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Crystallization kinetics of suspensions of hard colloidal spheres
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The crystallization of suspensions of sterically stabilized polymer particles, with hard-sphere-like interac-
tions, is studied by laser light scattering. Over the range of volume fractions examined, from just below melting
to the glass transition, crystallization occurs by homogeneous nucleation. After the suspensions are shear
melted, the intensity, position, and width of the main interlayer Bragg reflection are measured as functions of
time. From these the amount of crystal, the average linear crystal dimension, the number of crystals, and the
volume fraction of the crystal phase are obtained. No assumptions are made concerning the functional time
dependence of nucleation or growth processes. Below the melting concentration the observed crystallization
process is compatible with the classical picture of sequential nucleation and growth of isolated crystals.
However, when the melting concentration is exceeded, nucleation events are correlated, nucleation is acceler-
ated, and high nucleation rate densities suppress crystal growth. Above the melting concentration we infer,
with the aid of the equations of state for the hard-sphere fluid and solid, that the first identifiable crystals are
in mechanical equilibrium with the embedding fluid and, consequently, strongly compressed by it. Ensuing
nucleation lags expansion of the crystal lattic®1063-651X97)12302-9

PACS numbg(s): 82.70.Dd, 64.70.Dv, 81.10.Fq

[. INTRODUCTION intractable. Understandably, the classical theory of solidifi-
cation[5], formulated some 50 years ago, still dominates our
Colloidal suspensions of hard polymer particles show eurrent view. The basic version of this theory proposes that
freezing-melting transition, as well as a glass transitionjsolated sharply defined spherical crystal nuclei form sponta-
similar to those expected for a perfect hard-sphere system. Ateously by thermally driven density fluctuations, but that the
suspension concentrations that lie between the freezing arghergy barrier posed by competing bulk and surface contri-
glass transitions, crystallization occurs by homogeneouputions results in the survival of only those nuclei that ex-
nucleation. In this paper we describe time-resolved lightceed a minimurricritical) radius. In the absence of seeding,
scattering studies of this crystallization process. liquids can be cooled below their freezing temperatures with-
The motivation for studies of the dynamical properties ofout crystallization, but deeply quenched liquids crystallize
model colloidal suspensions is not only to provide a bettemgst instantly. These observations support the notion of
understanding of the suspensions, but also for its potentigh;ge nucleation barriers at slight undercoolings and small
generic value. T_here is a formal eqw_valence of the thermop,rriers at large undercoolings. They also suggest, as is
d_ynamlc properties petween an atomic system and a SUSPEf5rne out by experiments to date, that it is exceedingly dif-
sion of particles having the same interaction potenfials ficult, if not impossible, to resolve the nucleation and growth

Hovyever, on the time scaje of mterparﬂple collisions, theProcesses and determine their respective time dependencies
motions of suspended particles are diffusive rather than bal- . »
under the same experimental conditigdg

listic, as is the case for atomic systems. Despite this funda- Crystallizati f colloidal . N
mental difference in their respective small-scale motionst Wsla |zab||on ot coflol a:cbsuzpﬁnsmn_s plrgsen S a morz
studies of large-scale particle motioi4,2] and crystal ~Uactable problem in terms of both theoretical description an

growth[3] indicate clear analogies in the dynamical proper_experlmental resolut|on: Suspen5|o_ns of “model” p_artl_cles,
ties between suspensions and atomic systems. sphere{G], or rqu[?] with narrow size and shgpe distribu-
Transformation of an undercooled fluid to the crystaltions, and certain mixtures of spheré, crystallize on ac-
phase remains one of the more interesting aspects (geSSIb|e time ScaleS, typ|Ca”y ten OrderS Of magn|tude SIOWer
condensed-matter science. An experimental determination ¢fan is the case for deeply quenched molecular liquids. The
the mechanisms of solidification of atomic or molecular flu-continuous suspending medium acts as an effective thermal
ids is severely hindered by very high crystallization ratessink. In addition, laboratory samples are sufficiently small
particularly at significant undercooling, slow dissipation of and free from impurities that heterogeneous nucleation is
latent heat, and the domination of heterogeneous nucleaticavoided. Slow crystallization rates, combined with the weak
due to impurities and container wallg]. Furthermore, a lattice forces of colloidal crystals, allow studies of the struc-
complete theoretical treatment of crystallization of a molecuture and particle dynamics of metastable colloidal fluids and
lar fluid, taking into account the coupling among the noncon-glasse$9], as well as the kinetics of crystallization. It should
served order parameter and the five conserved fieldsrgy, also be mentioned that phase transitions in these suspensions
density, and the momentum compongntes so far proved occur at constant volume, rather than constant pressure, and
the particle volume fraction or concentration is the only con-
trol parameter. Temperature plays (direct role. Accord-
* Author to whom correspondence should be addressed. ingly, freezing and meltingoncentrationsare identified.
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Given the slow crystallization of suspensions and the faciPHSA) about 10 nm thick. The particles were suspended in
that the crystals can be detected with visible light, severa& liquid mixture of decalin and carbon disulfide, the relative
different but complementary experimental procedures foamounts of which were adjusted until the suspension’s tur-
measuring crystallization kinetics present themselves. Direddidity fell below about 0.05 cit. Thus, when viewed in
observation or video microscopy, low-angle laser light scat-l-cm path-length cells, the suspensions were virtually trans-
tering (which measures the development of particle concenparent and, therefore, suitable for light scattering studies
tration difference between the growing crystals and the emeven at particle concentrations up to close packing. The av-
bedding fluid, and scattering from one or more sets of erage hydrodynamic radiug,=200=2 nm and polydisper-
crystal planegthe light scattering equivalent of x-ray pow- ity o~5% of the particles were measured by dynamic light
der diffraction, have been applied to suspensions of chargescattering on very dilute samplés7].

stabilized and sterically stabilizethard-sphere-like par- Rather than a temperature quench, the usual first step in
ticles. The drawbacks and attributes of each of thesérystallization experiments with molecular systefds, a
techniques were recently reviewed by Seieb[10]. guenchedmetastablgstate of a colloidal suspension is pre-

These studies show different crystal growth processes. Ipared by shaking or tumbling a sample. That such tumbling
the case of suspensions of particles with long-rangedction effectively randomizes the particle positions is then
screened Coulomb interactions, the crystal size is found t@vident from the amorphous appearance of the sample as
increase linearly with timg3] whereas, for particles with well as the fluidlike shape of its static structure fadtb8].
hard-sphere-like interactions, the size increases with the As described elsewhel&], the phase behavior of these
square root in tim¢11]. For the hard-sphere system the dif- suspensions mimics that of the hard-sphere system. Freezing
ference in the number densities of coexisting crystal andnd melting concentrations are respectively identified as the
fluid phases is appreciable, and the observed nonlinear crysoncentration where crystallization first occurs and that
tal growth laws have been explained by the coupling of thevhere the suspension becomes fully crystalline. Equating the
(nonconserved order parameter to the number density observed freezing concentration with the valdg=0.494,
which, in the case of large attachment efficiencies, leads ténown for the freezing volume fraction of hard sphej&g],
diffusion-limited growth [12]. These and other studies gives a multiplicative factor with which concentrations of all
[13,14 have enhanced understanding of crystal growthsamples can be converted to effective hard-sphere volume
However, because constant nucleation rates were generalffactions, ¢. Importantly, the observed effective hard-sphere
assumed in these works, they have not clarified the tim&olume fraction at melting¢,,=0.545+0.003, agrees with
dependence of the nucleation process nor the extent to whidhat expected for perfect hard sphef&$], implying that the
nucleation and growth compete. particle interactions can be regarded as hard-sphere-like.

