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Motions in binary mixtures of hard colloidal spheres: Melting of the glass
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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, therocess is released, i.e., how the glass melts. Increasing the fraction
of smaller particles causes tlheprocess to speed up but, at a given wave vector, also incurs a change to its
amplitude in proportion to the change in tfartial) structure factor.
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[. INTRODUCTION several orders of magnitude by merely altering the tempera-
ture of the samplén situ [9].

Colloidal suspensions of spherical particles, stabilized Where a one-component system of hard spheres is defined
against coagulation by thin oligomeric layers attached tcentirely by the volume fractiong, specification of a two-
their surfaces, show a transition from a disordered to an oreomponent hard-sphere system requires, in addition, the ratio
dered arrangement of particles that mimics the freezing traref radii (small to large, y=R,/R;, and composition, ex-
sition predicted for perfect hard sphefdg. On the strength pressed here by the relative volume fractign/ ¢ of the
of this, these suspensions are considered as valuable argialler particles. The equilibrium phase behavior of such
moreover, the only experimental models of the hard-sphergixtures has been studied extensively by computer simula-
system in which significant structural rearrangements ocCUfion and theoretical method40,11. These predict a variety
in resolvable and accessible time franigs Furthermore, a ¢ phase diagrams that encompass,yas decreased from

small spread in particle radii inherent in all laboratory pre-ynity solid solutions, separation into solids of the individual
pared suspensioriypically 5% relative to the mean radius ecies, and formation of compounds, suchA®, and

causes an appreugble 'delay in nucleation anq qrystal growt B,3. Experiments on mixtures of hard colloidal spheres
[3], while having little influence on the equilibrium phase _ . : L ;
with, for example,y~0.6 find significant agreement with

behavior[4]. This prolongs the lifetimes of metastable fluid lculations. including observation of the predicted

states so that their structure and dynamical properties can t%gse cda:;a ons, Cullf oEse ation o | e_pd_e ce

unambiguously identifiefB]. Once a certain volume fraction ~ B2 @ndABys structureq11,13. Experiments also indicate
n;gat crystallization, if it occurs at all, is exceedingly slow

¢$4~0.575 is exceeded, structural rearrangements beco : )
effectively arresteds, 6]. relative to that typically found for one-component suspen-

Structural relaxation in these pseudo-one-componerﬁions[l_z]- It appears, therefore, that metastable fluid or glass
hard-sphere suspensions has been extensively studied. Afiates in these binary mixtures persist long enough to study
aspects of the density-density correlation function, or intertheir dynamical properties.
mediate scattering function, measured by dynamic light scat- The present dynamic light-scattering study of the meta-
tering on suspensions in the vicinity of the glass transitiorstable fluid states of mixtures, with size ratie=0.6, is con-
are quantitatively consistent with the predictions of the ide-fined to the range of volume fractions and compositions
alized mode-coupling theouyr]. where, on the basis of viscosity measurements, we expect the

In this paper, we present results of dynamic light-influence of composition to be significant. The viscosity, at
scattering(DLS) measurements made on mixtures of colloi-low shear rates, of very dense suspensions of spheres de-
dal hard spheres. To resolve the motions of the species, i.ereases dramatically as the size distribution of spheres is
to construct the three partial intermediate scattering funcbroadened while the overall volume fracti¢or solids load-
tions, we exploit novel optical properties of the particles toing) is held fixed[13]. The greater the volume fraction, the
vary their contrast. Rather than altering the relative opticabreater the reduction in viscosity produced by the inclusion
density of the particles, achieved in neutron scattering byf even a small amount of a second component of smaller
changing the isotopic composition of particles or suspendingpheres. This property, commonly used to enhance the flow
phaseg[8], variation in optical contrast in this work relies on of dense suspensions, may be explained, at least in qualita-
differences between the amplitudes of light scattered by th&ve terms, by the fact that the packing efficiency of a mul-
particle core and stabilizing shell. This core-shell interplay isticomponent randomly assembled arrangement of spheres is
so sensitive to temperature that, at least at selected waggeater than that of a one-component asserfibdy.
vectors, the contrast between the species can be varied by While “dilution” of a one-component suspension with
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particles of different radius enhances flow and, by implica-(colloidal glas$ is released by inclusion of a second compo-
tion, structural relaxation, there is also an attendant reductionent.

