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Structural aging of crystals of hard-sphere colloids
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We report a detailed experimental study of the aging of(thiéial) random hexagonal close-packeticp
crystals formed in suspensions of hard-sphere colloids near the melting point. By suspending the same colloi-
dal particles in two different mixtures of solvents we are able to tune the strength of the gravitational forces
acting on the particles. The crystal structure is deduced from diffraction patterns measured by the light
scattering equivalent of powder x-ray crystallography. A spontaneous aging of the structure is observed over
long periods of time, consisting of a fraction of pure face-centered dfdx crystals growing at the expense
of the randomly stacked crystallites. The rate of growth of the new crystals is small and consistent with the
predictions by Pronk and Frenkgl3]. Gravity is also revealed to affect the crystals and favor fcc order but
through a slow gradual rearrangement of the random stacking. An important new observation is that small
mechanical perturbations can strongly affect the structure of the colloidal crystals, promoting fcc growth and
interfering with the spontaneous aging process. Previous experimental results are also discussed in the light of
these new findings.
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I. INTRODUCTION situated in the range- 0.001<AS<0.002, in units ofkg,
indeed very small but still not precise enough to identify the

Hard spheres in thermally-induced motion constitute astable structure. Other studies also took place around the
simple and important model of condensed matter in bottsame time using density functional theory but the results
equilibrium and nonequilibrium states. Despite the lack ofwere also inconclusive: Colot and Balik)] found that the
either long-range interactions or attractions, such a systerfiee energy difference was too small to be evaluated, while
exhibits a first-order phase transition from a fluid phase to dgloi [11] found that fcc was slightly more stable than hcp
crystal phase upon increasing concentrafib@]. This freez- but with a difference of the same magnitude as the error
ing transition is driven by entropy and occurs at a concentraassociated with the calculations. Only very recently have
tion where the decrease in the glokakr configurational — new computer simulation techniques, implementations of the
entropy of the system is more than offset by the increase iso-called multicanonical Monte Carlo method, allowed reso-
the local(or free-volume entropy. Ever since the first simu- lution of the very small entropy differences involvéti2—
lations of the late 195041,2], hard-sphere freezing has been 15]. These studies find that fcc is entropically favored over
studied extensively, both theoretically and experimentallyhcp, with an entropy differenca&S~10 3kg per sphere and
While theoreticalcomputer simulationstudies of the stable an uncertainty inAS down to as low as 10°kg. In the
structure of the hard-sphere crystal now appear to havehermodynamic limita crystal of infinite sizg the fcc struc-
reached definite conclusioribelow), the experimental situ- ture has also been shown to be more stable than any of all
ation remains ambiguous. other possible stackingd4].

The structure in which equal-sized spheres can be ar- Experimentally, hard spheres can be approximated by
ranged so as to minimize the volume they occupy is a stackspherical colloidal particles, suspended in a liquid, with re-
ing of close-packed hexagonal lay¢Bs-5]. As we will see  pulsive interactions whose ranges are very short compared to
in more detail in Sec. lll, there are many ways in which thisthe particle radius. Deviations from ideal hard spheres are
can be done, leading to many different structures. The twalue to polydispersitya distribution of sizgand to interac-
simplest structures are face-centered cubic, f@n tions. Polydispersity can usually be minimized+®8-5%.
...ABCABC. .. stacking, Sec. lJland hexagonal close- The van der Waals attraction can also be reduced by match-
packed, hcpan ...ABABAB... stacking. The free en- ing the dielectric constants, or refractive indices, of the
ergy differences between the different hard-sphere crystals apheres and the suspension medium. Since the free energy
fixed volume are due only to differences in entropy, since thdifferences between the different stackings are very small,
energy is the same for all allowed configurations. The quesene would expect the spontaneous generation of stacking
tion of which crystalline stacking of hard spheres near closdaults during crystallization which could be slow to “anneal
packing has the highest entropy was first tackled numericallput.” Indeed, more than a decade ago, a study by Pasay.
back in the late 19606 —8], looking only at the fcc and hcp [16], based on light scattering measurements of powder dif-
stackings. The entropies were obtained by integration of théraction patterns of crystals of nearly hard colloidal spheres,
pressure, calculated from molecular dynamics simulationsshowed that, near to the melting concentration where crys-
However, these early studies were not accurate enough tallization is fast, the structure was essentially completely
detect any entropy difference between the two structures. Aandom hexagonal close-packed, rhepg., a stacking like
decade later, Frenkel and Lafé] used a new Monte Carlo ...ABACBA...). However, the crystal structure was re-
method to compute the free energy of the two structures angorted to tend towards fcc on increasing or decreasing the
found an entropy differencé S=S;..— S,cp, per sphere, concentration of the samples, i.e., when crystallization is
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slower. Further work by Chuil7,18 also seemed to indicate thin (10—15 nm thick chemically grafted layers of poly-12-

that with time, and at all concentrations, the crystals riperhydroxystearic acid(PHSA chains[23]. They were dis-

into the fcc structure. _ o _ persed in two different organic media. The first consisted of
Experiments have also been carried out in microgravity; mixture of cis-decahydronaphtalenéis-decalin, n

[19,20; under such conditions, the structure of the crystals_ 1.4810) and 1,2,3,4-tetrahydronaphtalerttralin, n

was first reported to remain completely random hexagonal , ,
close-packed and, by comparison with the earlier ground- 1.5410) in proportions chosen so as to nearly match the

based studies, it was therefore concluded that gravitation{ﬂ?fr""cn\’e index of the partlcle§4]. The resultlng density
stress promotes fcc. More recently, however, Chengl. difference between particles and solvent in such samples was
[21] have reported data collected in the same microgravithen found to be\ p~0.3 gcn1>. For the second, we nearly
conditions which show the gradual growth of fcc crystals_matched the density of the medium, as well as its refractive
The authors thus concluded that fcc is the equilibrium-stabléndex, to that of the particles. This was achieved by mixing
structure for hard-sphere crystals. Also quite recently, andis-decalin p=0.897 gcm?3) and bromocycloheptanen(
indeed at the same time as the work to be described here;1.5052, p=1.289 gcm ), which bracket both the den-
Kegel and Dhon{22] performed a slightly different study, sity and the refractive index of the particlga5]. However,
looking at the “aging” of different initial stacking structures the slight swelling of the particles by this mediurs {% in

generated by applying various types of stress during crystahgiug led to a larger density mismatch than projected, with
nucleation(in “milligravity” conditions, obtained by nearly Ap~5x10"2 gem 3

matching the densities of the particles and the suspension He o ; ; .
medium. They found that “faulted-twinned fcc” crystals The mean radius of the particles measured by light scat

grew at the expense of the randomly stacked crystals. Fu}_ermg and crystallography is 2420.5 nm in the nearly-

thermore when such crystals were generated initially, ndn_dex-matcm_ng mixture and_2450.5 nm in the _other me-
change was found over a considerable time. They thereforg'um‘ Th_e size polydlspersn[/(standard deviation of the
concluded that the randomly stacked structure could not bBarticle size distributioyimear], measured by two-color dy-
the equilibrium structure of crystals of hard colloidal sphered?@Mic light scattering26,27, on dilute suspensions in pure
but rather that the faulted-twinned fcc structure was the thercis-decalin, is 5.60.5%.

