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‘‘Aging’’ of the structure of crystals of hard colloidal spheres
Willem K. Kegela) and Jan K. G. Dhont
Van’t Hoff Laboratory for Physical and Colloid Chemistry, Debye Institute, Utrecht University,
Padualaan 8, 3584 CH Utrecht, The Netherlands

~Received 4 October 1999; accepted 19 November 1999!

We study the development of the structure of crystals of colloidal hard spheres in time when gravity
effects are minimal and polydispersity is small~,3%!. The initial stacking of the close-packed
hexagonal layers that make up the crystals is varied by applying various types of shear stress during
nucleation of the crystals. The experimental powder diffraction patterns are consistent with a
fraction of a faulted-twinned face-centered cubic~fcc! structure that grows at the expense of
randomly stacked crystallites. If a faulted-twinned fcc structure is generated initially, no change is
found over a considerable time. The present observations rule out the possibility that a randomly
stacked structure is the equilibrium structure of colloidal crystals of~nearly! hard spheres, and point
to the thermodynamic or kinetic stability of faulted-twinned fcc crystals in these systems. ©2000
American Institute of Physics.@S0021-9606~00!70307-2#
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I. INTRODUCTION

A collection of hard spheres under thermal agitation
probably the simplest model of interacting atoms. Compu
simulations reveal that these systems have a true free
transition1,2 at a density that is significantly smaller than t
close-packed density of spheres. This transition is driven
entropy. Under appropriate conditions, sterically stabiliz
colloidal suspensions are an experimental manifestation
hard spheres,3 where Brownian displacements play a
equivalent role as thermal movement in atomic systems
colloidal suspensions, the particles are stabilized by a r
tively thin layer of polymers attached to their surface, a
are dispersed in a solvent with the same refractive index
the particles so as to minimize van der Waals attraction
such a system, the freezing transition of hard spheres
indeed verified:3 at volume fractions smaller thanw50.494
~the freezing volume fraction! the system is in a fluid state
At 0.494,w,0.545, crystals of hard spheres coexist w
colloidal fluid, and atw.0.545 ~the melting volume frac-
tion!, a single~crystalline! solid phase is found. In this work
we shall be concerned with the structure of crystals of c
loidal hard spheres.

The structure of spheres that occupies the least space
stacking of close-packed hexagonal layers.4 Within a crystal,
each layer can adopt one out of three possible lateral p
tions, A, B, andC. Close packing is assured if two adjace
layers have different lateral positions, but if layern has the
reference positionA and (n11) hasB, then layer (n12) can
have eitherC or A. If the first sequence is extended over t
whole crystal, one has a face centered cubic~fcc! structure,
and the extension of the second possibility leads to hexa
nal close-packed~hcp! crystals. Stacking faults lead to stru
tures that are neither fcc nor hcp. Defininga as the probabil-
ity to find a layer at (n12) that has a different position from
the one atn, one has fcc ifa51, hcp if a50, and a com-
pletely random stacking~also referred to as rhcp, rando

a!Electronic mail: W.K.Kegel@chem.uu.nl
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hexagonal close packing! if a50.5. Most close-packed
atomic crystals have either perfect fcc or hcp, an excep
being cobalt, which hasa50.1, as shown by Wilson.5 About
a decade ago, Puseyet al.6 reported light-scattering measure
ments of powder diffraction patterns of crystals of hard c
loidal spheres. Their results are compatible with a comp
random stacking near the melting density, but the crys
tend towards fcc when either increasing or decreasing
overall volume fraction of the colloids. This work was e
tended by Poon and Pusey,7 where, among other things, th
structure of the crystals was followed in time. They fou
that in an initially random-stacked sample~near the melting
density!, a fcc feature@i.e., a peak corresponding to the~200!
line of fcc# develops in time. Comparable results were fou
in charged colloids, where the initially random-stacked str
ture tends towardsa'0.75, named ‘‘faulted twinned fcc’’ by
the authors.8 In an experiment under microgravity by Zh
et al.,9 however, the crystals of hard colloidal spheres ret
a random stacking for several days, without any evidence
a growing fcc feature. They therefore conclude that grav
stress promotes fcc, but the question regarding the equ
rium structure near the melting density of experimen
‘‘hard sphere’’ model systems when gravity is negligible
still open.