In this paper we describe measurements of the growth dleasurements of diffusion coefficients and sedimentation
the main Bragg peak during the crystallization of nonaquevelocities on similar PHSA-stabilized PMMA suspensions
ous suspensions of sterically stabilized polymer particlessupport this inferenckl6,20. The effective hard-sphere par-
The size, number, and density of the crystals are calculateiicle radius,R=201=1 nm, was obtained from the measured
from the intensity of the peak, its width, and position. In valueqs, and the value;R=3.47 predicted for the position
principle no assumptions concerning the nature of the tim@f the primary maximum of the structure factor of ttreard
dependencies of the growth or nucleation rates are necessagpherg fluid at freezing[21]. Note that, aside from experi-
One of the main observations of this work is an apparentmental errors, the hydrodynamic and effective hard-sphere
change in crystallization mechanism when the melting contadii are the same, and in the following discussion we use the
centration is exceeded. Below melting, the observed crystamdalue R=201 nm for the particle radius.
lization is compatible with the classical picture of the forma- The shear-melted metastable fluid is easily recovered
tion of isolated nuclei followed by growth. Above the from the crystallized colloid by tumbling the sample. Homo-
melting concentration, crystal growth of any significance ap-geneously nucleated crystallization occurs in suspensions
pears to be suppressed by very high nucleation rates. Mor&ith concentration up ta,~0.58. This is evident from the
over, as outlined in a preceding Lettg¥5], nucleation in  appearance, usually within about 30 min, of small Bragg
very concentrated suspensions is accelerated rather than cdgflecting crystals randomly distributed throughout the
stant. sample. Interestingly, the concentratigiy coincides with

In Sec. Il we describe the suspension and its phase behathe value where, in the metastable colloidal fluid, large-scale
ior, the experimental arrangement, and the analysis enparticle diffusion ceas€®,22]. Accordingly, ¢, is identified
ployed to obtain the moments of the main Bragg reflectionas the glass transition concentration. Suspensions with con-
Results are presented in Sec. Il followed by their discussiogentrations greater thag still crystallize, at least partially,
in Sec. IV. Concluding remarks are presented in Sec. V. by the slow growth of large and irregularly shaped crystals
on secondary nuclei, such as the container walls and regions
of shear-aligned structures remaining from the tumbling ac-
tion [23]. In this work we study the crystallization of nine
A. Sample description samples in the concentration range 0.530-0.575, as listed in
el

Il. EXPERIMENT

The preparation and characteristics of the suspension-léabI
used in this work have been described previouglg].
Briefly, the particles comprise spherical cores of [owigthyl
methacrylatg (PMMA), sterically stabilized by chemically Figure 1 shows a schematic diagram of the spectrometer
grafted surface layers of pdali2-hydroxystearic acjd used. It consists of a cylindrical thermostatted sample holder

B. Light scattering
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TABLE |. Sample designatiofcolumn 1), suspension volume fractiog, initial and final volume frac-
tions of the crystal phases.(0) and ¢.(ts), and fluid phase¢ (0) and ¢,(t;). Uncertainties in the stated
volume fractions are about0.002.

Sample ¢ ¢ (t=0) dc(ts) ¢(t=0) ()

JO 0.530 0.558 0.552 0.503 0.498
J1 0.537 0.573 0.554 0.515 0.500
J2 0.548 0.598 0.564 0.538 0.508
J3 0.553 0.609 0.570 0.549 0.513
J4 0.557 0.611 0.574 0.551 0.516
J5 0.561 0.619 0.580 0.559 0.521
J6 0.565 0.623 0.583 0.564 0.524
J7 0.570 0.628 0.590 0.569 0.531
J8 0.575 0.631 0.599 0.573 0.539

containing a liquidia mixture of decalin and tetralifhaving  the orientationally averaged diffraction pattern. Previous
the same refractive indefh=1.501+0.001) as the suspen- work [24] has shown that the lowest-lying features of this
sion. A glass cell, of 10-mm-square cross section and 30 mrdiffraction pattern, which consist of a sharp Bragg reflection
in height, containing the suspension is mounted along theuperimposed on a much broader peak, result from a random
axis of the sample holder and illuminated by a 3-mW diodestacking of close-packed layers of particles. However, this
laser beam(wavelengtk=678.7 nm, expanded and colli- random stacking along with scattering from any uncrystal-
mated to 8-mm square cross section. The sample holder fdized suspension and the difficulty of estimating the single-
cuses the scattered light to a vertical line which is then foparticle form factor all mitigate accurate isolation of one or
cused to a point on the detector by a cylindrical lensmore of the Bragg reflections, particularly during the early
positioned with its axis perpendicular to that of the samplestages of the crystallization at low concentratiggs= ¢).
holder. The detector, an Oriel Instaspec Il Diode ArrayFirst, the random stacking smears out all reflections aside
Camera, consisting of a linear array of 512 diodes over &om those common to both fcc and hcp structures. Second,
length of 12.8 mm, is mounted on a goniometer rotating orall but the lowest interlayer reflectidifil11} in fcc indexing
the axis of the sample holder. Computer control of the gonitend to be weakened by the particle form facR(q). In
ometer and detector allow data collection at preset anglesddition, the main fluid structure factor peak and the smeared
and time intervals. {200 reflection have roughly the same location as the inter-
With the above arrangement, intensitl€g;t) were mea- layer reflection. Third, the close matching of the refractive
sured over a range of scattering vectofsy, such that indices of the suspending liquid mixture and the particles
Ag/q,~0.1, centered on the positiap, of the main Bragg effectively precludes measurement B{q) with sufficient
reflection. The overall resolutiofig/q,, was about 0.0005. A accuracy to calculate the structure fac®(q;t), directly
given sample was prepared by tumbling it for several hoursrom I(q;t)/P(q). Notwithstanding these difficulties, we
on a rotary suspension mixer. It was then immediately placegsolate the growth of thg111} reflection by the following

in the spectrometedefiningt=0) and data set$(q;t) col-  procedures.
lected at predetermined timesup tot;=20 h. This process Previous worK 18] with suspensions similar to those used
was repeated five times for each sample. here has shown that, in the regionmyf, the static structure
factor of the metastable colloidal fluids can be described
C. Data analysis quite accurately by the Percus-Yevick ressit,(q) for the

hard-sphere fluid. Accordingly, we estimate the particle form

Large numbers of apparently randomly oriented crystal ; ; ) . . .
in the scattering volume should give a reasonable estimate? ct.or aP(q) in arb|.trary umts, by dividing the '”t9”5'ty
q;0), measured immediately after shear melting, by

Spv(q) at the hard-sphere volume fraction corresponding to
that of the sample, i.e.,

\ jsample holder aP(q)=1(q;0)/Spy(q). @

The contrast factow varied from sample to sample, presum-
) collimated laser beam ably due to small variations in the ¢® decalin ratio. The

‘ structure factoiS(q;t) (again in arbitrary unitsof the crys-
tallizing suspension is then obtainédr t>0) from