The aim of the present work is to observe and study thénteraction between the particles is well approximated by
expected aging of the initially random-stacked structure othat of hard spheref24,25,2§. This was also verified here,
colloidal hard-sphere crystals towards fcc ordering. We ardy observing the position of the fluid-crystal transiti®].
interested in particular in observing the effect of gravity onSeries of samples with concentrations spanning the transition
the evolution of the crystal structure. This is done by study-were prepared from the same stock solution by removing/
ing in parallel two(nearly hard-sphere suspensions, essen-adding known masses of solvents. A similar phase behavior
tially identical in every respect except for the density differ-to that expected for hard spheres was observed upon increas-
ence between particles and suspension medium. Detailag volume fraction¢ (fraction of the total sample volume
about the colloidal suspensions used will be given in Secgccupied by the particlesAt low ¢, samples remained in a
Il A. The experimental setup used to probe the crystal strucsjngle homogeneous phase, with a fluidlike arrangement of
tures consists of the light scattering equivalent of powdetne particles. Above a gives, crystal nucleation took place
x-ray crystallography16J; a brief description of the appara- anq coexisting colloidal fluid and crystalline phases were
tu; is outlined in Seé:.. rl]l Bi In Sec.kl'll we then identify the ,pqereq the relative fraction of the sample occupied by the
cifrent ways I which, slose pacing may be. Seneratedysals increasing inearly it Finaly, t ighers, te
outline the model used to analyze the measured spectra. TR mplgs becamg completely f||!ed W'th crystallites. Th_e con-
ntration at which crystallization first occured was identi-

results of our experiments and their analysis are presented ) . :
Sec. IV, where a qualitative assessment of the effect of gra ied with the hard-sphere freezing volume fractiaf:
ity can be made immediately by direct comparison of the=0-494, as determined by computer simulatif8@, and all

results obtained for the two systems. In this section, we als§ther concentrations were scaled by that same factor to pro-
present rather unexpected results on the aging of the cryst¥ide effective hard-sphere volume fractiofguoted herg
structure when subjected to small mechanical perturbationd.he corresponding hard-sphere melting volume fraction,
The perturbations are those imparted to the samples duringhich was identified with the lowest concentration at which
(carefu) transits between storage and measurement rig. Yegamples were fully crystalline, was then found to be

as we will show, the effect on the crystal structure are sig—=0.544. This value is in very close agreement with that de-
nificant. Finally, in Sec. V, we discuss our results, compargermined from computer simulationg,,=0.545 and sup-
them with other recent experimental works as well as currenports the assumption of a steeply repulsive potential close to
theoretical predictions, and we briefly summarize our conthat of hard spheres.

clusions in Sec. VI.

Il. EXPERIMENTAL DETAILS B. Scattering setup

The structure of the crystals formed was studied using the
light scattering equivalent of powder x-ray crystallography

The particles used in this study consisted of poly-[16] (schematic shown in Fig.)1The beam of a Kf-ion
methylmethacrylat§ PMMA) cores stabilized sterically by laser(tunable wavelength, 476.2—647.1 nmas expanded

A. System
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Mirror
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g

_§>4: : 1 FIG. 1. Schematic of the static

Beam expander light scattering setup used to
record the diffraction patterns of
polycrystalline samples; see text
for details.

and passed through an adjustable rectangular aperture in awith the same sphere in the other pldi3e-5]. This means

der to illuminate a chosen volume of the sample. The sampléhat each plane can adopt one of three lateral positions, usu-
cell was held by a sample holder with three-dimensional verally designatedd, B and C; taking A as the reference posi-
nier adjustments, positioned on the axis of a cylindrical bathtion, B is obtained by a translatioa/3+ 2b/3 relative toA,

The bath, which has an optically flat window for the incidentand C by displacement &3+ b/3, wherea and b are the

and tetralin to eliminate refraction and any reflections at theplanes. The only requirement is that adjacent layerand
glass/solvent interfaces. The index bath acted as a cylindricag] | 1, have different lateral positions. Therefore many se-

lens, focusing parallel scattered radiation onto a vertical S”huences of close-packed planes are possible. The close-
which preceded a diffuser and a photomultiplier-tube detec- acked structure derived from the infinite sequence

tor. These detection optics were mounted on a computer="" o\ o\ 5" "which repeats every two layers, is the

controlled turntable allowing scans over scattering angle%éxa onal close-packeticp) structure, and the sequence of
from 20° to 140° with a resolution of about 0.1°. The sample 9 P P S ' d
planes .. ABCABC.. ., which repeats every three layers,

was contained in a cylindrical cuvette with a volume of 2.5%. y
Y ives the face-centered-cubiécc) structure. Many other

ml. The rectangular aperture was adjusted so as to iIIuminaLg . )

a 2 mm slice, which enabled measurements to be performe andom-stacked™ sequences are also possible, such as
at different heights. Each volume contained many randomly" -ABACAB. .. and .. ABABCA. . ., b_Ut
oriented crystallites, of the order of 1® mm in size; but,to " -ABABAB... and .. ABCABC... are t_he two sim-
optimize the averaging, the sample cell was steadily rotatealeSt and the only two Where every sph_ere in the qrystal IS
about its vertical axis at an angular velociglL rev/s. Mea- related to every .other by either the lattice translation or a
surements were taken over a carefully selected range of wa mmetry operation. Nevertheless all sequences can be cata-
vectors to include all the features required to define the stru Ogued according to the degfee .Of randomness_ln 'ghe stacking
ture and yet to minimize the duration of each run. At eachOf .the hexagonal planes. This is dong by assigning a p_rob-
angle, averages were taken over a period 8 (=1 rev), ability « that layersn andn+2 have different lateral posi-

making the duration of the runs5 min at each height. tions. Thereforer=0 corresponds to hep=1to fcc, and a
completely random sequence will hawe=0.5.

Calculation of the powder diffraction pattern comprises
two steps, determination of the reciprocal space structure and
orientational averaging. In the case of a single hexagonal

Close packing in 2D corresponds to the arrangemen@lane with lattice parametex, the reciprocal space is formed
where each sphere is in contact with six others, i.e., an hexef a series of straight lines perpendicular to the plane and
agonal plane lattice. 3D close-packed structures may be olpassing through the nodes of the plane latf@4, i.e., hex-
tained by stacking these hexagonal layers in such a mannagonally arranged with a spacirayf =4m/ay\/3. For close-
that the total volume occupied is minimized. This is achievedpacked structures, or collections &f parallel hexagonal
when one close-packed plane is placed on another closglanes at a distanoe=a+/2/3 from each others= half the
packed plane so that three spheres in one plane are in contaxtnventionally used hcp lattice spacinthe reciprocal-space

I1l. MODEL CALCULATION OF THE DIFFRACTION
PATTERN
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12 1 —— =02 of reciprocal space between thexis and the lindr=Kk, and
W—— multiply by the multiplicity factor to account for the full
10 | e =il5 picture. For each of the features intersected, one may then
g o— D=5 determine the angular limits of the intersections above and
below the plane, which are equivalent by symmetry. The
real-space powder intensity can thereafter be calculated by
integrating the intensity of the features over the correspond-
ing angular range.