The question of the thermodynamically stable stack
in crystals of hard spheres was for the first time addresse
Frenkel and Ladd10 using computer simulation. Extension o
this work reveals that fcc is significantly stable relative
hcp ~Ref. 11! @though not as stable as claimed in~Ref. 12#,
but also relative to rhcp.13 As shown very recently by Mau
and Huse,14 it is even stable relative to all possible stackin
that are different froma51. However, the differences in
entropy between the different stackings are extremely sm
in particular near the melting transition where it is found
be on the order of 1024 k per particle~where k is Boltz-
mann’s constant!. Because of the driving force towards fc
being so small, the systems may easily get trapped into m
stable states, and different initial stackings in the cryst
may lead to different structural evolution scenarios. On
1 © 2000 American Institute of Physics
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other hand, subtle effects, such as polydispersity, a sl
‘‘softness’’ in the pair potential between the colloidal pa
ticles, or, indeed, stress induced by gravity, are expecte
be important factors that determine the ultimate stacking
experimental systems of~nearly! hard colloidal spheres, as
is conceivable that they may even change the sign of
~very small! differences in entropy between the differe
stackings.

In this work we address the question as to how the str
ture of colloidal hard sphere crystals develop in time wh
gravity effects are minimal, polydispersity is small~,3%!,
and the initial stacking in a single system is varied by app
ing different forms of shear stress.

II. EXPERIMENT

A. Colloidal system

The colloidal system, poly~methyl methacrylate!
~PMMA!, stabilized by the covalently surface linked stab
lizer poly~12 hydroxy stearic acid! ~PHS!, was prepared ac
cording to the procedure described in Refs. 15 and 16.
radius of the particles~in the solvent mixture described be
low! is 470 nm, and the polydispersity, estimated from lig
scattering and electron microscopy, is smaller than 3%. S
a small polydispersity is only possible for relatively larg
particles. The particles were dispersed in a solvent mixtur
~almost! equal refractive index and mass density as the p
ticles;cis-decalin, tetralin and carbontetrachloride with ma
fractions of 0.0493, 0.3756, and 0.5751, respectively. T
refractive index of this mixture is 1.5030~for a wavelength
of 589 nm!, and the mass density is 1.2381 g/cm3 ~at 293 K!,
being significantly larger than the density of the PMMA pa
ticles in hydrocarbons such as dodecane, where it is foun
be 1.18 g/cm3. This difference is due to the fact that th
particles were found to swell significantly in the mixture, i.
a factor of 1.28 in diameter relative to the situation in dod
cane, as determined by static light scattering and scaling
the freezing concentration. Because of this swelling, the
vent composition that corresponds to a minimum in
buoyant mass of the particles had to be determined by it
tively measuring the sedimentation velocity of the partic
~using centrifugation!, and adding one of two stock solution
of equal refractive index but different mass density. W
this procedure, the density difference between particles
solvent was estimated to be of order 1024(g/cm3), as de-
duced from the sedimentation rate of the diluted particles
a sample with a somewhat mismatched refractive index. T
density difference corresponds to a gravitational lengthh
5kT/mbg of order millimeters. In this equation,kT is the
thermal energy,mb the buoyant mass of a particle, andg is
the acceleration due to gravity. ‘‘Conventional’’ solvents f
these particles, such as mixtures of decalin and tetralin, h
densities of approximately 0.3 g/cm3 smaller than the par
ticles. For the particles of the size used here, this correspo
to h of order micrometers. Systems under microgravity
the other hand, as in Ref. 9, haveh of order meters. So, the
system studied here is just in between these two extrem
Note that the gravitational lengthh is inversely proportional
to the density difference between the colloids and the
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vent, but inversely proportional to the cube of the size of
particles, i.e.,mb5pD3Dr/6, with D the particle diameter
and Dr the mass density difference between colloids a
solvent. So one could achieve a similar gravitational len
by using ‘‘conventional’’ solvents and colloids smaller tha
approximately 100 nm in diameter. With these small p
ticles, even true microgravity conditions~h of order meters!
can be reached using the solvent mixture as described ab
However, such small particles are significantly more polyd
perse than large ones, with usually more than 5% polyd
persity. As discussed in the Introduction, these large poly
persities may influence the equilibrium structure of the ha
sphere crystal. It was verified that the system behaves as
spheres by several observations. The most important is
the position of the first peak of the pair correlation functi
in a system of similar particles with a fluorescent core,
determined by confocal scanning laser microscopy, does
depend on the volume fraction.17 The range of volume frac-
tions over which the pair correlation function was measu
is 0.45–0.64. This observation indicates that there is no
nificant soft repulsive part in the interaction potential. T
possibility of an attractive contribution was excluded
measuring the value of the second virial coefficient us
light scattering of similar, but smaller, dilute particles. Th
value equals the one for hard spheres. Another indicatio
hard sphere behavior is that is was found that the cry
volume in the coexistence region between colloidal fluid a
crystal grows linearly with the~dry! mass fraction of colloid
in the sample, and once the freezing volume fraction is se
0.494, the melting fraction follows being 0.54360.011, in
good agreement~albeit with a large uncertainty! with the
value of 0.545 as determined using Monte Carlo compu
simulation of hard spheres.18