of variations in the static structure factor. At short and inter-

mediate.delay times, in particular, one the'refore antiqipates a Il. SCATTERING THEORY

change in the decay rate of a concentration fluctuation, at a

given wave vector, in inverse proportion to the change in the Here we briefly review the essential aspects of scattering
static structure factor. The results presented below expogieory of a two-component assembly of spheres. The mea-
the emergence of these competing processes as well as thered intermediate scattering functidsF), F®™M)(q, 7), for
manner in which a structurally arrested arrangement ofvave vectorg and delay timer, of a mixture of components
spheres j=1,2 is given hy{2,8]

-¢1b1(q)2F11(q, 7)+ 2V dh1$201(q)ba(d)F12(q, 7)
b(q)2l + poba(q)°F22(q,7) ’

FM)(q,7)= Y

where ¢; andb;(q) are the volume fraction and scattering amplitude of spgcies

b(q)?=2> ¢;b?(q),

()
Fij(a,7)=Repi(,0)8p] (9,7)),

are the partial ISF’s, or autd€j) and crossi(#j) correlation functions of the number density fluctuations

N; 4
5pj(q,r>=k§1 (exdiq-r(n]). 3)

Herer(kj)(t) andN; are the position of th&th particle and number of particles of specjesespectively. Atr=0, Eq. (1)
reduces to the measured structure factor,

1 $101(0)2S11(q) + 2V 1 2b1(A)bo(0) S1Aq)

SM(q)=FM)(q,0)= ;
(@=FT@0==== + bobo()?S;(0)

4

where S;;(q) =F;;(q,0) are the partial structure factors. In etal. [15] and used subsequently in numerous studies of
the experimental sections below, we describe the dynamicdilard-sphere colloids[1,2,6]. Steeply repulsive (“hard-
properties of the system in terms of the normalized ISF's sphere”-like interactions are produced by solvated layers of
poly-12-hydroxystearic acid, approximately 10 nm thick,
FM(q,7) Fij(a,7) that are chemically grafted to the particles. The cores of the
SW(q) and fi(q,7)= S () (5 particles used here are composed of a copolymer of methyl-
J methacrylatdMMA ) and trifluoroethylacrylat€TFEA) [16].
This normalization is achieved here by scaling the measureganatIon of the ratio MMA: TFEA gives a small bu_t, n the
and partial ISF’s to unity at=0. For a one-component sys- resent context, S|gn|f|cant_var|at|on of the ref_ra_cnve |_ndex.
X Furthermore, when the particles are suspendaistdecalin,

t_erl’g, F /S(q'T)F F(an:/)’ S™(a) tS(q)'é ant?] ftﬁq’T) the suspensions are only weakly turbid at all volume frac-
N (q',T) (q). For a two-component system, the three par-jq, and, therefore, suitable for light-scattering studies.
tial ISF’s (or partial structure factoycan be calculated from Table | gives the radii, polydispersities, core compositions,

M M
Eq. (1) [or Eq. (4)] onceF™)(g,7) [or S™(g)] has been and refractive indices of the two species used. Since the dif-

measured for three independent pairs of scattering ampligyence petween the radii of the two species is significantly
tudes,b;(g) andb,(q).

f(M)(q,T):

TABLE |. Particle properties.

lll. EXPERIMENTAL METHODS Species Radiugnm) Polydispersity Weight % TFEA n{)

A. Sample preparation 1 200 6% 16 1491

The polymer particles used in this work are similar to the 2 120 9% 24 1.486
polymethylmethacrylate particles first introduced by Antl,
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larger than their polydispersities, we will, in the ensuing dis-binary suspensions at the wave vectors and temperatures se-
cussion, regard the mixtures as binary. lected. DLS measurements were therefore performed with a
Suspensions of the larger particles show the crystallizaconventional(ALV) spectrometer operating with a He-Ne
tion transition expected of hard spheres. Accordingly, as ifaser =633 nm). The digitized scattered light signal was
previous work[1], we determine the effective hard-sphere fed into either an ALV-5000 correlator or a homebuilt inter-
volume fraction,,, of this species by scaling the sample’s leaved sampling correlat¢i9] (see below.
calculated volume fraction so that the observed freezing vol- When the sample volume fraction is less than about 0.56,
ume fraction is equal to the known freezing volume fraction fluctuations in the scattered intensity decay in less than about