The two sets of rods give rise to qualitatively distinct
contributions to the powder pattern. The discrete high-
intensity nodes along thiek rods where i —k)/3 is integral
generate sharp Bragg peaks, while the continuous intensity
distribution along the other rods results in broad bands of
diffuse scattering. The width of the Bragg peaks is related to
that of the nodes and is therefore inversely proportional to

1 ' the size of the crystallites. The band of diffuse scattering
around the main Bragg peak is not totally featureless; it com-

FIG. 2. I(1) for different values of the stacking parameter  prises two main entities which reflect different properties of
corresponding to the expression derived in RR81] [Eq. (17)], for  the crystals. The first arises from the initially very large area
rigid configurations of infinite stacks of 2D hcp layers whose stack-uf jntersection as the sphere first meets the rods; it consists of
ing sequence is characterized by (stacking probability a. a prepeak, the width of which is related to the width of the
unit vector along the lines has lengtif =2/c and the rods, determined by the size of the crystals, and the height to

intensity distribution along the lines depends on the stackinghe intensity along the rods, governed by the stacking prob-
sequence of the close-packed planes, henda fact, thehk ability «. The second part of this diffuse band, at higher
lines split into two categories which are differently affectedwave vectors, consists of a much broader and featureless
by the exact stacking order. For lines such tHatk)/3 is  shoulder; its shape nonetheless varies sensitively with the
integral, the intensity distribution does not depend on thentensity profile along the rods and provides a good measure
stacking order; it is concentrated at the poirfisk(l), where  of the stacking probablityr.

| is integral, corresponding to those Bragg reflections com- Theoretical powder patterns corresponding to close-
mon to both(perfec) fcc and hcp structures. For the other packed structures with stacking probabilities ranging from
lines, the intensity distribution depends on the stacking sex=0 (hcp to a=1 (fcc) are plotted in Fig. 3. They were
quence. In the case of pure fcc structures, the intensity isgomputed on the basis of the calculations by Loose and Ack-
concentrated at points whelre m; 1/3, with.mintegral, and  grson [32], following the steps outlined abovk83]. The

for pure hcp structures, it consists of pointslatm=1/2.  y41ye of the stacking probability has a considerable effect on
For all the other sequences<@<1, the intensity varies (he overall shape of the diffraction pattern and a narrow
continuously along thék lines in a manner determined by ange of wave vectors centered around the main Bragg peak
the stacking probabilityr. A completely random stacking g gyficient to distinguish between the different structures. In
(a=0.5) gives an |nten5|.ty profile contlnuously qllstrlbuted this range of wave vectors, the pattern for=0, a regular
along the lines, with maxima at=m=1/2 and minima at ¢y |attice, consists of four sharp Bragg peaks corresponding

=m in a ratio of 9:1. Figure 2 shows various intensity dis- 1

tributions along the linesk such that i—k)/3 is not inte- tﬁ the fo;ulr sets cg %I.?ne(ﬂ.OO)_, (00D, (dlozg and (to% Asd

gral corresponding to structures with &2=<0.8[32]. The t ed Stﬁlc Indg plrlo fadl Iy is mcreastef ’ tthe 88‘; S Loa he'nh

finite size of the crystals also broadens the points into node@Nd all graduaily fade away except for the peak whic
corresponds to the main reflections from the close-packed

and the lines into rods. ! . . . ;
Orientational averaging can be achieved by constructin yers; for this reflection, the wave vector bemg perpgnd_lcu-
Jar to the planes, the sequence of lateral positions is irrel-

the Ewald sphere, as for single crystals, then by rotating i ,
P g y y g evant. For a completely random stackings0.5, the pow-

through all possible orientations around the origin of the re-

ciprocal space, in order to account for all possible orientasjer spectrum has a very distinctive profile where the band of

tions of the crystallites. The corresponding set of scatterinf'f;futc’e Iscar:termg aroul?d tge rgamdl?:;]agg Peal|< exhibits a
vectors therefore form concentric spheres around the origif€'atvely sharp prepeak and a broad "hump” at larger wave

and, for each magnitude of the scattering vector, the realvectors. As is increased further, the hump quickly vanishes

space powder intensity is proportional to the product of theand a new reflection appears at a slightly larger wave vector.
fraction of the area of the sphere surface which intersects &his reflection is the (1§), corresponding to the (20Q).,
feature in reciprocal space and the intensity of this featuravhich therefore sharpens upon increaswgFinally for o
[see, e.g., Fig. @) of Ref.[16]]. For each scattering vector, =1, a perfect fcc lattice, the pattern consists of two sharp
one may first consider theh(k) plane and check for inter- Bragg peaks, from the sets of planes (%1d)corresponding
sections with the rods. Owing to the hexagonal symmetry ofo the (001) plane in the indexing used here and (@92

the arrangement, one need in fact only consider that portioplane in the usual hcp indexih@nd (200).

a=0.8

f

I(D) (a.u.)
AN
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o=0.3 a=0.5 a=0.8

1Q
1,Q
SQ

30 35 40 30 35 40 30 35 40
QR QR QR

FIG. 4. Measured scattered intensiti¢®), 14;(Q), and corre-
sponding structure fact@®(Q)=1(Q)/14;(Q) (in arbitrary unitg.

10

cp

\ (101),

scattering volumes respectivelyTypical measurements of
1(Q), 14i1(Q) and resultingS(Q) are plotted in Fig. 4.

o
7Y 4 002 = A. Crystal structure after nucleation and growth
(102),q, ’ The effective hard-sphere volume fraction of the samples
’ (100),,,, that we studied is 0.542, just below the melting volume frac-

tion ¢, where the samples are not quite fully crystalline
and the crystal nucleation rate is near its maximi38].
Each sample was initially homogenized to a metastable
(quenchegfluid state by slow tumbling for several hours on
a rotary mixer. It was then immediately placed in the sample
holder of the light scattering setypefining timet=0) and
measurements of the scattered intensit()) collected at

|

).2 " \

o« 04 B\
0.6 1= K \—/ \

0.8 ) \}JJ l\ 1 \

1.0 — t — T \ predetermined time@very 10—15 minover a period of 3 h,
10 e (200), 20 until the crystallites had nucleated and grown. Figure 5
Q (107 m™h shows corresponding structure fact&%Q) obtained for the

sample in “normal” gravity (a) and that in reduced gravity
FIG. 3. Theoretical diffraction patterns for various stacking (b). In both graphs, the lower curve corresponds to the meta-
probabilitiesc. stable fluid, obtained immediately after shear meltirig (
=0), the middle curve to the first clear appearance of the
IV. RESULTS Bragg reflection, and the upper curve to the “end” of the
crystallization process. The measurements are virtually iden-
For orientationally invariant materials, such as fluids ortical for both samples and therefore indicate the formation of
crystal powders, consisting of monodisperse particles, thgimilar crystalline structures. They show the appearance of a
scattered intensityl (Q) can be decomposed intd(Q) sharp Bragg reflection &~ 1.44x 10" m~! surrounded by
«P(Q)S(Q) [34], where P(Q) is the single-particle form a broad structured band of diffuse scattering. By reference to
factor andS(Q) is the structure factor. When the system is Fig. 3, one can observe the close resemblance of these newly
polydisperse, however, this decomposition can no longer bemerged features with the predictions for a random hexago-
done since the scattering amplitudes and positions are theral close-packed structure, with~0.5.
correlated through their dependencies on the particles’ radii. In Fig. 6, these patterns are compared with theoretical
Nevertheless one can define a “measured structure factordnes. These were computed following the scheme outlined in
SM(Q) for a polydisperse system as the ratio of the intensitySec. 11l [33]. Three adjustable parameters were needed, an
scattered by a concentrated suspension to that scattered bywerall scaling factor, the average size of the crystallites and
dilute suspension, for whicl$(Q)=1 (particles’ positions the stacking probabilityr. Powder averaging was carried out
not correlated[34]. by numerical integration using Simpson’s rule. Neither the
The structure factors which we present in the followingexact shape of the crystals nor their exact size distribution
sections, although referred to &Q), were obtained by proved to affect the patterns significantly; therefore, for sim-
measuring the intensity scattered by the concentrated suspeplicity, the crystals were assumed to be cubic and to have a
sionsl(Q) and then dividing by the scattered intensity from Gaussian size distributiofwidth of 10%). Their average
dilute suspensionk;;(Q), measured in the exact same con-size was determined by fitting the width of the main Bragg
ditions as for the concentrated samples. They are all expeak to that of the peak of the experimental spectrum. Only
pressed in arbitrary units since we did not keep track of thehe value ofa significantly affects the shape of the powder
exact concentrations of the dilute solutions nor of the exacpattern. It was iteratively adjusted so as to fit the experimen-
scattering volumes, necessary for exact valu&Qj tal S(Q) as well as possible. To account for the Brownian
=(Ngii/N)[1(Q)/1(Q)qii], whereN and Ng;, are the num- motion of the particles, thermal diffuse scattering was sub-
bers of particles contained in the concentrated and diluté¢racted off the experimental data before fitting. We assumed a
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210 min
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2