B. Sample treatment

The volume fraction of the sample that we studied
0.55, which approximately corresponds to the density wh
the nucleation rate is maximal.19,20Before starting an experi
ment, the crystals that were formed were shear melted
gently tumbling the samples for at least several hours. S
sequently, nucleation took place under three different con
tions, designated as I, II, and III, i.e.,

~I! Without any perturbation, in the sample holder of t
scattering setup.

~II ! During centrifugation with a speed corresponding to
gravitational length of approximatelyh510mm, for
48 h. After that, the sample was placed in the sam
holder of the scattering setup, where the crystals t
were formed during centrifugation partially melted du
to convection induced by the difference in temperatu
between the sample and the thermostatted bath. Su
quently, the partly melted crystals grew again.

~III ! Under manually applied oscillatory shear, induced
rotating the sample hence and forth with a frequency
approximately 1 Hz. This treatment lasted for about 1
in the sample holder of the scattering setup.
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It turns out that these conditions induce a significan
different stacking of the hexagonal layers that make up
colloidal crystals, as will be discussed in the next section

C. Scattering setup

The scattering setup is described in detail in Ref. 21,
here it is only briefly summarized. A high angular resoluti
~0.008°! is achieved by using a diode array camera tha
positioned in the focal circle of the light scattered from t
sample, and around a cylindrical thermostating bath. T
thermostating liquid~toluene! is almost refractive index
matched with the dispersion. The total scattering angle ra
of the camera is 4.0°, and the full scattering pattern of in
est ~with a width of approximately 8°–9°! was obtained by
moving the camera along the focal circle. The sample w
contained in a cylindrical cuvette with a volume of 20 m
and the scattering volume~after expanding the beam of a
mW He/Ne laser! was approximately 1 cm3. This volume
contains many~orientations of! crystallites on the order o
0.1 mm in size. It is interesting to note that in a sample cl
to the freezing volume fraction, indeed millimeter-siz
crystals were found, as in Ref. 9. The scattering patte
were obtained by averaging 500 scans of 0.3 s. During
accumulation of the scans the sample was gently rotated
that a true light-scattering equivalent of a powder crysta
graphic pattern was obtained.

The structure factor of the crystals,S(K), is ultimately
obtained by dividing the scattered intensity,I (K) by the
measured single particle form factor,P(K), as I (K)
5P(K)S(K) in orientationally invariant materials, such as
powder of crystallites. As noted by Puseyet al.,6 the data at
scattering vectorK significantly beyond the~200! reflection
of fcc indeed become unreliable as this is where a~steep!
minimum of the form factor is found.

D. Calculation of the powder diffraction pattern

The reciprocal-space structure of the close-packed h
agonal crystal layers that were stacked in a manner defi
by the probability a as defined in the introduction wa
computed22 on the basis of Eqs.~9! and~17! from Loose and
Ackerson.23 Powder averaging was carried out by numeri
integration using Simpson’s Rule. A Gaussian distribution
the size of cubic crystals with a width of 10% was assum
Deviation from the cubic shape and the width of the s
distribution does not significantly affect the ratios of the pe
intensities. The size of the crystals mainly alters the bro
ness of the scattering peaks. Within the fixed cubic shap
the crystals, the size only has a relative significance,
hardly any difference in the scattering pattern is found e
when the crystals are made twice as large in the directio
the hexagonal layers. Free parameters in the calculation
an overall scaling factor, the value ofa, and the average siz
of the crystals. Only the value ofa significantly ~and sensi-
tively! affects the shape of the scattering pattern. The a
age size of the crystals was adjusted until the width of
~111!-Bragg reflection agreed as good as possible with
experimental width.
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III. RESULTS

The powder patterns, at different times after nucleati
are shown in Figs. 1~a!–1~c! for the conditions as listed un
der ~I! in the Experiment. Figures 2~a!–2~c! are the powder
patterns of the system under conditions designated by~II !,
and Figs. 3~a! and 3~b! correspond to the conditions name
~III !.