&:=0.494, of hard spherd47]. With this reference, we find 10 s. Thus, for a measurement lasting several thousand sec-
[1] that the melting volume fraction of the colloidal crystal is ©"dS: time and ensemble averages of the intensity autocorre-

0.535+0.005. Presumably, due to the polydispersity generlatlorl function(ACF) are equivalent, i.e.,

ally encountered in these suspensions, the observed melting ge(a, 7 =g7(q,7), (6)

value tends to be lower than th@.545 expected of perfect

hard spheregl]. The calculated volume fraction is based onwhere

dry weight analysis, and the difference between it and the

effective hard-sphere volume fraction stems mainly from the _(I(9,01(qg,7))e,r

steric barrier, which is solvated when the particles are sus- - <|(q)>éT

pended in liquid. Probably due to their larger polydispersity,

suspensions of the smaller particles do not crystallize. In thiThe bracketg )g and( )1 denote ensemble and time aver-

case, an estimate of 11 nm for the thickness of the solvatedges, respectively.

layer was used to convert calculated to effective hard-sphere When ¢ is increased beyond 0.56, the sample’s slowest

volume fractions. fluctuation times approach the maximum measurement time
Samples were prepared with total volume fractiogs, (set, somewhat arbitrarily, t=5000 3. By definition, fluc-

= ¢+ ¢, in the range 0.5% »=<0.58 and compositions tuation times exceed the measurement time once the glass

¢,/4$=0, 0.05, 0.10, and 0.20 in cylindrical glass cells of transition is reached. Thus, at these higher volume fractions,

8-mm path length. Samples were tumbled for several houren the time scale of the measurememgs(q, 7) # g+(q,7),

prior to light-scattering measurements in order to shear-melind ensemble-averaged quantities were determined by the

9e.1(q,7) (7)

any crystals and disperse settled particles. following two stepd 20].
(i) First, M=3600 measurements of th@ormalized
B. Light-scattering methods time-averaged intensity ACFg{’(q,7), and intensity,

Although the suspensions appear only weakly turbid, thé! (a))¥, were made. The duration of each measurenjent,
contribution of multiply scattered light to the total scatteredWasT=12s. A computer-controlled stepper motor subjected
intensity may be significant particularly at those wave vecthe sample to a rotation of a few minutes of arc between each
tors, such as the positions of form-factor minima, whereméasurement. The process .essent|ally prOV'O!eS valu.es of
single scattering is weak. Therefore, scattered intensitied?’(d,7) and (1()){ for M independent spatial Fourier
were measured mainly with an ALV two-color multiple sup- components of the sample’s concentration fluctuations. From
pression spectrometer operating with the main blue ( these the ensemble-averaged intensity AGE(d,7), to a
=488nm) and green\(=514 nm) lines of an argon-ion la- Maximum delay timer=10s, was calculated from
ser[18]. Corrections for multiple scattering and beam attenu- M) (2
ation were made by procedures described in FGf. MEZ 197" (a, 1[I (a)F']

(=151 (@)1

Particle form factor$)j(q)2 were obtained from measure-
ments on dilute samples of known concentration of indi-
vidual species at wave vectors in the range<lgiR; <4 and (il) The second step, described in detail in R260], mea-
temperatures between 5 and 28 °C, in steps of one degregures the intensity ACF for longer delay times. The proce-
Scattered intensities were then measured on mixtures afure entails continuous rotation of the sample at about 0.3
known (total) volume fraction and composition at three tem- revolutions per second and sequential triggering of each of
peratures, chosen to optimize differences of the contrast ré&8600 correlators in the computer software with a gating time
tio, C=[b;(q)/b,(q)]? of the componentésee Sec. Ilfor  of 10 3s. This process also provides 3600 independent
selected values afR;. From these data, the partial structure time-averaged quantities, but now over the time window 1
factorsSj(q) were then calculated by E¢4). <7<4000s. Againge(q,7) was estimated from these by
The above temperature variations do not, as far as we cagq. (8).
ascertain from the phase behavior, influence the hard-sphere Although, as discussed in R¢R0], loss of signal due to
nature of the interactions nor the particle dynamics, once theepositioning errors and spatial integration, resulting from
delay time is expressed in terms of the characteristic Browneontinuous rotation of the sample, is minimgk(qg,r) ob-
ian time (see below. tained by one of the above methods must be scaled so that it
Comparison of auto and cross time correlation functionsoverlaps smoothly with the other in the regions1<10s.
of the blue and green scattered intensities revealed no sig-he resulting ensemble-averaged intensity ACF obtained by
nificant multiple scattering for either the one-component orthe combination of these methods spans the time window