N (0)
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12x10°  14x105 16x10° 18x106 21 ﬂv‘
Q(m™) 14 ’ =
(b) 0 -

12x10°  14x10° 16x10° 18x109
1
Q(m)

210 min

75 min (b)

S(Q)
W
=

=

3
2
6 4
1 4
. . . 5
12x105 14x105 16x106 18x106 —
-1 O 4
Q(m™) 7
FIG. 5. Evolution of the structure fact@®(Q), during crystal
nucleation and growth, for the system in normal grav#yand that 2
in reduced gravityb).
1 i
simple Einstein model, where each particle fluctuates inde- #3/1
pendently about its own equilibrium position; under this 0 ' ' }
asumption, the “rigid-lattice” structure factd®(Q) can be 12x10¢  14x10°  16x10°  18x10°
derived from the measured structure facBy(Q) via (see, Q (m'l)
e.g.,[34))
S(Q)=e(1’3)Q2A’2[Sm(Q)+e_(1/3)Q2Ar2—1], 1) FIG. 6. Structure factorS(Q), obtained immediately after crys-

tal nucleation and growth, for the system in normal gravéifyand

whereAr? is the mean-square random thermal displacemenqﬁIat n re_duced grav'wb)._ after subtraction of the fluid scattering
contribution and correction for the thermal motion of the particles

C2\. N . ; C
_(Ar] 8>' gwis t_ake? as %[r21 % of th_et_meafr|1 !(rjlterpartlj:le spakl)c (symbols. In both cases the data can be fitted by a random hexago-
ing [8]. Scattering rolm e.c_oeX|s Ing ul was Qso ;u “nal close-packed pattermv& 0.50), black line. To show the sensi-
tracted off the data prior to fitting; the fraction of fluid being

0 - ’ tivity of the diffuse scattering to the value of alpha, we have also
small (~6%) we approximated its structure factor by that plotted theoretical curves for=0.45 and «=0.55, upper and

measured for the quenched fluisme t=0). lower gray lines, respectively. For a, the curve fore=0.50

As shown in Fig. 6, these patterns, measured immediatelyyovides a much better fit to the data. The inset shows a closeup of
after crystal nucleation and growth are well described bythe region of the prepeak. The increase in the measured data at high
purely random stacks of hexagonal layars; 0.50. In order  Q has no relation with the crystal structure; it is due to the proxim-
to illustrate the sensitivity of the shape of the diffuse scatterity of the first minimum of the form factor.
ing to the value ofe, we also show the calculated patterns
for «=0.45 and 0.5%gray curves Both the prepeak and the due to the proximity of the first minimum of the form factor,
hump agree almost exactly with the calculations fer which occurs nearQ=1.9x10" m~! (Fig. 4). Because
=0.50. The slight disagreement between experiment andround this region the scattering is very weak, it may be
theory for small values o) may be attributed to limitations corrupted by unwanted contributions, such as background
of the Einstein model; in crystals the random thermal vibra-scattering and residual multiple scattering, and it is therefore
tions of the particles are clearly not independent, as assumeaiifficult to measure absolute values 8(Q) for the corre-
in our treatment. The discrepancy observed at highes  sponding wave vectors. Furthermore, this is a region where
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even a small degree of polydispersity can affect the form of (a)

S(Q). However, aroundQ~1.5x10" m™1, close to the 6 -

main peak of the structure factor and the region of most

interest for the determination of the crystal structure, we ex- ﬁ‘
pect polydispersity to have little effect on the structure fac- e
tors. For(metgstable fluidlike samples, where there is a cor- 16x10°  17x10°

relation between particle size and position, a 5%
polydispersity reduces the amplitude of the main peak
slightly but hardly changes its shagsee, e.9.[34]). In a
crystal, where average particle positions are set by the lattice,
we expect a still smaller effect.

The structure of hard-sphere colloidal crystals, immedi-
ately after nucleation and growth, for sample concentrations
just below melting, is therefore purely random hexagonal
close packed, with a measured stacking probabitity0.50
+0.01. Moreover, at this early stage, the crystal structure ' ' '
proves to be unaffected by the gravitational force imposed on 12x10°  14x10°  16x10°  18x10°
the particles. Q(m™)

(b)

B. Aging of the structure

The powder patterns obtained on the same two samples, .
after being left undisturbed for one month, are shown in 8 1 e e
Figs. 7a) and 1b) for the sample in “normal” gravity and 16x105  17x106
that in reduced gravity, respectively. The scattering pattern of

the system in “normal” gravity has changed from that at 6
early times. In particular, the features of the diffuse scatter- o
ing around the main peak are not as pronounced; also notice- F 4 -

able, though quite small, is a new peak &@~1.65

x 10" m~1, which corresponds to th€00) line of an fcc

structure. This new pattern can no longer be described by a 2 ]
single value ofa. While the new shape of the diffuse scat-

tering indicates a structure with 0.5Qv=<0.60, the presence

of the (200).. peak is indicative of a crystalline structure 0 : : .
much closer to pure fcc, i.e., 0.8Qvr=<1.0. Indeed, the data 12x10°  14x10° 16x10° 18x10°
can be well described by a coexistence of two different struc- Q (m'l)

tures; the best fit is obtained for 28 %, in volume, of
faulty hexagonal close-packed crystals witk- 0.56, and 2

+.1% of pure fce crystalsd= 1'0).’ see Fig. @). (We also turbed for 1 month after crystal nucleation and grovghmbols.
tried other flt,s to t.he data, e.g., mixtures of two or three I’hcr’\l'he solid lines are theoretical fits. For the system in normal gravity
S.truc':t.ures with different values af. None of these gave. (a), the experimental data points are fitted by a mixture of faulty
significantly better results,_so we quote here the model Wltfhexagoneﬂ close-packed crystals with0.56, and a mean size of
the smallest number of adjustable paramelers. _ N=50 layers across, and pure fcc crystals, with 1 andN= 30,
The powder pattern of the system in reduced gravity, 0N the ratio 98:2. For the system in reduced graviy, the best fit
the other hand, is almost identical to that at early times. Th%orresponds to a mixture qfneaﬂy) random hexagona| close-
only difference is the slight growth of the (20Q) reflection  packed crystals witlv=0.51, and a mean si2¢=50, and pure fcc
at Q~1.64<10" m . It is well described by 98% of crystals, withae=1 andN=30, in the ratio 98:2. The insets in the
(nearlyy random hexagonal close-packed crystals with top right corners show the fits around the (2QQ)eak after sub-
=0.51 and 2% of pure fcc crystals; see Figh)7 traction of the baseline.
Thus there appears to be a correlation between the aging

of the structure and the degree of gravity imposed on th?ZOO)fCC line, on the other hand, was almost equally ob-

particles. This shows in the evolution of the diffuse scatter- - oo
ing band, which is the signature of the stacking disorderserved for both samples, suggesting that it might not bear