The experimental pattern of the system that was nu
ated under undisturbed conditions, 16 h after the nuclea
process was initiated@see Fig. 1~a!# is well described by a
purely random stacking of hexagonal layers,a50.5. A sharp
main peak is present, with on both sides broad bands
diffuse scattering. The main peak is the~111!-Bragg reflec-
tion at (Kafcc/2p)253.0, with afcc the size of the fcc unit
cell. The shallow ‘‘prepeak’’ at (Kafcc/2p)252.67 corre-
sponds to the hcp~100! reflection, and the broad peak be
yond the main reflection is at the sameK vector as the hcp
~101! reflection at (Kafcc/2p)253.42. After 2 weeks, how-
ever, another feature becomes apparent corresponding t
~200! line of a fcc structure, with (Kafcc/2p)254.00. This
pattern is shown in Fig. 1~b!. This feature slowly grows in
time, as can be seen from the pattern, in Fig. 1~c!, that was
measured 40 days after nucleation was initiated. The patt
in Figs. 1~b! and 1~c! could not be described by a sing
value of a. Instead, a distribution of crystals with differen
stacking probabilities had to be assumed. This distributio
peaked ata50.5 anda50.8, details are given in the figur
captions. As can be seen from Figs. 1~b! and 1~c!, such a
distribution describes the powder patterns rather well,
though there is a systematic deviation at high scattering v
tors in all the Figs. 1~a!–1~c! and the calculated intensity o
the main~111!-Bragg reflection tends to be too high. In ord
to illustrate that the calculated pattern is quite sensitive to
location of the peaks of the stacking probability distributio
we also show a pattern, in Fig. 1~c!, that was calculated afte
forcing the distribution to be peaked ata51.0, and the
weights of the other stacking probabilities were adjusted
as to get as good an agreement as possible with the dat

The powder pattern of the crystals that were nuclea
under ‘‘normal’’ gravity conditions, subsequently melted
part and again grown@condition~II !#, is shown in Figs. 2~a!–
2~c!. The feature corresponding to the fcc~200! line is now
overwhelmingly present even very shortly after nucleat
@Fig. 2~a!#. Again, the scattering pattern could not be d
scribed by a single value ofa, and a distribution of crystals
of different scattering probabilities had to be assumed~see
figure captions!. At short times after nucleation@Fig. 2~a!#,
the part of the scattering pattern around the fcc~200! feature
is described well by theory, but in particular the part arou
the prepeak corresponding to hcp~100!, is not. Better agree-
ment is found when different crystal sizes are assumed,
we choose not to extend parameter space by this assum
as we have no independent proof of this really being
case. We therefore speculate that crystals of different
and/or shape, possibly in combination with defects, cause
deviation from theory in Fig. 2~a!. This speculation may be
verified by direct numerical computation of the structure fa
tor of either computer generated crystals or experiment
obtained coordinates. At longer times, agreement with the



r

als

5
g

e-
ith

ed
d

,

ere
g

was
n of

e.

rced

3434 J. Chem. Phys., Vol. 112, No. 7, 15 February 2000 W. K. Kegel and J. K. G. Dhont
FIG. 1. ~a! Structure factor of colloidal hard spheres~PMMA-PHS! with
volume fractionw50.55, and radiusR5470 nm, 16 h after nucleation unde
‘‘milligravity’’ conditions and no applied shear@conditions listed under~I!
in the Experiment#. Points are experiments, line is theory with cubic cryst
of 105 particles anda50.5. ~b! Same sample as in~a!, 13 days later. The
line corresponds to a ‘‘best fit’’ to a distribution of crystallites of 1.2
3105 particles with different stacking probabilities with the followin
weights: 0.55~a50.5!, 0.05 ~a50.6!, 0.1 ~a50.7!, 0.20 ~a50.8!, 0.1 ~a
50.9!. ~c! Sample as in~a!, 40 days after nucleation. The solid line corr
sponds to a distribution of crystallites with stacking probabilities w
weights, 0.45~a50.5!, 0.1 ~a50.6, 0.7!, 0.25 ~a50.8!, and 0.1~a50.9!.
The dashed line corresponds to a distribution that is forced to be peak
a51.0, and the weights of the other stacking probabilities were adjuste
get a ‘‘best fit’’ to the data. The results are 0.45~a50.5!, 0.1 ~a50.6!, 0.05
~a50.7, 0.8!, 0.1 ~a50.9!, 0.25 ~a51.0!. Same crystal size as in~b!.
at
to

