q) relative to
S(q). The larger increase in the amplitude of thea process
for qR151.5, compared with that seen forqR153.0, reflects
the larger increase inS11(q). Close to the positionqR1

53.7 of the maximum in the structure factor,S11(q) de-
creases relative toS(q) on inclusion of the second compo
nent. In this case, we see that the amplitude of thea process
decreases. As shown above, dilution of the suspension
the second component increases the rate of structural re
ation and gradually obscures the separation in time of tha
process from the early part of the decay.

Finally, Fig. 8 shows all three partial ISF’s for the com
position f2 /f50.2. At short and intermediate times, th
faster decay of f 22(q,t), in comparison with that of
f 11(q,t), reflects the higher mobility of the smaller particle
Relaxation off 12(q,t) requires exchange of species and
at short and intermediate times, the slowest. This comp
tively slow decay of f 12(q,t) may be one reason fo
the slow crystallization observed in hard-sphere mixtu
where the formation of the solid requires segregation of
components.
n

n

ev
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VI. CONCLUSIONS

Partial structure factors and partial intermediate scatte
functions have been measured by light scattering for bin
colloidal mixtures of particles with hard-sphere interaction
This study has examined the influence of composition on
ISF’s and their connection to the structure factors, parti
larly at volume fractions in the vicinity of the glass trans
tion. From these experiments, we conclude the followin
First, inclusion of a second component while keeping
total volume fraction fixed enhances thea process. In a col-
loidal glass, this process is arrested but may be released
the glass ‘‘melted’’ by increasing the fraction of the seco
component. Second, the initial~diffusive! decay rate of the
partial ISF’s with composition varies inversely, as expec
from cumulant expansions, with the corresponding par
structure factors. Third, amplitudes of thea processes in the
partial ISF’s also reflect the composition and wave-vec
dependence of the partial structure factors.
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