. : ) any relation to gravity.
While for the sample in reduced gravity, the features re- y g y

mained virtually unchanged over the 1 month duration of the
experiment, a significant dampening of the diffuse scattering
band was recorded for the sample in normal gravity, reveal- The same two samples showed substantially different re-
ing an evolution of the random-stacked structure towards aults when handled during aging. The most striking differ-

slightly more fcc-like structure. The slight growth of the ence was observed in the growth of the (2QQ)eflection,

FIG. 7. Structure factor§(Q) obtained on samples left undis-

C. Aging of the structure subjected to small perturbations
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(a) dampens out with time for the system in normal gravay
40 - while for the system in reduced gravitp) it remains virtu-
ally unchanged over the whole three-month period.

Again, by fitting theoretical curves to the data, we find
that the patterns correspond to contributions from two types
of close-packed arrangements. Figure 9 shows the fits calcu-
lated for the structure factors measured after 12 h, 1 month
and 3 months on both samples. The results obtained after 12
h and 3 transits back and forth between storage and rig are
very similar for the two samples. Analysis of the patterns
shows a strong predominance of nearly random close-packed
crystals, witha=0.52 (95% in volume. The 5% volume
content of pure fcc crystals is nevertheless higher than that
] . . . measured on crystals aged for a whole month, when left
12x10° 14x10° 16x10° 18x106 undisturbedFig. 6), which therefore links the growth of the

-1 pure fcc component to those small perturbations inevitably
Q(m") imparted to the samples during transit. Measurements carried
(b) out after 1 month and 12 transits indicate that the amount of
40 - pure fcc crystals has increased even further, representing
nearly 10% of the whole crystalline volume. After 3 months
and 24 transportations, the volume fraction of fcc crystals
has reached 14% in the sample in normal gravity and 12% in
that in reduced gravity conditions. However, although the
measured fraction of generated fcc crystals is virtually iden-
tical for both samples, the shape of the growing (200)
peak differs slightly between them; for the sample in normal
gravity conditions, it indicates that the fraction of fcc crystals
generated augments with tink@nd transits incurredbut that
their mean size remains constant, while in reduced gravity
conditions, the fcc crystals are also found to gr@k Fig.
0 . . . 9). The rest of the pattern also evolves in a somewhat differ-
12x10° 14x10° 16x106 18106 ent manner for the two samples but remains consistent with
1 the results obtained on the samples unmoved. In the sample
Q(m) in normal gravity conditions, the large fraction of crystals
which initially corresponds to a random hexagonal close-
packed structure slowly evolves towards a more fcc-like or-
dering, with the stacking probability reaching a value of 0.6
after 3 months, while in the sample in reduced gravity, no
significant evolution in the stacking probability is recorded
over the time length of the experiment.
which proved to be a lot more pronounced than for the As stated earlier, measurements were performed at differ-
samples left undisturbed. This is illustrated in Fig&)&nd  ent heights in the samples. This was done essentially to as-
8(b), where we show results of periodic measurements persess the effect of gravity on the crystal structure. Owing to
formed on both samplesniddle of sample cellover a total ~ sedimentation, the samples evidenced the formation of sev-
period of three months starting after the initial homogeneougral distinct layers over timg24]. In the sample in normal
crystal nucleation. For each measurement the samples wegeavity, four different layers eventually formed, which, from
manually transported from storage on a shelf to the lightop to bottom, consisted of a small region of clear superna-
scattering equipment~2 m away and back. Although tant, a small region of colloidal fluid, a larger region of poly-
sample transportation was performed with utmost ¢gi@v  crystalline solid, and finally a small high-density polycrystal-
motion, smooth, with no sharp acceleration and minimumline sediment. In the sample in reduced gravity, less
tilting), it is nevertheless obvious from the results that itsedimentation was observed and no clear supernatant was
affected the aging of the crystal structure. The difference irseen over the course of the three months; only three layers
the size of the (200}, peak, in contrast with that obtained emerged, consisting of colloidal fluid, polycrystalline solid,
without moving the samples, is strikirgf. Fig. 7). The evo- and high-density polycrystalline sediment. The sedimenta-
lution of the rest of the patterns, on the other hand, remainton rates being different in the two systems, the time scale
in reasonably close agreement with the results obtained fasver which these “separations” took place also varied
the samples left undisturbed; the band of diffuse scatteringreatly between the two samples. For each set of measure-
exhibits pronounced features at early times for both samplesients, the positions of the sample and rectangular aperture
(indicating a high degree of randomngsand gradually were carefully readjusted so as to illuminate only the crys-

30

10 1

30 1

10 +=

FIG. 8. Evolution of the structure factd®(Q), after crystal
nucleation and growth, for the system in normal grav#y, and
that in reduced gravityb), subjected to small random perturbations
(middle part of the samplgs
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FIG. 9. Theoretical fits to the
structure factors measured 12
hours, 1 month, and 3 months af-
ter crystal nucleation, on samples
subjected to small random pertur-
bations (manual transportation
(a) System in “normal” gravity
after 12 hours and 3 transits be-
tween storage and rig; symbols
are experimental data, line is
theory corresponding to a mixture
of (nearly randomly stacked crys-
tallites, with «=0.52 and mean
sizeN= 60 layers across, and pure
fcc crystallites, witha=1 andN
=20, in the ratio 95:5(b) Same
conditions aga) for system in re-
duced gravity; best fit corresponds
to a mixture ofa=0.52 (N=60)
and a=1 (N=25), in the ratio
95:5.(c) System in normal gravity
after 1 month and 12 transits back
and forth; theoretical fit corre-
sponds toa=0.56 (N=70) and
a=1 (N=20), in the ratio
90.5:9.5.(d) Same adc) for sys-
tem in reduced gravity; best fit
corresponds tax=0.52 (N=60)
and a=1 (N=35), in the ratio
91:9.(e) System in normal gravity
after 3 months and 24 transporta-
tions back and forth; theory corre-
sponds toe=0.6 (N=80) and«
=1 (N=20), in the ratio 86:14.
(f) Same ade) for system in re-
duced gravity; theoretical fit cor-
responds taxr=0.52 (N=60) and
a=1 (N=40), in the ratio 88:12.

nounced, indicating a higher proportion of the pure fcc com-

the crystalline phase showed the trends plotted in Fig. 8ponent. The patterns measured after 3 months on both
However, the very top and bottom parts were found to evolvesamples were fitted with theoretical ones; the results are
quite differently from the main middle volume; the results shown in Fig. 11. We find that the amount of pure fcc crys-

for both samples are plotted in Fig. 10. Near the [t@p and
(b)], the growth of the (20Q). reflection is more pro-
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FIG. 10. Evolution of the
0 ' ' ' 0 ' ' ' tructure fact ft tal
12x10° 14x106 16x10° 18x10° 12x10° 14x10° 16x10° 18x108 structure facto§(Q), after crysta
1 ) nucleation and growth, in the top
Q(m) Q(m) [(@ and(b), for the system in nor-
mal gravity and that in reduced
(b) (d) gravity, respectively and bottom

[(c) and(d)] of the crystalline vol-
umes, when subjected to small
random perturbations.