gE(an): (8)
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10 ®<7=<4x10°s. From this the normalized intermediate
scattering functionf™)(q,7) was calculated in the usual
manner by the Siegert relationsHip1], ®og

ge(q,7)=1+c[f™(q,7]* 9

small, T=6°

small, T=26°
large, T=26°

The factorc arises from spatial integration over the finite
detector area and necessitates normalization of the ISF so
that f(M)(q,0)=1.

After preparation and tumbling, each sample was allowed 3 a
to relax to a stationary state. This was achieved by delaying a R
accumulation of final data until the intensity ACF's were . s -
independent of commencement time. For the glass states, it " sy
was necessary to delay the commencement of measurements
by at least ten days before waiting time effects moved out of -4 T 1 |
the experimental window. 1.0 20 3.0 4.0

large, T=6" A

logsqlb; (a)’]

a
up>
n

IV. SINGLE-PARTICLE FORM FACTORS

. L . . FIG. 1. Single-particle form factorbj(q)2 (in arbitrary unitg
In the Rayleigh-Debye limit, the scattering amplitude of aghown as functions of the wave vectgR; .

particle having a spherically symmetrical optical density

nj(r), embedded in a medium of optical density, is homogeneous core of radii®’ and a thin shell of radius
=0 1 § (5<R [9]. : : :
Ao _sin(qr) R ; :?.C 8 (0<R;) [9]. The scattering amplitude for this
bj(q)zv—fdr[nj(r)—no]r ar (10 model is
j

bj(a)=(n¢’=no)p(aRY) + (ns—no)
whereu; is the volume of the particle. In neutron scattering 0 0
[8], variations in the particles’ relative optical density, X[p(qRY)=p(aRM)]. (13
[nj(r)—no|, are usually large in comparison with refractive

index variations within the particle, so that E40) can be  Here nd, ng, andng are the refractive indices of the par-
approximated by ticle cores, shells, and suspending liquid. Differences be-

tween these must be less than about 1% in order to avoid
: - unacceptable levels of multiple scatterif#. Hence, small
,Sin(qr)  [n;—noJ . ) AT
r = p(qR), changeg in relative values of the refractive indices, produc_ed
ar j by altering the sample’s temperature, change the scattering
(1) amplitudes of the corfirst term in Eq.(13)] vis-avis the
shell (second term
where The consequences of this are illustrated in Fig. 1, where
s the single-particle form factoﬂsxj(q)2 of the two species are
p(qR)=4mq “(singR—gRcosqR), (12 shown at two temperatures. One sees that at 6 °C, the con-
_ trast ratioC is of order 10 ? over the range of wave vectors
andR; andn; are the particle’s radius and its mean optical (1.5<qR =<4) shown. This ratio is almost inverted when the
density. However, it appears to be difficult in practice totemperature is increased to 26 °C. Since we measure the
obtain sufficient variation in the relative contras€  |SF'’s at particular values af, the form factors are shown in
=[b,(q)/by(q)]? to avoid significant amplification of ex- Fig. 2(@) as functions of temperature. This exposes more di-
perimental errors in the solution of E@l) or Eq. (4), par-  rectly the large variation in the relative contrast of the two
ticularly in the vicinity of the minima irbjz(q), whose posi-  species obtained by simply varying the temperature of the
tions, by virtue of Eqs(11) and(12), are independent af; samplein situ. Although, in principle, any set of three tem-
andng. peratures provides the required three different value€,of
In light scattering from concentrated suspensions of neathe difference in contrast is largest for temperatuiigs
micrometer-sized particles, optical densities of all compo-=6 °C and T3=26°C, whereC~10 2 and 18, respec-
nents must be matched closely to the suspending liquid, i.etively. Thus, atqR;=3.0, SM)(q) and FM)(q,7) of the
n;(r)=ny, otherwise the suspensions are opaque. This remixtures were measured at these temperatures as well as the
striction clearly precludes adaptation to light scattering of theemperatureT,=16 °C chosen somewhat arbitrarily where
contrast variation methods employed in neutron scatteringC~1. These results, in combination with the scattering am-
The requirement that;(r)~ng, in turn, means that refrac- plitudes at the same temperatures, were then used to solve
tive index variations in the particlesy(r), are important.  Eq. (1) or Eq. (4) for the required partial ISF’'s and structure
These can, for our sterically stabilized polymer particlesfactors. Typical(matrices of coefficients ofF;;(q,7) [Eq.
simply, yet fairly accurately, be expressed by an optically(1)] are listed in Table Il fokp=0.54 and two compositions.