S(q;t)=I1(q;t)/aP(q). (2

diode array camera The quantityS(q;t) represents the structure factor of colloi-
dal crystal plus fluid over the range of scattering vectors
FIG. 1. Schematic illustration of the spectrometer. spanned by the detector. From this the Bragg peak is isolated
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between scattering vectogs andq, (see Fig. 3 as follows.
To subtract the fluid contribution t8(q;t) the scale factor
B(t) is increased until the functioB(t)Spy(q) first comes
into contact withS(q;t). The scattering vectay,, where this
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obtain another estimate of the fractiok? (t), of crystal in
the sample from the requirement

d=X* (1) () + (L—=X* (1)) (V). ®

occurs, defines one extremity of the Bragg peak. The other

extremityq, is chosen wher&(q;t) — 8(t) Spy(q) is a mini-
mum. The instantaneous Bragg pe&kq;t) (9;<9=q,) is
then calculated from

Sc(a;t)=S(q;t) — B(1)Spy(q). 3

: . Th=
Here we assume that the diffuse scattering, due to randorgfon
stacking plus the scattering from the remaining fluid, can bg;y time 7=D"1

described bySpy(q). One can see from Fig. 1 of RdR4]

that the broadband of diffuse scattering from the crystal has g,

similar shape to the fluid's main structure factor peak.
From the Bragg pealS.(q;t), the positionqg,,(t) of its
maximum, and its widtlA q(t) at half maximum, the follow-
ing quantities are obtained. First, the fracti¥ift) of the
sample converted from fluid to crystal is calculated fridr@l]

a2
><(t)=cfq S:(a;t)dq, (4)

where the constant is chosen such thaX(t;)=1 at the
melting concentratiorit; =20 h is the duration of the mea-
surement OnceX(t)>0.03, we find thaX(t) and the other
moments 0fS.(t), defined below, are insensitive to the width
of the integration window, used in E¢4), and to whether

Ill. RESULTS

In the following presentation and discussion of the data,
all lengths are expressed in units of the particle diameter
(2R) and times in units of the Brownian characteristic time,
R?/D, (=0.047 $, whereDy, is the free-particle diffu-
constant. We also introduce tftBmensionlessinterac-

, whereD=D(¢) is the long-time single-
particle diffusion coefficient in units oD,. 7,=7/(¢)
presents the time taken for a particle to diffuse a distance
equal to its radius.

The quantities defined in Eqs. 4—7 were determined for
suspensions at concentrations listed in Table I. In Fig. 2 we
show the intensitied(q;t) spanning the detector window
during the early and most rapid stage of crystallization for a
suspension beloW$=0.537, Fig. Za)] and for one above
[¢=0.557, Fig. Zb)] the melting concentratiog,,. The ba-
sic features are preserved after form factor divisibig. 3),
according to Egs(1) and (2), and subtraction of the fluid
structure(Fig. 4) according to Eq(3). The scattering vectors
g, and g, bracketing the Bragg peak are also indicated in
Fig. 3. The obvious difference between the widths of the
emerging peaks, seen for the two suspension concentrations,
reflects the respective difference in average crystal size.

BSpy(q) or simply a constant is chosen to subtract the ef-ghjfis in the positions of the peaks to lower scattering vec-

fects of the scattering from the fluid.
Second, the average linear crystal dimengionunits of
the particle diameterR) is given by[25]
L(t)=7K/Aq(D)R, (5)
whereK=1.155 is the Scherrer constant for a crystal of cu
bic shape.
Third, the number density qaverage-sizedcrystals is

Ne(t)=X(t)/L3(1), (6)

tors, indicating expansion of the crystal lattice, are seen to
accompany increases in peak intensities.

Figure 5 shows a typical result for the fraction of crystal,
calculated from the area under the Bragg peak by(&g.as
a function of time, at the suspension concentratier0.548.
As in other work[11,14], the initial fast rate of conversion
from colloidal fluid to crystal is attributed to nucleation and
growth, and the slower rate of conversion, seen at longer
times, to coarsening. The procedures by which the induction
time 7,4 and crossover timey, are determined are also
indicated in Fig. 5. These times are shown as functions of the

and the rate of addition of crystals, which we shall identify suspension concentration in Fig. 6.

as the nucleation rate density, is givenRy(t) =dN.(t)/dt.

Fourth, it is easily shown that the volume fractign(t)
of a fcc crystal is related to the locatiap,(t) of the {111
reflection as follows:

be(t)= @m(HR). ()

973

Since the volume fraction of structures of close-packe

planes is independent of the stacking arrangement, we inte

pret ¢.(t) as the average volume fraction of the crysta

phase, which we assume to consist of close-packed plan

with reciprocal spacing|,(t).

Finally, the volume fractiorp,(t) of the colloidal fluid in
mechanical equilibrium with the crystal is calculated wit
the aid of the equations of state established from comput
simulations for the hard-sphere fluj@6] and crystal[27].

Then, assuming mechanical equilibrium between crystal and
fluid phases to hold during the course of crystallization, we

The broad dynamic range of the crystal growth process is
illustrated more clearly in plots of lad X(7)] versus log 7]
shown in Fig. 7. The overall rate of conversion increases as
the suspension concentration is increased from 0.530 to
about 0.55[Fig. 7(a)], and then decreases with further in-
crease of the concentration to 0.5[f5g. 7(b)]. Note also
that, with increasing concentration, the interval whiie)
increases most rapidly is preceded by a stage of progres-

ively slower conversion which becomes sublinear in time as
Cﬁje glass transitiofig,~0.58 is approached. Power-law ex-
ponentsu, shown in Fig. 8, were obtained from the slopes of
g%raight lines fitted to the steepest sections of theJod7)]
versus logg 7] plots of Fig. 7.
In Fig. 9 we compare, for a suspension from the middle of

h the range of sample concentrations, the fraction of crystal,

gé(a-), calculated from Eq(4), with that obtained from

a2

X(T)=20f Sc(g; 7)da. C)

Am
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Intensity
S(a.t)

7.4

07 (b)

Intensity

6.8 7.0 7.2 7.4 6.8 7.0 7.2 7.4
2R 2gR

FIG. 3. As in Fig. 2, but now showing total structure factors, in
arbitrary units, obtained after division of intensities by particle form
Yactors. The window used in the calculation of the moments of the
peak is bracketed bg; andq,. See text for further description.

FIG. 2. Intensities in arbitrary units vs tlidimensionlessscat-
tering vector 2|R shown at 20-s intervals. Consecutive data sets ar
displaced by 0.08 units. Data are shown far ¢=0.537 and(b)
¢=0.557.