99 days

S(Q)

60 days

S(Q)

.30 days
- 48 h

4h

12x10% 14x10% 16x105 18x106 12x106 14x10° 16x10° 18x106
-1 -1
Q(m") Q(m)

40% in the sample in reduced gravity. This enhanced effeaiecrease in the interlayer spacing, which must correspond to
recorded near the top may be attributed to the fact that neargome compression of the crystals by the upper layers, under
the interface the perturbations incurred must be stronger. the effect of the excess gravitational forces. We may there-

Near the bottom of the container, the results are distinctlyore speculate that the bottom crystals are less affected by the
different and show the opposite trend, in that the (2Q0) mechanical perturbations due to the confined geometry and

peak is much less developpéBigs. 10c) and 1Qd)]. For  the compression exerted by the upper crystallitesder
the sample in normal gravity conditions, a significant shift of gravity).

the pattern to highe® values also indicates a decrease in the

interlayer spacing, which can be explained by compaction of

the crystals under gravity. Another noticeable difference is V. DISCUSSION

the broadening of the main peak, which implies a reduction

in the size of the crystallites and could therefore mean that More than a decade ago Puseyal. [16] showed that
the crystals break under compression, melting somewhat &uspensions of colloidal hard spheres at concentrations near
the grain boundaries; indeed, this is also indicated by thenelting, when left to recrystallize undisturbed from the melt,
shape of the measured structure factor, after a week or siitially formed purely random-stacked hexagonal close-
showing the presence of some underlying fluid scatteringpacked structures. Our resulfsig. 6), for ¢=0.542(close
superimposed on the crystal pattern. For the sample in rdo ¢,,=0.545), are in excellent agreement with this early
duced gravity, the measurements near the bottom of the costudy and further show that the crystalline structure initially
tainer resemble more closely those recorded for the buligenerated is unaffected by the strength of the gravitational
crystals. The early patterns correspond to scattering contrforce imposed on the particles. This new result also agrees
butions by rhcp and pure fcc crystals, and indicate a steadwith a study carried out at much the same time by Kegel and
increase in the relative amount of fcc stacking. HoweverDhont[22] for colloids in “milligravity,” as well as a more
after a month, the shape of the pattern appears to “freeze.recent report by Chenet al. [21] of measurements in a mi-
Thereafter the only significant change is the slight shift ofcrogravity environmenton board the Space Shuttle Colum-
the curve to higheQ values. This again indicates a small bia).
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(a) crystals, while the remainder retain their original rhcp
structure.
30
\ A. Spontaneous aging
N In order to study any purely spontaneous aging of the
. colloidal crystals, one therefore has to leave the samples
o) 20 1 16x10° 17x10° strictly undisturbed for the entire duration of the experiment.
5 | Under such conditions, however, we found only a small de-
- gree of aging of the structure over a period of one month. In
10 | 3 . & both the normal- and the reduced-gravity samples, a few fcc
Al crystals appeared, corresponding to about 2% of the total
sl crystalline volume (Fig. 7). A second more noticeable
change, discussed in Sec. MBelow), was found only in the
0 A . . . system with particles subjected to high enough gravitational
12x10°  14x10°  16x10°  18x10° forces. ,
1 Pronk and Frenke[13] recently estimated the rate at
Q (m which rhcp crystals are expected to convert into pure fcc
(b) crystals. Their treatment assumes that the fcc crystals grow at
35 - the grain boundaries and ignores bulk rearrangement as well
as shear-induced restacking. Using a Wilson-Frenkel growth
30 | a law, they arrive at a velocity of the fcc crystal front,
approximated by
25 1
(D
~ 20 16x105 17x10° ver="3 [exp(ATTkeT) ~ 1], @
o/
“ 15 s , . :
whereAf is the magnitude of the free-energy difference per
10 | ) particle between the rhcp phase and the stable fcc pBaise,
the (short-time self-diffusion constant in the dense colloidal
5 ] 4 - suspensionA is a characteristic distance over which a par-
- ticle should diffuse in order to be incorporated in the fcc
0 - , , : crystal, which, assuming the grain boundaries to be liquid-
12x106  14x106  16x10°  18x10° like, they take to be of the order of the particle diameter, and
1 { is a (dimensionlessproportionality factor of order unity.
Q(m") The resulting estimate fow., in our case isv.~5

—11 ~1 _ 2
FIG. 11. Theoretical fits to the structure factors measured 10 ms -, Whﬂf er J]lave take f~6x10 kBT

months after crystal nucleation on the top crystal layers of sample _3] and D~.4><_10 ms™~ [36]. A r_ough comparison

subjected to small random perturbatiota. System in “normal”  With this prediction can be made by estimating the spontane-

gravity; symbols are experimental data, line is theory for a mixtureQUs rate of conversion in our system from the results ob-

of faulty stacked close-packed crystals with 0.6 (N=80) and of  tained in unperturbed conditionsf. Fig. 7). This can be
pure fcc crystals withv=1 (N=25), in the ratio 75:25(b) System  done based on the fraction of fcc crystals formed over time;

in reduced gravity; best fit corresponds to a mixture of faultyour results showed that after 1 month the fraction of fcc
stacked close-packed crystals witl= 0.6 (N=80) and of pure fcc  represented=2% of the total crystalline volume, which in-
crystals witha=1 (N=50), in the ratio 61:39. dicates a rate of growth of the fcc front of the orderuvQf
~3x10 2 ms 1. Alternatively,v., can be estimated from
The main aim of this work, however, was to study thethe average sizk of the fcc crystals after 1 month; we found
aging of these random-stacked structures, in the light of the-~30 particles across, which gives, ~6Xx 102 ms
new theoreticalcomputer simulationresults which have es- The slight disagreement between these two estimates may
tablished fcc as the stable struct(il®—15. We have found simply be attributed to the different approximations/
that the crystalline structures are very sensitive to externaissumptions made; e.g. in the first case, the fcc crystallites
perturbations. This is of significant importance for experi-are modeled as thin slabs growing on the faces of the rhcp
ments since it implies that even very small mechanical pererystals, while in the second case, they are assumed to have
turbations must be considered. Our study shows that routineubic shapesassumption made in the theoretical model used
transfers, by hand, of the samples between storage on a shéff fit the data. Direct comparison with the theoretical esti-
and the light scattering equipment, even when performednate indicates that the conversion to fcc occs0 times
with utmost care, have a significant effect on the aging of theslower in our experiments than predicted. However, as dis-
crystal structure. These “random” perturbations are found tocussed by Pronk and FrenKdl3], the exact rate of restack-
encourage fcc stacking; pure fcc crystals are formed, as neimg depends sensitively on the size distribution of the crys-
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tals. Proper comparison with their predictions would
therefore require more knowledge of the transformations
than those available by performing only scattering experi-
ments. It is also possible that a more complete theory would
predict a value of the factaf smaller than 1.

b4 \I/
7

6 shear directions

B. Aging induced by gravity

Shear

In the sample subjected to normal gravity, a second
change, in addition to the growth of a few fcc crystals, was
observed when it was left undisturbed for one month. It cor-
responded to a slow rearrangement, apparently in the bulk of
the crystals, of the initial rhcp structure towards a more fcc-
like stacking, with the stacking probability changing from
0.50 to 0.56 over the montfFig. 7(a)]. Thus this indicates
that fcc stacking is also favored by gravity-induced stresses.
However, the ripening towards fcc due to gravity differs ACA ABC
markedly from the perturbation-induced transformations,
where discrete regions of pure fcc order are created, and
instead consists of an overall rearrangement of the original
rhcp crystals towards a more fcc-like order. Perhaps this re-
arrangement is associated with the slow flow of the suspen- '
sion medium through the crystals as they settle. The exact ACB ABA ABC
mechanism remains to be established.