_ 4m (R
bj(Q):[nj—no]v—jfo dr
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FIG. 2. Single-particle form factorlsij(q)2 vs temperature for

(& qrR;=3.0 and(b) qR;=1.5.
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<np and ng<ny, i.e., bj(q—0)<0, whenT=<6 °C. From

this the sign of the scattering amplitude of each species and,
importantly, the sign of the second term on the right-hand
side of Eq.(1), are inferred for alll andgq.

V. RESULTS AND DISCUSSION
A. Structure factors

To facilitate interpretation of the ISF’s, we begin by ex-
amining the static structure factors. These also expose any
systematic amplification of experimental errors incurred
when inverting the above coefficient matrices. The normal-
ized ISF’s, fj;(q,7) [Eq. (5], benefit from cancellation of
this amplification effect.

Figure 3 shows a comparison between measured and the-
oretical partial structure factor§;;(q) for ¢=0.58: Si;(q)

[Fig. 3@], S1(q) [Fig. 3b)], andS,x(q) [Fig. 3(c)]. Theo-
retical results were calculated from the Percus-Yevick ap-
proximation[22] with the Verlet-Weiss correctiong(— ¢

— ¢?/16). Other work has shown that the results of this ap-
proximation compare favorably with experimég@s,24]. We
therefore regard the theoretical results as the best estimate of
the structure and attribute differences between them and the
measured quantities to experimental errors. These differ-
ences tend to be largest10%) for S;,(q) andS,,(q), the
partial structure factors involving the small particles, when
their weighting, ¢,/ ¢, is least.

Note that agR; =3, where the majority of the DLS mea-
surements have been ma&g;(q) increases an&;,(q) and
S,/(q) decrease wherp,/¢ is increased, i.e., the mean-
squared amplitude of density fluctuations of the large par-
ticles is enhanced while that of the small particles is sup-
pressed. In additionS;,(q) is negative, indicating that
density variations of large and small particles, at this wave
vector, tend to be out of phase. Figur@)3also shows the
structure factorS(q) of a one-component fluid at the same
total volume fractiong=0.58.

The effect of increasingb, /¢ on the large particle struc-

The set of temperatures selected for optimum contrast varigre factor is, in some respects, similar to dilution. In this
with wave vector. AigR=1.5, for exampléFig. 2(b)], these
are 8, 15, and 26 °C.

Previous analysel®] of the form factors in terms of the

core-shell mode|Eq. (13)] reveal that for both specias.’

TABLE Il. Coefficients of Fj;(qg,7), in Eq. (1), for different
compositions, ¢, /¢, and temperatures], at gR;=3.0 and ¢

=0.58.
$1b1(A)?  2(db1b) 1I2b1(Q) ba(a)  @2ba(q)
¢olp T(°C) i=j=1 i=1,j=2 i=j=2
0.05 26 6492 149.3 3.43
14.5 1067 —293.0 80.43
6 24.67 80.54 262.9
0.20 26 5467 274.0 13.73
14.5 898.5 —537.7 321.7
6 20.77 147.8 1051

regard, note that increasingy, / ¢ from zero to 0.2 halves the
magnitude of the main peak, a reduction comparable to that
expected from simple dilution of a one-component hard-
sphere fluid by 20% from an initial volume fraction of 0.58.
The difference is that dilution with smaller particles, instead
of solvent, shifts the positioq,,,, of the primary maximum

to higherq. The other difference is that at,/¢$=0.2 the
(large particlg structure factor agR;=1.5 has increased
10-fold (Table Ill). Simple dilution would incur an increase
by a factor of about 3.