The agreement between the two estimates of the fraction gfrocedure, described in Sec. Il C, used to isolate the Bragg
crystal occupying the sample volume indicates that anyeak. The constant multiplicative difference of about 10 be-
asymmetry of the Bragg peak abayt, has a negligible ef- tweenX(7) and 1-3(7) indicates that most of the “back-
fect. In Fig. 9 we also show the complement g(7) of the  ground” subtracted, in Eq23), is diffuse scattering resulting
amplitude of the fluid structure factdBpy(q) subtracted from the random stacking of close-packed layers rather than
from the total structure fact®(q;t) [in Eq.(3)], to yield the  scattering from the fluid.

structure factoiS,(q;t) of the crystal phase. Assuming that, The average linear crystal dimensiohgr) calculated
during the course of conversion of fluid to crystal, the reducfrom the peak widths via E(5), are shown in Fig. 10. For
tion of light scattered by the fluid is proportional to the in- the lowest two suspension concentratiof#s=0.530 and
crease in intensity of thf111} reflection and the increase in 0.537 the data suffer from considerable statistical uncertain-
diffuse scattering due to random stacking, thenglr) rep- ties, particularly at early times, due to poor orientational av-
resents another measure of the fraction of the sample occeraging over small numbers of crystals in the illuminated
pied by crystal. Note thaB and X have been normalized region. Consequently, it is not possible to specify power-law
such thatB(0)=1 and, for a sample that is fully crystallized, growth-rate exponents in these cases. Nonetheless, one can
X(t;) =1. Aside from random differences at short timg¢;)  see that_(7) has increased significantly over the same time
and 1-8(7) are proportional, giving further support to the interval whereX(7), in Fig. 7(@), shows its strongest rate of



FIG. 4. As in Fig. 3, but now showing crystal structure factors,
in arbitrary units, obtained from the total structure factors after
subtraction of scattering by fluid. See text for further details.

increase. For the sample with concentratibn0.548, close

to the melting value, however, there is an interval where the
crystal dimension increases as the square root in tsee

Fig. 10. The increase irL with time, seen for suspension
concentrations up to aboup,, contrasts the behavior at
higher concentrations where, during the interval over which
X(7) shows its sharpest rate of increase, the crystal size re-
mains virtually constant.

The crystal number densitidd.(7) [calculated from Eq.
(6)] are shown as functions of time in Fig. 11. These results
reflect more explicitly the change, apparent from the behav-
ior of L(7) and X(7), in the crystallization mechanism that
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2qR T
3 FIG. 5. Fraction of crystal vs time fop=0.548. Time is re-
duced with respect to the Brownian time, as discussed in the text.
(b) Also shown are the induction and crossover timgg and 7¢oss
respectively.
value. Power-law exponenis corresponding to the steepest
sections of logy{N.(7)] versus log{ 7], are shown in Fig. 8.
= The maximum nucleation rate densities
8; Rmax_=_(d No(7)/dT)max and the maxi_mum crystal numbe_r
w densities,N,ox, are shown as functions of the suspension

concentration in Fig. 12. Average nucleation rate densities
R,y calculated from the time to readl,,,,, are also in-
cluded in this figure.

From the position of the Bragg peak we calculate, using

log,,[characteristic time]

Eq. (7), the time dependence of the average volume fraction

6.0

o
o
|

| y
° 7 ®
/
4.0 - u u o
] mE ./. ®
oo
3.0 - //‘/
-
[ 1 l |
0.520 0.540 0.560

0.580

FIG. 6. Logarithm of characteristic timeg,y (®) and 7.5 (H)
occurs around the melting concentration. Both the maximunys volume fraction. The solid line shows thdimensionlesstime
rate of addition of crystals and the maximum number of;=p~1, whereD:(l—¢/¢g)2'6 represents a fit to the measured
crystals increase sharply, by more than two orders of magni29] long-time single-particle diffusion coefficients. See text for
tude, as the suspension concentration traverses the meltingtails.



0.58

3060 J. L. HARLAND AND W. van MEGEN
5
0.0 - I
] 4 B
= :
X 1 4 > LT
--é -0.5 — =
o] N 4 9 3
o — M X :
I : £l
_ 1 X
40— A0 & g0 §=05% ¢
O ) —
4 A ] 4 U i d=osa7 2
1A B x e $=0548 | 1 i
_ ! O ,% A J3 ¢ =0553
A8 ‘ ‘ 1 — | |
3.0 4 5 6.0
|Og10 (1] 0.52 0.54 0.56
n b
- () FIG. 8. Power-law exponentg and v vs volume fraction, for
- the fraction of crystalX(t)~t* (M) and number of crystals
0.0 - N¢(t) ~t” (@).

log o [X(x)]
|

! Q J4 ¢ =0557

’ f= A
.04, ¥ P p=2 77 45 =056
147 ®
1o J6 ¢ =0.565
4o . J7 ¢ =0570
—,/n=1 A ¢ =0575
-1.5 ] \ r \
3.0 0 5.0 6.0
109,0[T]

FIG. 7. Logarithm of the fraction of crystal vs the logarithm of
reduced time. Suspension volume fractions are indicated. Power
laws X~ are drawn by dashed lines for exponeptindicated.

¢(7) of the crystal phase. This is shown for the different
suspension concentrations in Fig. 13. Then, with the aid of
the equations of state for the hard-sphere fluid and crystal,
we obtain the volume fractiog (7) shown in Fig. 14, of the
fluid in mechanical equilibrium with the crystal. From Figs.
7, 13, and 14, one sees that conversion of fluid to crystal is
accompanied by decreases in volume fractions of both crys-
tal and fluid phases. The second estimate of the fraction of
the sample occupied by crysta} (1) [Eq. (8)], is shown in
Fig. 9.

The initial and final crystal volume fractiong;(0) and
¢c(t¢), and initial and final fluid volume fractiong,(0) and
¢ (t;), obtained from Figs. 13 and 14, respectively, are listed
in Table I. An indication that equilibrium has effectively
been established at the termination of the measurements for
the lowest suspension concentratios<de,,) is evident

melting concentratiofi.e., ¢.(t;) =~ dpml. .

Table Il displays the times(X,.0, M(Nmay, and T(ésma)()

where we find the maximum rate of crystallization, the maxi-
mum rate of addition of crystal, and the maximum rate of
crystal lattice expansion, respectively. Due to experimental
errors, mentioned above, any differences between these
times are probably not significant for the lowest two suspen-
sion concentrations. However, f@#=0.548, errors in these
times are down to about 3%, and the significance of the
differences between them will be discussed below.

Finally, from the crystal number densitidg(7) (Fig. 11,

log,, [crystal fraction]

‘ N and the concentratiogh(7) (Fig. 14), of uncrystallized sus-

0.0
-0.5
1.0 0
_ O
B o O Ea@
1.5 - O — Ea.(9)
_ 0 )
— EFD VAN Eq. (8)
7O
2.0 I I { I
3.0 4.0 5.0

FIG. 9. Logarithm of the fraction of crystal, estimated by meth-
from the observation that the crystal volume fraction at theods indicated, vs the logarithm of reduced time §+0.557. See
time t=t; is, within experimental uncertainties, equal to thetext for details.
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FIG. 10. Logarithm of the average linear crystal dimengion
particle diametensvs the logarithm of reduced time. Suspension
volume fractions are as indicated in Fig. 7. The dashed line indi
cates the power law~t(5),

FIG. 12. Experimental maximum crystal number densities
N:(maX, (+), maximum nucleation rate densiti€%,,, (®), and
‘average nucleation rate densitiRg, (O). Also shown are nucle-
ation rate densities calculated from E4O) for y=0.65 (dashed

L hanical ilibri ith th | limi line) and y=0.50 (solid line). Nucleation rate densities are in di-
pension In mechanical equiliprium with the crystal, we elimi- mensionless form, in units @0(2R)75.