Shear

Shear

FIG. 12. Effect of small shears applied to close-packed struc-
tures, illustrated on a stack of three layers. Shear applied along any
of the six directions indicated in the top right of the figure can allow

When the samples were transferred by hand from storaglayers to slide over/past each other. Whether a layer can slide de-
to the light scattering equipment they were inevitably sub-pends on the local stacking order. However, the resulting shear-
jected to small degrees of tilting and rotation. The colloidalinduced order is always fcc, irrespective of the initial stacking.
crystals are extremely weak mechanically, so that such mo-
tions are likely to cause small shear flows within the samples TO try to obtain a clearer understanding of these pro-
which themselves cause some “shear melting” of the crysesses, we also studied the structural response of the early
tals, probably mainly at grain boundaries. It is possible thafhcp crystals to controlled rocking and rotational motions
these shear-melted regions then regrew as predominantly fc@bout the vertical axjs Samples subjected to rocking mo-

It is difficult to calculate the strength of these effects; onetions alone showed the presence of pure fcc crystals but only
can only get an order of magnitude. Let us first consider théear the top where macroscopic flow was induced and not

stresses exerted by tilting the sample. We can estimate troughout the sample as was found with the “random” per-
strain of the order ofy~10~* which, applied at a frequency turbations. Rotational motions alone had no significant effect

on any part of the crystalline volume. However, combina-
V\;ions of the two types of motions applied simultaneously
: proved to have a very similar effect to that of the random
shear, the shear stress can then be calculated &6y, pertyrbations. No careful experiment was actually performed
where 7 is_the viscosity of the suspensionp~3 i ot combined the two motions but preliminary results evi-

—1 -2 .
X 107" Nm~“s[37]. We therefore estimate the shear stressygnceq the formation of a growing fraction of pure fcc crys-
due to tilting of the sample, of the order ot (5 throughout the sample.

~10 2 _Nm‘z. Let us now consider the sh_ear stress applied |, fact, using a simple argument, it is easy to see how
by rotating the sample. A very rough estimate can be obgmg|| shears applied to any arbitrary stack of close-packed
tained by assuming a viscous laminar flow and stick boundyayers can be expected to favor fcc order. This is illustrated
ary conditions. Assuming a shear rate of the orderyof in Fig. 12, on a stack of three hexagonal close-packed layers
~10' Hz, we obtain a shear stress of the orderogf  with a shear applied along one of the six directions defined
~10? Nm~2, and therefore of similar magnitude. But how by the vectorsa/3+2b/3 and 2v3+b/3 and, for reason of

do these values compare with the yield stress of the crystasymmetry, those obtained by rotation of 120° in both direc-
lites? The yield stressr, , for colloidal crystals is typically a  tions (wherea andb are hexagonal lattice vectors in laygrs
few percent of their elastic shear modul@; for G we may assume that small shears applied in the other direc-
~1 Nm ?[38] we getoy~10 2 Nm™ 2. The yield stress tions have no significant effect. According to its registered
of the crystallites therefore appears to be of the same magposition, each layer can either slide along to the next allowed
nitude as the shear stresses inadvertantly imparted by trangesition in the direction of the applied shear, or remain in its
port, which supports the hypothesis of some “shear melting”current position if jammed up against the particles in the
of the crystals. neighboring layers. As shown in Fig. 12, where the bottom

C. Aging caused by mechanical perturbations

v~0.5 Hz, corresponds to a strain raje=5x 1072 Hz.
Assuming a Newtonian behavior, which is reasonable at lo

021408-12



STRUCTURAL AGING OF CRYSTALS OF HARD-SPHER. . . PHYSICAL REVIEW E 66, 021408 (2002

layer is assumed fixegk.g., jammed up against the particles cause an overall rearrangement of the stacking towards fcc.
in the layer underneathonce the two other layers have beenIn fact, although the authors explicitly specify that
forced to move along to new accessible positions in the diperturbation-free conditions were ensured during crystal
rection of the shear until jammed, the resulting order is fccnucleation, they do not mention any such precautions under-
whatever the initial stacking order. This is also true for anytaken thereafter, during aging. We therefore wonder whether
of the six shear directions mentioned above. the accelerated growth of fcc crystals reported in this study
Presumably, in view of theoretical predictions that the fccresults from “random” perturbations applied during aging,
structure of hard spheres has the lowest free enfd2y15,  for example by moving the samples.
the fcc crystals induced by this shearing mechanism must be One last point that merits further comment is the effect of

regarded as stable. the gravitational stresses on the crystal structure. The role of
gravity was first questioned by Zhet al. [19]. From their
D. Comparison with other experiments observations on crystals in microgravity, showing the ab-

While it is now theoretically well established that fcc is sence of fcc growth, they concludgd that gravity-induced
stresses were at the origin of the ripening towards fcc re-
the stable structure of crystals of hard sphdfies-15, the . . . .
ported for samples in normal gravity. This conclusion was

literature on experimental aging towards fcc is rather con- )
fused[16—27. However, by showing how sensitive the col- also supported by Kegel and Dhont for the results discussed

loidal crystals are to the exact experimental conditions, Ougbove. However, in a recent publication by Chetgl. [21],

study may have helped to resolve the grounds underlyindata collected in the same microgr_avity conditions now show
these discrepancies. While experimental conditions have al- € grfadutgl grE)_wth Oc: fcg crys':;lls in sa_mtples at var 'c':\JlS vol-
ways been treated as a crucial factor in the nucleation ofMme Tractionstin and above he coexistence reguo )
colloidal crystals, they appear to have been more or |eSE-pugh the earlier results suffered a!owgr resolution of scat-
neglected when studying aging of the crystal structures. Th e?r?g angle 'than thle: Iattr:er ones, ;[L"S dlsagreeTeﬂt appears
first report of a ripening of rhcp towards fcc in colloidal hard rainer conspicuous. FUrthermore, e new report Shows very
spheres, by Chijil7], was based on a similar light scattering fast rates of fcc growth. This is all the more surprising since

study to the one reported here for a system also very similatlhe COHO.'dal particles used are relatively Ial(gmNerD).'V\/.e
to ours in “normal” gravity, and therefore can be directly are again prompted to question the possible mediation by

compared with our results. Their observations revealed thSthmal ?herturbit'?nf' ; ttacted b tational st 5
formation of a significant fraction of fcc crystals within 0, IS Ihe crystal structure afiected by gravitational Stress:

merely 1 week, by far exceeding that measured in oursampl@ur stud.y reveals thg_t It is; as sho_wn in Figeay7 for
after a whole month in perturbation-free conditions. HOW_perturbatlon—free conditions, the evolution of the powder pat-
ever, the evolution of their measured powder patt&ig. 8 tern indicates a rearrangement of the initial rhcp structure