In the shift of the main structure factor peak to higlger
and the enhancement, in excess of that obtained by simple
dilution, of the mean-squared amplitude of long-wavelength
(g<<dmay fluctuations, one sees the effects of the attractive
depletion potentialof mean forcg¢ that emerges between the
larger particles upon introduction of the smaller particles.
The size ratioy=0.6 selected here is too large for depletion
effects to incur fluid-fluid phase separati@b].
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S(a), S14(9)

4.0

3.0 1 (b)

2.0 —

Syp(q)

5.0

(c)

4.0 —

3.0+

S,; (@)

2.0 -

0.0 2.0 4.0 6.0
aR,

FIG. 3. Partial structure facto® S;;(q), (b) S;x(q), and(c)
S,,(q) for compositionsg,/¢$=0.05 (+), ¢,/¢=0.10 (O), and
$,1$=0.20(X) and total volume fractiorb=0.58. The light and
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TABLE lll. Values of the(large-large particlestructure factor,
S11(q), for different values of the wave vectayR;, and compo-

sition, ¢,/ ¢, at p=0.58. Forg,/ =0, S;1(q)=S(q).

0 0.016 0.26 3.13
0.05 0.048 0.42 2.59
0.20 0.16 0.72 1.80

B. Intermediate scattering functions

The results presented here are in the form of the normal-
ized measured and partial intermediate scattering functions,
f™)(q,7) and f;;(q,7). The dimensionless delay timeis
expressed in units of the characteristic Brownian time,
Rf/(GDO) (=0.0215s), of the large particles, wheby, is
their free diffusion coefficient. Figure 4 shows normalized
ISF's fM)(q,7), for qR;=3.0 and¢=0.55, measured at the
temperatures and compositions, /¢, indicated. The nor-
malized partial ISF’'d;;(q,7), calculated from them by Egs.
(1) and (4) are also shown. To appreciate the temperature
and composition dependence of the difference between
f™)(q,7) andf;;(q,7), seen in this figure, we refer to Table
11, which lists the coefficients of the thre@n-normalized
ISF’'s Fij(q,7), appearing in Eq(1). Normalization of the
latter is effected by dividing by their zero time values,
Sj(a)=Fi;(9,0), which, atqR;=3.0, are all of order unity
(see Fig. 3 and will, therefore, have little influence on the
relative optical weights listed in Table II.

At T=26°C, the coefficient of the=j=1 term (see
Table Il) exceeds the other two coefficients by more than an
order of magnitude. Not surprisingl{*™)(q, 7) andf,(q, )
are virtually identical, i.e., alT =26 °C the scattering prop-
erties of the particles are such that the observed fluctuations
in the scattered intensity are almost entirely due to the mo-
tions of the large particles.

When the temperature is decreased from 26 to 6 °C, the
relative contrastC, of large to small particles is decreased by
about five orders of magnitudegee Fig. 2 and Table)ll
However, even this large reversal of the relative contrast is
not sufficient, at least for the small fractions of small par-
ticles considered here, to suppress the contribution from the
slowly decaying cross-correlation functidn,(qg,7). As a
consequencésee Fig. 4, the decay of M)(q,7), measured
at 6 °C, is appreciably slower thdn,(q, 7). Comparing the
results in Figs. &) and 4b), one sees that the difference
betweenf™)(q, ) andf,,(q,7) at T=6 °C decreases as the
fraction of smaller particles is increased from 0.05 to 0.2.
Nonetheless, this comparison illustrates the difficulty in op-
tically isolating, in a single measurement, the motions or, for
that matter, the spatial distribution of the minor component
in a mixture.

We now examine in more detail the ISF of the large par-
ticles shown in Fig. &) for the wave vectogR;=3.0. One
sees, first of all, from the ISF of the one-component suspen-

heavy symbols, respectively, represent Percus-Yevick and expersion of the larger particles that, with increasing volume frac-

mental results. The solid line ifa) is the structure facto$(q), of
the one-component fluid.

tion, there is an increasingly pronounced separation of slow
structural rearrangement, ar process, from a faster initial

041502-6



MOTIONS IN BINARY MIXTURES OF HARD . .. PHYSICAL REVIEW E64 041502

1.0 -

0.8 4

o
o
|

fa,7), f14(a,7)

Normalized ISF
©
n
!