nate 7 to obtain R.(¢,). The latter quantity expresses the
nucleation rate densities, shown in Fig. 15, in terms of the IV. DISCUSSION
actual prevailing concentration of colloidal fluid. This ex-
pression of the nucleation rate is arguably more meaningful
than maximum nucleation rate densities expressed as func- We begin with a discussion of the features inferred from
tions of the total suspension concentrati@hown in Fig. the intensities and widths of the Bragg peaks. The broad
12). For ¢=¢, the estimated total errors iR (¢), due to  features of the crystallization processes that occur in these
accumulation of experimental errors and possible systematigard-sphere suspensions are displayed in Fig. 7. The induc-
errors in readings, from the equations of state, are too largetion and crossover timegr,q and 7., Shown in Fig. 6,
to obtain meaningful results by this procedure. which may be interpreted, respectively, as the time at which
nucleation commences and the time for the completion of

A. Intensities and widths of Bragg peaks

0.65

0.55

10g4 [T]

FIG. 11. Logarithm of the number densfiiyn units of (2R) 3]
of average sized crystals vs the logarithm of reduced time. Suspen- FIG. 13. Volume fraction of the crystal phas#,(7), vs loga-
sion volume fractions are as indicated in Fig. 7. The dashed line isithm of the reduced time. Suspension concentrations are as indi-
the power lamN.~t" for »=3. cated in Fig. 7.
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FIG. 14. Volume fraction of the fluid phasg(7), vs logarithm £, 15, Nucleation rate densify,(¢) vs actual volume frac-
of the reduced time. Suspension concentrations are as indicated jn of the fluid phase. Suspension concentrations as indicated in

Fig. 7. Fig. 7. Vertical lines indicate error estimates.

crystallization, quantify previous observatiof8] that the (iii) a stage of much slower conversion that might be identi-
crystallization rate varies nonmonotonically with the suspenfied with coarsening. We discuss each of these stages in turn.
sion concentration, between freezing and the glass transition, (i) As the suspension concentration is raised an increas-
with a maximum rate occurring around the melting concen-ingly prominent slow stage of conversi@iig. 7) and crystal
tration ¢,,. Note also that as the glass transition concentraaddition(Fig. 11 precedes the stage of rapid nucleation and
tion ¢, is approachedys,q and 7, Scale approximately growth. We attribute this slow stage to the relaxation of re-
with the inverse of the long-time single-particle diffusion sidual shear-aligned structures formed during tumbling of the
coefficient[29]. For the purposes of the following discussion samples. It seems plausible that, with increasing suspension
we define the(concentration quench depth by the quantity concentration, dissipation of any strongly asymmetric, and
A=(d— 1)l (P~ d1), SO thate,, is the concentration that therefore thermodynamically unstable, structures becomes
delineates shallowA<1) from deep(A>1) quenches. slower and competes increasingly with the process of homo-
In Figs. 7 and 11 three stages of fluid to crystal convergeneous nucleation. In colloidal glag$>¢,) these shear-
sion X(7), and crystal additiofN.(7), can be identified(i) an  aligned structures appear to remain partly intact, and seed the
initial relaxation stage which becomes slower with increas-growth of quite large and irregularly shaped crys{as].
ing suspension concentratiofii;)) a fast stage of conversion, (i) From Fig. 7 one sees that, at least over a limited
associated with nucleation and growth, that crosses over tmterval, the stage of most rapid crystallization can be de-

TABLE II. The first column shows the sample concentratigns(X a0, MNmayd, and (P2, are, respectively the times corresponding
to the maximum rate of crystallizatiord&/d7) nax, the maximum rate of nucleatiordN./d7) nax, @nd the maximum rate of reduction
—(d¢/d7)max Of the concentration of the crystal phaéérrors in the stated times are about 3% for all except the lowest two concentrations
where they are about 20%The fifth column lists the time difference®= (X0 — M dmay, and the last column lists the times=D !
required for a particle to diffuse a distance equal to its radius; the diffusion coefficient is given by the expbesgibr ¢/¢g)2'6, which
fits the measured long-time single-particle diffusion coefficients. The times shown here are expressed in units of the free-particle charac-
teristic Brownian timesee Sec. IV A for further details

¢ 7'(Xmax) T(Nmax) 7'(¢max) or 7

0.530 6.9<10* 4.1x10 5.8x 107
0.537 1.x10 1.0x10* 1.1x10* 8.7x10%
0.548 4.5¢10° 3.5x10° 4.0x10° 4.6x 107 1.8x10°
0.553 4.5¢10° 4.3x10° 3.2x10° 1.4x10° 2.9x10°
0.557 5.1x10° 4.9x10° 4.1x10° 9.4x10% 4.4x10°
0.561 8.1x10° 7.9x10° 6.4x10° 1.8x10° 7.2x10°
0.565 1.x10 1.3x10* 9.6x10° 3.7x10° 1.3x10*
0.570 3.x10 3.7x10 3.1x10 6.5x10° 3.8x10

0.575 2.X10° 1.6x10° 5.3x 10 2.3x10°
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scribed by a power law, i.eX(7)~ 7. The growth exponents simulations by Bolhuis and Kofkg32], who computed the
w shown in Fig. 8 range from about 4, at the lowest concen€oexisting solid-fluid phase boundaries for hard spheres with
trations studied, to around 2 as the glass transition is apeontinuous and symmetrical particle size distributions,
proached. showed that the solid phase has a lower polydispersity than
For shallow quenche@<¢,, or A<1) [Fig. 7(a)] the fast  the fluid. For a system with an average polydispersity of 5%
increase inX(7) is accompanied by a significant increase inthe difference in polydispersity of coexisting fluid and solid
the average linear crystal sidg(7) (Fig. 10. As discussed in  phases was found to be about 1%. Although the fractionation
Sec. lll, experimental noise does not allow us to specify theequired to attain this small difference in composition may
power-law growth exponents fdr(7) at the two lowest con- pose a negligible kinetic impediment during initial nucle-
centrations¢$=0.530 and 0.537. ation and growth, ensuing growth may be strongly hindered
SinceX(7)=L3(7)Ny(7)~ * andu~3 for $=0.530 and due to the need for increasingly significant particle rear-
u~4 for $=0.537, one obtains, by assuming constant nuclerangements as an increasing fraction of dissimilar particles
ation rates, crystal growth exponents of about 0.7 and 1.Qsecomes trapped in the regions between the crystals. This
respectively. These exponents agree with those obtaineslow ongoing growth will contribute to the intensity of the
from small angle scattering on suspensions of the same paBragg peak, but it may also delay the onset of coarsening of
ticles[30]. However, the assumption of a constant nucleationtrystals in contact and obstruct its progress. While the largest
rate cannot be justified on the basis of our data, and thgower-law exponents extracted here from the long-time be-
possibility of accelerated nucleation along with more re-payior of the average crystal size are smaller than predicted
tez%srffv?/ocgjézle%rs?gﬁhclsr\?fe gﬁggg;gesﬁ:gggdﬁgréorl:(‘jeelec(’jwbl% the classical coarsening model, the increasing slopes of
. ; . : ' 109, L(7)] versus log{ 7] seen at long timegin Fig. 10
the slightly higher c_oncentrauon¢=Q.548 (sampIeJZ}, Iso suggest the possibility that the classical coarsening pro-
where.the data permits better resolutlgn of the Tpltlaak V.V'dth ess has not been attained during the period of observation.
early times, growth is sloyver and Supl'n.@mw. ] (Fig. Second, recent measurements inf[@$] that the extent of
10) and the accompanying nycleatmimg. 19 IS clearly ._random stacking slowly decreases when these colloidal crys-
;ﬁgileg?t:gl Vggftgg\r,it:fgsugg?ebaé %Eggrnzngesr;%:r:lslso- Is are left undisturbed for long periods. The gradual reduc-
these ory for that matter sr¥1al| angle, scattering gxperiment ion in_stackin_g faults as the stre;s on the crystals is relaxed
! ' ' ?See Fig. 1Bwill increase the fraction of close-packed planes