in [18]) coincides conspicuously with our measurements fo'Iowards a more fcc-like stacking. This rearrangement is very

the sample subjected to repeated manual transportations b%pw and differs distinctly from the “aging” observed under

tween storage and rigFig. 9(a)], where the fraction of fcc small mechanical perturbations.
crystals generated after 1 month amounts=td times that
measured in the sample left undisturbed during the same VI. CONCLUSION
length of time. This strongly suggests therefore that the re- - oy results demonstrate how very small mechanical per-
ported ripening was also induced by external disturbances, @pations applied to hard-sphere colloidal crystals can sig-
fact which was simply overlooked at the time. _ nificantly affect the aging of their structure: they appear to
More recently, Kegel and Dhori22] also reported light shear-melt a fraction of the rhcp crystals, allowing them to
scattering measurements of hard-sphere crystals at similgggrow as almost pure fcc. Previous reports, which failed to
volume fraction ¢=0.55) which again show the emergence jjentify this crucial effect/factor, have contributed to a rather
of the fcc(200 feature sooner than we found heéf8g. 1in  confused literature on this topic and can now be looked at in
[22]). The system they studied differs from ours in severaly ey Jight. When the samples are left unperturbed, we find
respects; the colloidal particles are about twice as large as thgat a5 predicted by Pronk and Frenkes], the spontaneous
ones studied here, and the suspension medium is a differeRging of the initial rhcp structure towards fec is very slow.
mixture of solvents with a viscosityy roughly half that 3°f We also observe a slow rearrangement of the random stack-
our mixtures. Since the Brownian timevaries asr~7R”,  jng towards a more fcc-like stacking under gravity, probably

be roughly 4 times slower than that of the one studied here

(the Brownian time is the time~R?/D taken by a particle
to diffuse a distance equal to its radiudnother difference
between the two systems is in the gravitational lenlgth
=kgT/mgg (Wwheremg is the particles’ buoyant masNot The work reported here was partly funded by the U.K.
only ish greater in their systerfroughly 10 times larger than Engineering and Physical Sciences Research Council. We
that in our reduced gravity systenso that gravitational thank S.I. Henderson and P. Bartlett for kindly providing the
stresses are smaller, but our results also indicate that gravitpowder diffraction code. We also acknowledge valuable dis-
induced stresses do not generate pure fcc crystals but insteadssions with A. D. Bruce, G. J. Ackland, and A. N. Jackson.

ACKNOWLEDGMENTS

021408-13



MARTELOZZ0O, SCHOFIELD, POON, AND PUSEY PHYSICAL REVIEW E6, 021408 (2002

[1] W.W. Wood and J.D. Jacobson, J. Chem. Phg8. 1207 [20] W.B. Russel, P.M. Chaikin, J. Zhu, W.V. Meyer, and R. Rog-

(1957). ers, Langmuirl3, 3871(1997.

[2] B.J. Alder and T.E. Wainwright, J. Chem. Phy&7, 1208 [21] Z. Cheng, J. Zhu, W.B. Russel, W.V. Meyer, and P.M. Chaikin,
(1957. Appl. Opt. 40, 4146(2001).

[3]J. Kepler, Strena, The Six-Cornered Snowflakgampach, [22] W.K. Kegel and J.K.G. Dhont, J. Chem. Phykl2 3431
Frankfurt, 1611 (2000.

[4] T.C. Hales, Discrete Comput. GeottZ, 1 (1997. [23] L. Antl, J.W. Goodwin, R.D. Hill, R.H. Ottewill, S.M. Owens,

[5] T.C. Hales, Discrete Comput. Geott8, 135 (1997. S. Papworth, and J.A. Waters, Colloids Surf, 67 (1986.

[6] B.J. Alder, W.G. Hoover, and D.A. Young, J. Chem. Ph4@. [24] S.E. Paulin and B.J. Ackerson, Phys. Rev. Lé&d#, 2663
3688 (1968. [25] (sli/lgod ke, R.H. Ottewill, and A.R. Rennie, Adv. Colloid
.M. Clarke, R.H. ewill, and A.R. Rennie v. Colloi
7] B.J. Alder, B.P. Carter, and D.A. Young, Phys. R&83 831 ! ' '
(71 (1969 ung y 3 Interface Sci60, 95 (1995.
[8] D.A. Young and B.J. Alder, J. Chem. Phys0, 1254(1974.  120) P:N- Pusey and W. van Megen, J. Chem. PI8G. 3513

(1984
D. Frenkel and A.J.C. L . Chem. Phgs, 3188(1984). .
[% o g‘lo‘: a"’r‘lrc‘de JB gus a&i'l JPri/§e6m807?1$é:388( 984.  27] A. Moussad and P.N. Pusey, Phys. Rev.6B, 5670(1999.

[28] S.-E. Phan, W.B. Russel, Z. Cheng, J. Zhu, P.M. Chaikin, J.H.

[11] F. Iglai, J. Phys. C19, 6907(1988. Dunsmuir, and R.H. Ottewill, Phys. Rev. 5, 6633(1996.
[12] P.G. Bolhuis, D. Frenkel, S.-C. Mau, and D.A. Huse, Nature[zg] P.N. Pusey and W. van Megen, Natufleondon 320, 340
(London) 388 235(1997). (1986.
[13] S. Pronk and D. Frenkel, J. Chem. Phy$0, 4589(1999. [30] W.G. Hoover and F.H. Ree, J. Chem. Ph48, 3609 (1968.
[14] S.-C. Mau and D.A. Huse, Phys. Rev.58, 4396(1999. [31] A. Guinier, X-Ray Diffraction(Freeman, New York, 1963
[15] A.D. Bruce, A.N. Jackson, G.J. Ackland, and N.B. Wilding, [32] W. Loose and B.J. Ackerson, J. Chem. PHy&1, 7211(1994.
Phys. Rev. B61, 906 (2000. [33] S. I. HendersonpoLYXTAL Turbo-Pascal code, 1995.
[16] P.N. Pusey, W. van Megen, P. Bartlett, B.J. Ackerson, J.G[34] P. N. Pusey, irLiquids, Freezing and Glass Transitioadited
Rarity, and S.M. Underwood, Phys. Rev. L&, 2753(1989. by J. P. Hansen, D. Levesque, and J. Zinn-Juéilsevier,
[17] T. T. Chui, M. Phil. thesis, The University of Edinburgh, 1994; Amsterdam, 1991 pp. 763-942.
see also Ref[18]. [35] J.L. Harland and W. van Megen, Phys. Re\b% 3054(1997).
[18] W. C. K. Poon and P. N. Pusey, @bservation, Prediction and [36] W. van Megen, T.C. Mortensen, S.R. Williams, and J.lIey
Simulation of Phase Transitions in Complex Flyidglited by Phys. Rev. B58, 6073(1998.

M. Bauset al. (Kluwer Academic, Dordrecht, 1995p. 3—51.  [37] S.P. Meeker, W.C.K. Poon, and P.N. Pusey, Phys. R&5,E
[19] J. Zhu, M. Li, R. Rogers, W. Meyer, R.H. Ottewill, STS-73 5718(1997.

Space Shuttle Crew, W.B. Russel, and P.M. Chaikin, Naturd38] S.E. Phan, M. Li, W.B. Russel, J.X. Zhu, P.M. Chaikin, and

(London 387, 883(1997). C.T. Lant, Phys. Rev. B0, 1988(1999.

021408-14