FIG. 2. ~a! Sample~same as in previous figure! that was shear melted
centrifuged ~with a speed corresponding to a gravitational lengthh
510mm) for 48 h, and subsequently placed in the sample holder, wh
~due to the difference in temperature! the crystals that were formed durin
centrifugation, partially melted. These conditions are listed under~II ! in the
Experiment. The scattering pattern was taken 20 h after the sample
placed in the scattering setup. The line corresponds to a distributio
stacking probabilities with weights 0.2~a50.5!, 0.1 ~a50.6!, 0.15~a50.7!,
0.50 ~a50.8!, 0.05 ~a50.9!. Crystals contain 2.73104 spheres.~b! As ~a!,
14 days later. Lines are theory with 0.20~a50.5!, 0.05 ~a50.6!, 0.1 ~a
50.7!, 0.55 ~a50.8!, 0.1 ~a50.9!. Same crystal size as in previous figur
~c! Same sample 28 days after the pattern in~a! was taken. Solid line, 0.10
~a50.5!, 0.10 ~a50.6!, 0.10 ~a50.7!, 0.70 ~a50.8!; crystals contain 1.25
3105 spheres. The dashed line corresponds to a distribution that was fo
to be peaked ata51.0 @in the same way as in Fig. 1~c!#: 0.20~a50.5!, 0.10
~a50.6–0.8!, 0.15 ~a50.9!, 0.35 ~a51.0!.
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becomes better and, just as the sample at condition~I!, the
results indicate an increasing fraction of crystallites w
a'0.8 that grows at the expense of the fraction of random
stacked crystals~a50.5!. As shown in Fig. 2~c!, the experi-
mental results are poorly described by theory if a grow
fraction of pure~a51.0! fcc crystals is assumed.

The results on the system that was gently sheared du
nucleation@situation~III !# are shown in Figs. 3~a! and 3~b!.
Just as under condition~II !, the fcc ~200! feature is already
significantly present at relatively short times after nucleati
In this case, the powder pattern is rather well described
theory using a single value of the stacking probabili
a50.70, although the~indeed only very weakly present! pre-
peak atK corresponding to the hcp~100! reflection is not
seen in the experiment. Clearly@Fig. 3~b!# the situation does
not significantly change in 24 days.

IV. DISCUSSION

It follows from Figs. 1~a!–1~c! that a system of colloida
hard spheres, of volume fraction 0.55, that is left undisturb

FIG. 3. ~a! Sample~same system as in previous figures! that was shear
melted, and subsequently gently sheared during nucleation for about 1
manually rotating the sample hence and forth with a frequency of appr
mately 1 Hz@conditions~III ! in the Experiment#. The scattering pattern wa
taken 20 h after this treatment. Line corresponds to a single stacking p
ability with a50.70. Crystals contain 6.43104 hard spheres.~b! As Fig.
3~a!, 24 days later. Solid line hasa50.70; dashed line~for comparison! has
a50.80.
y

g

ng
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y
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d