0.2+

0.0

-4.0

f12(a%)

Normalized ISF

0.0 T T T T 1.0+

-4.0 -2.0 0.0 2.0 4.0

logso (x) 0.8 |

FIG. 4. Normalized intermediate scattering functions vs loga-
rithm of delay time at$=0.54 for compositionga) ¢,/¢$=0.05
and (b) ¢,/4$=0.20. Open symbols indicate measured ISF'’s,
fM)(q,7), at T=6 °C (squarey 14.5°C (diamond$, and 26 °C

0.6 —

p(a,7)

0.4
(circles. Closed symbols show the calculated partial I1Sf3$q, 7)
(circles, f1x(q,7) (diamonds$, andf,,(q,7) (squares os
decay. In fact, for¢>0.57,f(q,7) settles to a plateau that 0.0 .
remains almost constant to the extremity of the experimental 40

window. This arrest of ther process indicates that the sus-
pension has formed a glass. The height of the plateau, . ) )
f(q,7—»)=0.78 at $=0.58 for example, represents the FIG. 5. Intermediate scattering functioi{q,7) of the one-
fraction of the structure that is arrestf&i-7). component suspensidgrolid lineg and partial intermediate scatter-
These results merely confirm previous observations of 4f'9 functions,(@ fllfq’_T)o’ (()bs) le(q’T)’/ (Clgzzl(g’g' for rg'xmlres
glass transition ah,=0.575+0.005 in a one-component ' compositionse,/¢=0.05 (+), ¢2/$=0.10 (O), and ¢,/¢
. R . =0.20(X), atgR;=3.0. Successive data sets, at total volume frac-
hard-sphere suspensidb,6]. The ambiguity in¢, arises . " )
. . , 9 ", tions indicated, have been translated along theyey axis by two
from the uncertainty in the sample’s volume fraction andunitS
differences in observation time employed in different experi- '
ments. at $=0.55. At ¢=0.58, introducing the smaller spheres
Turning to the influence of composition, one s@iesFig.  gradually releases the arrested structure until, at ¢
5(a)] that as¢,/ ¢ is increased, the overall decay time of the =0.2, complete structural decay occurs in the experimental
ISF decreases; this decrease is only margina#fet0.51 but ~ window. In qualitative terms at least, the enhancement of
is about two decades, whe#y /¢ is increased from 0 to 0.2, structural relaxation observed here is expected since, as seen
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FIG. 6. Partial intermediate scattering functiohg(q,7) at
gR;=3.6, for the compositiorp, / $=0.20 and total volume frac-
tions ¢=0.58(0), ¢=0.596(+), and ¢=0.613(X).

in Fig. 3, introduction of the second component effectively
dilutes the suspension. Figure 6 shoWs(q,r) at several
volume fractions¢=0.58 for the compositionp,/¢$=0.2.
Thus, to obtain structural arrest in this binary mixture, its
volume fraction needs to be raised to approximately 0.60.
The enhancement of structural relaxation seefy i(q, 7)
[Fig. 5@)], as¢,/ ¢ is increased, is also evident in the other
two partial ISF'sf5(q,7) andf,,(q,7), shown in Figs. &)
and 5c). For reasons already mentioned, there is more nois
in the latter quantities, particularly at the higher volume frac-

tions. With due allowance for this, one generally sees that, as

¢, 1 ¢ is increasedf15(q,7) andf,.,(q,7) decrease at all de-
lay times. Howeverf4(q,7) increases at short and interme-
diate times.

To aid our explanation of the decay of the partial ISF's
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0.8 —

0.6

f(q,1), f14(q7)

0.4 —

0.2+

0.0

-4.0 0.0

log1o()

FIG. 7. Intermediate scattering functioi{q,7) of the one-
component suspensidgolid lineg and partial intermediate scatter-
ing functionsfq,(q,7) for mixtures at compositiong,/¢=0.05
(+), ¢p2/1¢=0.10(0), and ¢,/ »=0.20(X), and total volume frac-
tion ¢=0.58. Successive data sets, shown for different wave vec-
tor, gR;=1.5, 3.0, and 3.6, have been translated along thg(leg
axis by four units.

from the height of the plateau or shoulder, increases, but sets
in earlier, with increasingy,/¢. While the influence of
composition on the initial and intermediate decay of the
other two partial ISF's is compatible with that seen in their
corresponding partial structure factors, the connection is less
convincing. One reason is that, at this wave vecEi(q) is
ore sensitive to changes in composition than eithgfq)
r S,5(q). Also, as already mentioned, there is more experi-
mental noise inf1,(q,7) andf,xq,7).