Al r?t'gAQ'%h?rr] c%ncentr§t|onst(¢l>|.20.t.55),. or dﬁetperl and, as seen in Fig. 7, gradually increase the intensity of the
quenche » (N€ Observea crystalization IS quaiitatively corresponding Bragg reflection. Our detector window was

d]f:ere”nt. Thetsn][allest cf[LySt?I size :Jete(itlad:,IZ;)e,( r)emlglns too narrow to observe the other signatures associated with
virtually constant over the time interval wheX(r, [ ig. r{andom stacking effecf4,33,.

7] sr_\ows Its strongest rate of increase, suggesting Fha In Fig. 7(a) one sees that the fraction of crystx(t;),
girys:aglzgtmtr;] IS fdo;nma‘;e?h by nl\j\?l?allt'\?vn' )l\(/lorﬁo;]/ter, "’;(S Nhresent at the termination of the measurements increases
q?e ?/ t'e ac al f;o EI;Ia ETEO (_aths>elcee ith increasing suspension concentration. This increase in
Ejsnelg’Fr}U(s: eg :r?dlsﬁglf:r?ee;a ero(xqi%ateC(a:)reerh\g;lt k;/etweenx(tf) is consistent with the increasing equilibrium fraction
the ma>?irﬁum and avera e?"n%cleation ra?e densRiggand L & ¢0)/(dm— by Of crystal expected for samples with

9 i concentrationg $=0.530 and 0.53/7between the freezing

Ra"tatt;h? hlgr;elrl_sutgpensmn cgngenttrr]atlcéﬁug. 12 sug]: and melting values. Recall thXt(7) has been normalized so
gests that crystailization proceeds Dy the appearance of cry jatX(t;) =1 for $=0.545. However, as the suspension con-

talslln a burst.tTdhls sudden apfpﬁa'rglr:ﬁetof I?rgg nulmbebrs ntration is increaseffFig. 7(b)], X(t;) continues to in-
nuciel, separated by regions of luld that extend only about e ,se to a maximum value, given by JgeX(t;))~0.3 at

20 particle diameters, seems to be responsible for suppresa—zo_%l_ Since we have already concluded that crystalliza-

LY _§|gn|f|cant crystal gr_owth. L tion is dominated by nucleation at the higher concentrations,
: (iii) At.thi longest tm:gs the comlbln_atlon .Of the. slow a corollary to the suggestion of the preceding paragraph is
Increase Iln the average mr:aar crysta cpmensluﬁm) (F!g. that fewer stacking faults are formed during nucleation than
10), and slow decrease in the number of crystdler) (Fig. churing growth. Current work is aimed at addressing this is-

11), indicates coarsening of large crystals at the expense ue. Beyond the concentratio=0.561, log(X(t;)), de-

sma!ler ones. However, th? intensity of the Bragg reﬂectionc eases, presumably due to the rapidly slowing particle dif-
continues to increase, albeit at a much slower rate, to the e sion as the glass transition is approach2,2d.

of the measurement. In addition, we find that the power-law
growth exponents associated with the increase in crystal size
at long times(Fig. 10 range from about 0.005 to about 0.2.
These values are smaller than 0.5, predicted for the classical In this section we discuss the behavior determined from
coarsening process of crystals in confa@¥]. These features the position of the Bragg peak. Figures 13 and 14 indicate
suggest the existence of processes other that coarsening. Twwat in all cases the volume fractions of the crystal phase and
explanations are offered here. the fluid phase decrease monotonically with time. Since the
First, due to the polydispersity, which is about 5% for thetotal volume of suspension is fixed, a decrease in the volume
particles used in these experiments, some compositiondétaction of the fluid is expected to accompany the formation
change may occur as the particles from the middle of thef a solid phase that is more densely packed than the fluid.
particle size distribution are preferentially accommodatedlrhe reduction ing, produces a decrease in tfieorma)
into nuclei and growing crystals. Indeed recent Monte Carlcstress on the crystals and allows them to relax. From these

B. Peak positions
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results and Table I, one observes that for samples whose tottile fraction of crystalX(7), obtained directly from the Bragg
concentrations(¢=0.530 and 0.537 are below melting, peak intensityfEqg. (4)] and X*(7), based on the assumption
¢,(t¢) and ¢.(t;) coincide, within experimental error, with of mechanical equilibrium between fluid and crystal phases
the freezing and melting concentration(=0.499 and [Eq. (8)], one notices thak(7) lags X*(7) slightly.
¢n(=0.545, respectively, of the hard-sphere system. Thus, From Table Il one sees that for deep quenches, since
at the termination of the measuremént=20 h), these sus- (X, 0~7(Nna, Crystallization and nucleation occur to-
pensions have phase separated into crystal and fluid in equiether. Howevers{(¢ .0 <™ Xmay, i-€., nucleation lags lat-
librium. For ¢>d¢,, one expects, at equilibrium, a crystal tice expansion. A possible picture suggested by these obser-
phase with volume fraction equal to that of the sample. Sinceations is that the concentration gradients, produced in the
t; is the same for all experiments, the increasing differenceolloidal fluid in the wake of nucleation, relax prior to fur-
¢.(t;) — ¢ between the volume fraction of the crystal phasether nucleation. The time intervals (Table |lI)
att=t; and the(total) volume fraction of the samplg.e., the  67=7(X 20— T(dmay @re significantly smaller than the times
difference betweewp and ¢.(t;) in Table )) indicates a pro- 7, required for a particle to diffuse a distance equal to its
gressively slower approach to equilibrium as the suspensioradius. The time$r may be sufficient, however, for the re-
concentration is increased. laxation of concentration fluctuations of wavelength compa-
One also sees, from Table I, that the volume fractions ofable to the estimated average surface to surface distance,
the first identified crystals are significantly higher than theabout 20 particle diameters, between the nuclei. We note that
total volume fraction of the suspension. In fact, the initial for suspensions of hard-sphere particles, the collective diffu-
crystals have a volume fraction greater than the volume fracsion coefficient characterizing relaxation of concentration
tion at melting [¢.(0)> ¢,,], even when théaverage sus-  fluctuations on this scale is almost independent of the con-
pension volume fraction is less than the melting value. Bycentration[34].
comparing the values fap and ¢,(0) (Table |, one notices The nucleation rate densities are shown in Fig. 15 for
that, for shallow quenches, the volume fraction of the fluid ineach suspension concentratigs>0.55 as functions of the
mechanical equilibrium with the crystal is significantly less prevailing (averagg fluid concentration. A reasonable coin-
than that of the suspension, i.e(0)<¢. Bearing in mind ~ cidence of the nucleation rates is obtained for colloidal fluid
that when the Bragg peak can be first identified with confi-concentrationsg, , from about 0.535 to about 0.555, for the
dence only a few percent of the suspension has actually cryfour samples)3—J6. Thus, during the initial stages of nucle-
tallized, the picture that emerges is one where the crystals af$ion, pressure balance between crystal and fluid appears to
encapsulated by a region of fluid of lower concentration tharP® Maintained, and the nucleation rate is independent of the
the average suspension concentration. As discussed recen'éw/tlal suspension concentration. At the highest two suspen-

by Ackerson and Schzel[11,12, a depletion zone develops fon concentrations initial nucleation is more strongly sup-
during the growth of crystals in the coexistence region fc)rpressed than at lower concentrations by relaxation of the

systems, such as hard spheres, where there is a significaf’qeared fluid. As nucleation proceeds, the time lags between

tration diff betwedaguilibrium) tal and He nucleation and relaxation of crystal and fluid concentra-
ﬁﬁﬂjcf)ﬂ;:elgn Ifterence betweeaquilibrium crystal an tions, discussed in the preceding paragraph, trangiase

