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We have studied crystallization in a system of sedimenting colloids in real space using fluorescence
confocal microscopy. During sedimentation a gradient in particle concentration develops at the
bottom of the sample container. The presence of the lower boundary wall induces layering in the
liquid and, upon increasing sediment thickness, crystallization occurs in these liquid layers.
Crystallization in the first layer was found to proceed via a first-order transition. The formation of
small crystal nuclei in this layer induced epitaxial crystal growth in the second layer on top of these
two-dimensional crystal planes, which resulted in both layers undergoing the phase transition
simultaneously. The critical osmotic pressures for crystallization at a flat wall as well as for epitaxial
crystallization on an already crystallized layer were determined. The nucleation-and-growth
mechanism led to a polycrystalline end state. Due to this polycrystallinity we could not determine
whether the crystallization process involved an intermediate “hexatic-like” phase. Our results
regarding the nature of the transition in the first two layers are in agreement with recent computer
simulations[ Biben, Ohnesorge, and la@n, Europhys. Lett28, 665(1994]. © 2003 American
Institute of Physics.[DOI: 10.1063/1.1589737

I. INTRODUCTION scattering or microscopy techniques. The development of a
) ) ) model system of fluorescently labeled core-shell coll8ids,
Although freezing and melting are at the basis of manyggether with the use of three-dimensional confocal
everyday phenomena, the exact nature and mechanisms Yicroscopy'® has led to the recent experimental realization
derlying these phase transitions are still poorly understoog guantitative real-space analyses of glass formafidh
and are the subject of ongoing research. This even holds fo{q crystal nucleaticrin hard-sphere systems.
what is arguably the simplest model system in condensed | many natural and experimental systems, molecular
matter physics, particles interacting through a hard-sphergystal growth is influenced by impurities, which make it
potential. The notion that such a system can spontaneouslyyg o observe pure homogeneous crystallization without
crystallize, driven by entropy alorté; was initially met with special precautions. A lot of research has been done on crys-
skepticism, but is now widely acceptéd\le_vert_heless, the tallization at flat wall&! both theoretically and with computer
actual mechanism by which crystal nucleation in a supersatujmjations as well as experimentally. The influence of a
rated hard-sphere liquid proceeds has been only recently ags g wall, which can be seen as the simplest external poten-
dressed as a consequence of developments in computatlonﬁa, on colloidal crystallization has been examined as well.

and experimental physics. In the liquid state the presence of a hard wall can already

It took quite a number of years after the early work of o5,,se strong perturbations, leading to layering of the colloi-
Wood and Jacobson and Alder and Wainwridhtefore the liquid*? and eventually to prefreezing or possibly even

hard-sphere potential could be approximately realized in aetting3-16 These effects can be more pronounced when