during nucleation, initially forms a purely random stack
crystal of hexagonal layers. This result is in complete agr
ment with Ref. 6, and also with the observation
microgravity,9 although in the latter case only qualitativ
conclusions can be drawn. After 2 weeks, a small but sign
cant fraction of crystallites are transformed into a stack
that can be termed ‘‘faulted-twinned fcc’’,8 i.e., a stacking
like ABCBCACBACBA..., with a50.8, and this fraction
keeps growing in time up to at least 40 days after nucleat
In a study by Poon and Pusey,7 is was observed that at
volume fraction comparable with the one used here, initia
a random stacked~with a50.5! crystal forms, but the fcc
~200! feature develops within a day.24 The colloidal particles
used in Ref. 7 are about twice as small as the ones stu
here. At comparable volume fractions, the relevant~and rela-
tive! timescale in the two systems is the Brownian time, i.
the time it takes for a particle, at infinite dilution, to diffus
over its own radiusR, t5R2/6D0 , with D0 the diffusion
coefficient at infinite dilution. As the solvent viscosities a
comparable we haveD0;1/R, implying that our system is
roughly 8 times ‘‘slower’’ as the one studied in Ref. 7. Thu
on the Brownian time scale it takes at least twice as long
our system for the fcc feature to develop~after 1 week, no
fcc feature is obvious; not shown!. The only difference be-
tween the two systems, besides the particle radius, is
gravitational length of the particles, which in our system
on the order of millimeters, while in the one in Ref. 7 it is o
the order of micrometers. So, gravitational stress indeed
motes fcc, as was concluded by Zhuet al.9 However, our
results show that even when gravitational stress is v
small, as quantified by the gravitational length, crystals s
tend to transform into ‘‘faulted-twinned fcc,’’ it only take
more ~Brownian! time relative to systems under norm
gravity conditions. This is probably the reason why the f
feature was not seen in the space shuttle experiment. Ind
Pronk and Frenkel13 recently computed the rate at whic
colloidal crystals of hard spheres are expected to transf
from a random stacking into pure fcc. They show, based
free energy differences and a Wilson–Frenkel growth la
that such a transformation takes months rather than day
unperturbed systems, but the precise rate is quite sensitiv
the size distribution of the crystals. In our system cryst
with a50.8 grew instead ofa51.0, and we did not look a
the size distribution of the crystals. Therefore we can
make a comparison with their predictions.

We attempted to simulate ‘‘normal’’ gravity condition
by centrifugation of the sample, but as described in the p
vious sections, the crystals that were formed during centr
gation partly melted when placed in the thermostat
sample holder of the scattering setup@treatment designated
as ~II ! in the Experiment#. Nonetheless, the procedure lea
to crystals that contain a much higher fraction of faulte
twinned fcc~with a50.8!, even at the shortest times studie
Just as in the system after the previous treatment, this f
tion grows in time, at the expense of the fraction wi
a50.5. Now in the last series of experiments@~II ! in the
Experiment# the sample was sheared manually, leading t
structure still different from the one resulting from the oth
treatments, i.e., a faulted-twinned fcc witha50.7, with no

by
i-

b-
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indications of the presence of random-stacked crystals.
the ~shear! history of the sample sensitively determines t
structure of the crystals. In general, we find that shear str
either induced by centrifugation~or ‘‘gravity’’ !, or by manu-
ally rotating the sample, tends to promote faulted-twinn
fcc. However, in the first situation, a mixture of different
stacked crystals is found, with a small peak ata50.5 and a
large one ata50.8, but in the second situation the expe
ments are best described by a singlea50.7. It would be
interesting to systematically, and quantitatively, investig
the influence of shear history on the structure of the crys
being formed. At this point we summarize our findings
follows: in crystals of colloidal hard spheres, a fraction
crystallites with a50.8 tends to grow. If crystals with a
singlea50.7 are generated, the structure does not change
a significant amount of time. Thus, the present observat
rule out the possibility that a randomly stacked colloid
crystal is thermodynamically stable. Instead, either fault
twinned fcc is the thermodynamically stable structure of c
loidal hard-sphere crystals, or the system kinetically tend
get trapped into this structure. This question may be reso
by starting with crystals of pure fcc, and see if a fraction w
smallera grows. We were unable to generate pure fcc cr
tallites in this work, but perhaps such a structure can
grown on a template.25 As mentioned in the Introduction
computer simulations by Mau and Huse,14 addressing all
possible stackings, demonstrate that pure fcc~with a51.0!
has the highest entropy. This simulation takes into acco
interactions over up to five consecutive layers of spheres
the melting density, interlayer entropic interactions are fou
to fall off very slowly compared to the situation at the clos
packed density. This leaves the possibility, at least in p
ciple, that faulted-twinned fcc, witha50.7–0.8, is ultimately
stabilized by entropic interactions that are ranged bey
these five layers. However, especially at the melting dens
the relative differences in entropy are very small~of order
1024 k per sphere!, so that long-lived metastable states a
feasible even if fcc indeed proves to be the ultimately sta
stacking of hard spheres at the melting density. Experime
in real-space, using confocal scanning laser microscopy,
currently initiated in order to learn more about the mec
nism of the structural transitions that we observed in t
work.
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