- Fig. 14 into the diverging nucleation rates, seen in Fig. 15,
Note also from Table Il that, for$=0.548, (N,

- g when the fluid concentration falls below about 0.535.
< Xma and (X2~ dmay- It IS evident, therefore, that
nucleation precedes crystal growth, but that lattice expansion
occurs at the same time as crystal growtExperimental ) ] ]
uncertainties prevent quantitative comment for the lowest AS mentioned in Sec. IV A, Bolhuis and Kof{&2] re-
two concentrations cently explored the freezing-melting transition of assemblies
For shallow quenches our observations, along with th&f hard spheres with continuous particle size distributions

small angle scattering studies in Rdfs1] and[30], suggest FSD(’jstEytmeallng of Mqtr1te I(tiarloﬂgzompluter s}multgtion. ;Hsﬁy
that solidification proceeds by the formation of isolated nu- ound that polydiSpersity afters ) € volume fractions of the
coexisting solid and fluid phases; for a system with an aver-

clei and crystal growth. The results suggest further that, tQ

. L . - . age polydispersity of 5% the freezing and melting volume
varying degrees, growth is limited by diffusion of partlclgs 0 frgctigng incpreasg, respectively, fromgO.494 and (9).545, the

the crys_tal-fluid inFerfacr—_z, gnd that growth is the domlnanR/alues for the one-component hard-sphere system, to about
mechanism by which fluid is converted to crystal. 0.502 and 0.550as read from Fig. 3 of Ref32]). Therefore,

Continuing the discussion of Figs. 13 and 14 and Table llyne could argue that in order to allow for the effects of the

for deep quenches, one sees that,$010.55, ¢, (0)~¢, i.e.,  5o4 polydispersity, estimated for the suspensions used here,
the volume fraction of the fluid in pressure balance with theihe stated effective hard-sphere volume fractions should be
crystal phase is almost identical to tftetal) volume fraction  muyltiplied by the factor 0.502/0.494. However, to facilitate
of the suspension. Thus, if the colloidal crystal and fluidcomparison with previous studies of the particle dynamics
phases obey the equations of state predicted for the har@nd the glass transitiof22], which were performed on the
sphere system, a premise supported by the equilibrium phagame suspensions as the crystallization studies reported in
behavior observed for these suspensitsee Sec. Il A, and this paper, we refrain from applying this multiplication here.
Refs.[6] and[16]), these results indicate that the first crystals  In another recent experimental stu@p] the particle dy-
observed are effectively in mechanical equilibrium with thenamics and crystallization kinetics were compared for sus-
fluid. However, when comparin@n Fig. 9) the estimates of pensions of hard-sphere PMMA particles with polydispersi-

C. Effects of polydispersity
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ties of 6% and 11%. However, the broader PSD wadliffusion coefficient measured on metastable fluids of these
negatively skewed rather than symmetrical, as used in thparticles[29]. The constanfA and the surface tension are
computer simulation§32]. No appreciable difference in the treated as free parameters.

equilibrium phase behavior was found between the two sus- Rgass IS shown in Fig. 12 for two values ofy with
pensions and, when the volume fractions were scaled by th&=0.01. SinceR,ssfollows the data for values of that fall
one-component hard-sphere freezing volume fraction, as out? the range of current theoretical and computational esti-
lined in Sec. Il A, no significant differences in the particle Mates for the surface tension of the fluid-crystal interface of

dynamics nor the location of the glass transition were obhard sphere$40], it seems that nucleation in hard-sphere

served. The only significant difference in the observed peSuspensions can be described by classical nucleation theory.

havior of the two suspensions was that crystallization in thdt Should be mentioned, however, that the theoretical esti-
more polydisperse system was about ten times slower. Thg'ates ofy apply to planar interfaces separating fluid and

reduction in the crystallization rate was rationalized in termsCryStaI in equilibrium. The extent to which these estimates

of a fractionation process in which the smaller particles ar apply to the curved interfaces and the nonequilibrium condi-
: P ) . P Yions that prevail during the crystallization process is not
ejected from the nucleating and growing crystas].

lear.
The experiments in this paper and those on R8§], clear

. . . With the aid of Fig. 12 it is not difficult to appreciate a
along with density functional theory36] and computer ,qqihle mechanism for the accelerated nucleation seen in

simulation[37], which predict partial demixing on solidifi- Fjg 11, When the colloidal fluid is quenched to a concentra-
catlon_of a b__lnary mixture of hard spheres when the d'ff?r‘tion to the right of the maximum iR, versuse, the nucle-
ence in radii exceeds about 6%, and complete demixingtion of crystals more compact than the fluid results in a
when the difference is 15% or more, suggest the followingreduction in the concentration of the remaining flufig.
scenario for the crystallization process of polydisperse sust4) in which, according to Fig. 12, the nucleation rate is
pensions. When the polydispersity is small, say less thagreater than in the original fluid. Thus nucleation is a posi-
about 5%, the fraction of particles that cannot be incorpotive feedback process fap= ¢, .

rated into the crystal phase is small and, as conjectured in Caution must be exercised, however, in interpreting the
Sec. IV A, only growth at late stages, when the final comple-above as confirmation of classical nucleation theory, cer-
ment of crystal is close to being attained, and coarsening arf@inly at the higher suspension concentrations. FRgtesis
likely to be impeded by the need to eject particles from thevery sensitive to the details of the equations of state and, as
extremities of the PSD. However, in systems with signifi- Fig. 12 illustrates, to the value gf Second, if the nucleation
cantly larger polydispersity there will be an increasing re-could be described by the formation of isolated nuclei, one
quirement for fortuitous composition fluctuations to occur inwould expect to find the nucleation rate density to be a
concert with concentration fluctuations in order to form nu-unique function of the concentration of the fluig, and

clei and effect growth. The symmetry of the PSD is alsoindependent of the total suspension concentratipnfor
likely to play a significant role. It is not difficult to appreciate deep quenches the results of Fig. 15 show this not to be the
that a polydisperse system in which the PSD is negativelfase in general. Rather than independent nucleation events,
skewed is more favorably disposed to crystallization, in ki-the time lags between lattice expansion and nucleation and
netic terms, than those with an equivalent but positivelythe accelerated nucleation suggest that nucleation events ob-
skewed PSD. The issue of polydispersity is interesting angerved here are strongly coupled.

important, and we are presently engaged in a systematic

study of the influence of polydispersity on the particle dy- E. Small angle light scattering
namics and crystallization kinetics. Small angle light scatteringSALS) has also been used to
study the crystallization kinetics of suspensions of PHSA-
D. Classical nucleation theory stabilized PMMA particle11,30. In these latter studies

tetralin instead of Cswas mixed with decalin to achieve
refractive index matching of particles and suspending liquid.
However, previous work with these suspensi¢h6] indi-
cates that this difference in solvent has no effect other than a
change in the solvent viscosity. In SALS the amount of crys-
tal and the crystal size are obtained from the maximum in-
tensity |, and the positiorg,, of the low angle peakl1].