experimental system: a dispersion of colloids. Colloids havyq || carries a surface pattern with similar symmetry as a
been such an appropriate experimental realization of thgyysial plane, a phenomenon called colloidal epitdxy?
hard-sphere model system for two reasons. On the one hand” |, many colloidal systems, crystallization is furthermore
their interaction potential can be tuned_ln such a way thqt tnfluenced by the presence of a second force field, namely
spans the whole range from effective hard-sphere-likeg q ity Under the influence of gravity, colloids settle to-
through short-range attractive, to long-range repulsive. Oy arqs the bottom of their container, where, at increasing den-
the other hand, their length and time scales are easily accegyy crystallization and subsequent crystal growth will take
sible from an experimental point of view, e.g., usifight)  pace 1t is hard to grow colloidal crystals without sedimen-
tation being important>?° Furthermore, the method to grow
dAuthors to whom correspondence should be addressed. Electronic maitolloidal crystals through sedimentation is often used in
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crystals in advanced applications. During sedimentation in anteracting via a screened Coulomb poterttathough the
strong gravitational field, the formation of a layered liquid atoccurrence of the hexatic phase may in this case be due to
the bottom wall will precede the formation of a crystal at thethe presence of short-ranged attractidhgnd in systems
bottom of the sediment. The nature of this liquid-to-crystalwith dipole—dipole interaction®“°Only in a system of col-
transition in a one-dimensional field has been previouslhjoids interacting through a short-ranged repulsive potential
investigated?®2® but only recently the limit of very strong was a first-order transition directly from the liquid to the
field strength(gravitational length comparable to the thermal solid observed! The various order parameters that we will
energy has been addressed by Bibenal?’ They showed use to characterize the layer-wise liquid—solid transition dur-
that the first two layers of the layered liquid at the bottoming particle sedimentation will include several that can dis-
wall undergo a first-order phase transition with increasinginguish the presence of an intermediate hexatic phase.
gravitational strength. Here, we present a detailed, real-space analysis of col-
The formation of a crystalline sediment is, however, notloidal crystallization at a wall during sedimentation of a
a priori clear. Rather, the interplay between the particlemodel system of slightly charged colloidal spheres. Com-
fluxes associated with both sedimentation and crystallizatiopared to the work of Davigt al”® our system has a Peclet
is crucial for determining whether a crystalline or an amor-number that is about two orders of magnitude larger. The
phous sediment results. Crystal growth in a sediment of parsoftness of the interactions results ifictose-packeycrystal
ticles with a small Peclet number, i.e., the ratio between th&olume fraction of 0.31 after complete sedimentation, com-
gravitational field strength and thermal energy expressed d@ared to~0.74 for true hard spheres. The initial stage of
Pe=(Ap)gRYKT, with Ap the density difference between crystal nucleation in the sediment at the bottom wall under
particles and solveng the gravitational constanR the par- ~ increasing osmotic pressure during particle sedimentation
ticles radiusk Boltzmann’s constant, aritithe temperature, Will be especially addressed. Our experimental situation re-
was examined by Davist al2® Under these conditions, the Sembles the already-mentioned work of Bibetnal,”” who
gradients in the particle concentration profile are small anderformed Monte Carl¢MC) simulations and density func-
crystallization can be described by using local average corfional theory(DFT) calculations on a system of hard spheres
centrations and other thermodynamic variables. Here, that a fixed density under increasing gravitational constant. We
crystals grow epitaxially in a one-dimensiordaD) way. In will compare our results directly to their work, by integrating
the other extreme, at very large Peclet numbers, the Browrihe density profile in a mean-field way that is, however, only
ian motion in the direction of the external field becomes sgexact for small Peclet numbef&:** We will address these
small that this system resembles a two-dimensi¢2R) sys- differences and their possible consequences later in this pa-
tem and a monolayer of colloids can crystallize. This limit Per- In our system, the Peclet number is fairly high and we
can be reached not only in a gravitational figdut also for ~ therefore give a description using 2D order parameters, simi-
instance by radiation pressiigAt higher volume fractions, larly to the work of Bibenet al*” and Heni and Lwen**®
such a high field can lead to an amorphous sediment. Furthermore, grystalllzatlon WI||' occur in 'Ilqw.d layers ori-
Considerable research, both theoretical as well as expergnted perpendicular to the gravitational direction as layering
mental, has been performed to elucidate the mechanisms f the colloidal I|qg|d occurs before the point at which crys-
freezing and melting in 2D model systems. As in a 2D SyS_talllzatlon occurs? These layers will order in their most
tem, true long-ranged translational order cannot exist due t§ensely packed structure, namely hexagonal planes of a
a divergence in the relaxation of phonon modes; these pha&ioSe-packed crystal like thelll) face of a face-centered

transitions address the occurrence of quasi-long-range%”bic (fce) crystal. The fac_t that crystalli;ation occurs in an
translational ordefsee, e.g., Ref. 30In the following we already layered system raises the question whether the crys-

will simply use the term “long-ranged order” for 2D systems tallization process in each layer can be regarded as a separate

as well, and assume it to be clear that in these situations w@P Process. The order parameters that will be used to probe

are actually dealing with quasi-long-ranged order. Thethe qu_uid—solid transition will enable a Iayer-wi_s(QD)_
Kosterlitz—Thouless—Halperin—Nelson—Young(KTHNY) analysis of the occurrence of long-ranged bond orientational
theory'~3* predicts a two-stage melting process. In theand translational order, which can probe the presence of an