To explore further the connection between the structure
factor and the ISF, Fig. 7 shows plots(q,7) at ¢=0.58

(9]

observed at short and intermediate times, we recall knowr
connections between the structure factor and the decay of th
ISF for a one-component system. First, the initial decay of a
concentration fluctuation is purely diffusive and, hydrody-
namic interactions notwithstanding, is characterized by the
diffusivity, D(q), which is proportional t&~1(q) [2]. Sec-
ondly, the amplitude of thex process has a wave-vector
dependence that varies in harmony wgfq) [7]. The latter
feature has been predicted by mode-coupling thédhand
verified by experimenit6] and computer simulatiof26]. We
therefore expect that the larg8fq) is, the slower will be the
initial diffusive decay of the ISF and the larger the amplitude
of the a process.

From the partial structure factorig. 3), we have al-
ready noted that, aR; = 3.0, S;;(q) increases whil&;,(q)
andS,,(q) decrease with increasing, / ¢. Now we see that

this influence of composition o8;;(q) is reflected in the FIG. 8. Partial intermediate scattering functiorfs(q,7)
decay of the corresponding partial ISF's at short and intercircles, f,,(q,7) (diamonds, andf(q,7) (triangles of mixtures
mediate times. This is most evidentfipy(q, 7) at the highest  at compositiong, /¢=0.10. Successive data sets, shown for total
volume fractiongFig. 5@]. One sees that the initial decay volume fractions¢=0.51, 0.55, and 0.58, have been translated
rate decreases and the amplitude of therocess, inferred along the logy(7) axis by four units.

fi@. 7

0.0

4.0 0.0 4.0

log1o(x)
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for several wave vectors. Examination of this figure in con- VI. CONCLUSIONS
junction with Table lll(and Fig. 3 indicates that the change

. ) . Partial structure factors and partial intermediate scatterin
to the amplitude of thex process, incurred wheth, /¢ is P g

) o ) i ) functions have been measured by light scattering for binary
increased, is in harmony with the changeSin(q) relative 1o g 1igal mixtures of particles with hard-sphere interactions.
S(q). The larger increase in the amplitude of theprocess  Thjs study has examined the influence of composition on the
for gR,;=1.5, compared with that seen fqR; = 3.0, reflects |SF's and their connection to the structure factors, particu-
the larger increase ir§;(q). Close to the positiorgR;  |arly at volume fractions in the vicinity of the glass transi-
=3.7 of the maximum in the structure factdd;,(q) de- tion. From these experiments, we conclude the following.
creases relative t&(q) on inclusion of the second compo- First, inclusion of a second component while keeping the
nent. In this case, we see that the amplitude ofdfprocess total volume fraction fixed enhances theprocess. In a col-
decreases. As shown above, dilution of the suspension witlvidal glass, this process is arrested but may be released and
the second component increases the rate of structural relafie glass “melted” by increasing the fraction of the second
ation and gradually obscures the separation in time ofathe component. Second, the initigdiffusive) decay rate of the
process from the early part of the decay. partial ISF’'s with composition varies inversely, as expected

Finally, Fig. 8 shows all three partial ISF’s for the com- from cumulant expansions, with the corresponding partial
position ¢,/$=0.2. At short and intermediate times, the Structure factors. Third, amplitudes of theprocesses in the
faster decay off,(q,7), in comparison with that of partial ISF’'s also refleqt the composition and wave-vector
f,,(q,7), reflects the higher mobility of the smaller particles, déPendence of the partial structure factors.

Relaxation off,5(q,7) requires exchange of species and is,
at short and intermediate times, the slowest. This compara-

tively slow decay off;(q,7) may be one reason for e are grateful to G. Bryant and W. &e for comments
the slow crystallization observed in hard-sphere mixturesn the manuscript and to P. Francis for technical assistance.
where the formation of the solid requires segregation of therhis work was supported by the Australian Research Coun-
components. cil.
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