This method gives the strongest signal at low suspension
concentrationd ¢ ¢,,,) where scattering arises from large
wherey [in units of kT/(2R)?] is the surface tension of the isolated crystals but then the signal deteriorates for concen-
fluid-crystal interfaceAw (in units ofkT) is the difference in  trations above the melting value. SALS therefore compli-
the chemical potential between the crystal and fluid phasesnents the Bragg angle scattering employed here, which is
A is a dimensionless factor, afdl is the particle diffusivity — clearly most reliable at higher concentratididsz ¢,,) where
relative to the free-particle diffusion constabty. In evalu-  scattering emanates from large numbers of randomly ori-
ating R .ssWe calculateAu from the equations of state of the ented crystals.

hard-sphere crystd26] and metastable fluifi27]. For the In the concentration range, from about 0.53 to about 0.55,
dimensionless  diffusivity we use the expressionwhere the two techniques overlap, significant similarities can
D=(1- <;5/<;§g)2'6 which fits to the long-time single-particle be inferred from the respective results. In SALS, nucleation

The classical theory of nucleati¢d,5], recently reformu-
lated for hard spherd$8,39, gives the following result for
the nucleation rate density:

4733
Rojass= A¢**D ex;{ - W}'
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and growth are identified with an initial sharp increasé.jn  in the present work, is associated with the slowing of diffu-
This intensity increase is accompanied by a significant desion as the glass transition is approached rather than critical
crease irg,, for $=<0.545, but it remains almost constant for slowing. Second, we cannot identify a time lag between
higher concentrations. The crystallization mechanism indinucleation and growth because, for deep quenches we find
cated by these observations is crystal growth that is generallgrowth suppressed by very high nucleation rate densities.
sublinear(diffusion controlled, accompanied by a constant Third, the number of particles in the first identifiable crystals
rate of nucleation below the melting concentration, and acis of order 1000, whereas the critical nuclei seen in the simu-
celerated nucleation with comparatively suppressed crystdtions are composed of tens of atoms.
growth above melting. Crossover from nucleation and Finally, we should point out that we associate the first
growth to coarsening can be identified at timeg,sthat are  identifiable feature that discerns itself from the fluid structure
in agreement with those obtained here. with the interlayer reflection from close-packed planes. In
An important difference between the two techniques isthis sense we essentially preclude potential identification of
that Bragg scattering is sensitive only to those regions, withhe ramified structuref42], and possibly other thermody-
average linear dimensidn, of an imperfect crystal or poly- namically unstable precursdré6], found in computer simu-
crystal that satisfy the Bragg condition, and the scatteredation studies. Current experimental work that explores crys-
intensity is proportional td_3. In SALS the scattered inten- tallization kinetics over a much broader spatial window than
sity is proportional to the square of the volume of the wholethat used in the experiments reported here has so far failed to
polycrystal. For these reasons the behavior observed in thgive any tangible evidence for the existence, although possi-
coarsening regime, at long times, differs for the two ap-bly transient, of structures other than close packed.
proaches. Where the Bragg peak intensi{r) increases
monotonically(see Fig. 7, |, obtained in SALS show sig- V. CONCLUSIONS
nificant dips forr> r,s before increasing in a manner that is ) ) ) ) )
consistent with coarsening. These intensity dips have been Crystals in suspensions of particles with hard-sphere-like
attributed to the breakup of crystals along grain and facetntéractions consist of randomly stacked close-packed layers.

boundaries under the action of gravitational stresses. Between freezing and the glass Fransition, crystallization pro-
ceeds by homogeneous nucleation. From the moments of the

interlayer reflection we calculate the amount of crystal, the
) . i ) ) _ average linear crystal size, the number of crystals, and the
Computer simulation provides a view on microscopic gverage volume fraction of the crystal phase as functions of
length and time scales that is often inaccessible experimeRime. In contrast to previous studies, crystal nucleation and
ta”y and, since the first diSCOVery of a nucleation event bygrowth rates are Obtained free from any assumptions con-
Mandell, McTague, and Rahmdd1], numerous molecular cerning their time dependencies.
dynamics simulations have explored the process of homoge- For shallow quenches we find that crystallization pro-
neous nucleation in undercooled liquids of simple atomseeds by nucleation and growth. Moreover, a slight time lag
[42]. In more recent simulatior{#3,44 it has been possible petween nucleation and fluid to crystal conversion points to
to delineate the formation of a critical nucleus from the onsethe classical picture of sequential nucleation and growth. Our
and completion of rapid growth. For shallow quenches th&indings for shallow quenches are compatible with those of
nuclei are compact, and the time lag between nucleation anga|S studies on suspensions of particles similar to those
growth, signaled by the release of latent heat, decreases witfted here.
quench depth. These features appear to be in accord with For deep quenches we find several interesting features.
classical theory. For deep quenches, however, the criticatirst, crystal growth is suppressed by high nucleation rates.
nuclei have a ramified, or some other thermodynamicallyjn addition, we observe nucleation rates that are accelerated
unstable, structurgt2]. The times to nucleation and comple- rather than constant as is generally assumed. Second, the
tion of growth are independent of the quench depth, but thgoncentrations of the fluid and crystal phases decrease mono-
time interval from nucleation to the commencement ofonijcally during the crystallization process. Third, the first
growth decreases with quench dep#2]. In addition, the jdentifiable crystals are in mechanical equilibrium with the
single-particle diffusion coefficient shows only a weak tem-f|yid, and strongly compressed by it. Relaxation of the crys-
perature dependence. These findings for deep quenches cagrattice slightly precedes subsequent nucleation; we specu-
not be reconciled in terms of classical theory, and the explagte that continued nucleation requires relaxation of concen-

nation given for the appearance of unstable critical nuclejration fluctuations induced in the fluid by prior nucleation
and the increasing time lags is that nucleation is influencedyents.

by an underlying spinodd#3,45.

It may be tempting to relate the departures from classical
nucleation theory, observed for deep quenches, in computer
simulations with those in these hard-sphere suspensions.
However, there are important differences. First, while the This work was supported by the Australian Research
occurrence of strongly coupled nucleation events, observe@ouncil. We thank Phil Francis for his technical assistance,
here forA>1, may be symptomatic of spinodal behaviggy;  and Sylvia Underwood for the preparation of the suspen-
and 7. (Fig. 6) scale with the inverse of the diffusion sions. We also acknowledge many valuable discussions with
coefficient, which is a strong function of the quench depth.Bruce Ackerson, Peter Harrowell, Stuart Henderson, Sylvia
This suggests that the slowing down in nucleation, observetdnderwood, and Heiner Versmold.

F. Computer simulation
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