KTHNY scenario the transition from the liquid state, charac-Ntérmediate hexatic phase.
terized by both short-ranged positional and short-ranged ori-

entational order, to the solid state with long-ranged positional

and orientational order proceeds via a phase with shorty, EXPERIMENT

ranged positional order but long-ranged orientational orderA Set d model svst
This intermediate phase is called the hexatic phase. For a €lup and modet system
system of 2D hard disks the occurrence of an intermediate Confocal microscopy was performed on a system of
hexatic phase is still unclear. Its existence has been predictdlliorescent silica core-shell particles to obtain three-
theoretically®® but computer simulations cannot rule out the dimensional3D) particle coordinate$.The core of the par-
possibility of a weak first-order phase transiti§nFor sys- ticles contained the fluorescent dye rhodamine isothiocyan-
tems with an attractive interaction potential, computer simu-ate(RITC) and had a radius of approximately 100 nm. These
lations showed the occurrence of a stable hexatic pffase,particles have been described in detail elsewfehe.a
which was confirmed experimentafly. Furthermore, the continuous-feed seeded-growth synthesis as described by
hexatic phase has been observed in 2D colloidal systenBiesché'® these particles were grown to a final radius of 997
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nm with a polydispersity of 3.3% as measured by transmis- (PU((P)
sion electron microscopy. Particles were dispersed in a
refractive-index matching mixture of demineralized water f

and glycerol(Baker, z.A gradgin a volume ratio of 1:7.18.
The refractive index was measured on an Abbe refractometer
(Jena 202853and was found to be 1.4548 at a wavelength
of A=589 nm at a temperature @=21°C. Transmission
spectra were taken on a spectrophotomé@ary 5 UV-Vis-
IR) and confirmed that this solution indeed showed the high-
est transmission at the RITC excitation and emission wave-
lengths(520-580 nmas compared to other mixtures. Apart B - ]
from refractive-index matching, the mixture of water and (1 () P —>¢
glycerol also has the advantage— that due to the high ViSCOSitIYIG. 1. Typical form of the flux curve for colloidal sedimentatiap, de-
(_on the order of 1%)mPas) the tlm_e scales f(_)r particle mo- notes the volume fraction at the top of the sediment. For initial volume
tion are scaled to the order of minutes, which makes a dyfactions larger thare, a fan region builds up starting from,, which at
namical analysis of a large number of particles possible. continuing sedimentation expands to higher volume fractions. For initial
The bottom of the sedimentation container consisted of &olume fractions smaller tharp,, the sedimentation flux is constant
22-mm-diameter Chance no. 1 coverslip, which had beef{oughout the sample until the top of the sediment.
immersed in chromosulfuric aciéMerck) for 20 min and
rinsed with demineralized water and ethatiderck, techni-
cal grade before coating with a layer of padlsnethyl-

opposed to the gravitational direction, so that increasing val-

: . ues ofz correspond to increasing height in the sample. Zhe
methacrylate(PMMA) to prevent particle adhesion. PMMA direction is now along the optical axis of the confocal micro-

(950k, 4 wt% in chlorobenzene, MicroChem Corpvas scope. The error in retrieving the coordinates with the

spincoated at 1000 rpm for 30 s and subsequently baked fQf, /6 _mentioned procedure 430 nm. The error in the lat-
1 hat 170 °C. A bottomless flask with an internal diameter of

X . ~‘eral (xy-)coordinates is=10 nm.
9.65 mm was glued to the PMMA-coated coverslip using
silicon rubber adhesive RTV 108General Electric The
sedimentation container was rinsed several times with the
water/glycerol mixture before being filled with 0.86 ml of B- Sedimentation and crystallization

dispersion with a volume fraction af,=0.0039. The process of crystallization during sedimentation is
The suspension was left to sediment mounted on a corased on a complicated interplay between the time scales
focal microscope(Leica TCS NT-2. During sedimentation associated with both processes. The time scale for sedimen-
the sample was scanned regularly. The scan field size wastion is given by the volume-fraction-dependent sedimenta-
100x100 wm, which was scanned with a resolution of 1024 tjon velocity U (¢)= Uo-K(¢), whereU, is the sedimenta-
%1024 pixels. Both time series of a 2D plane in the sampletion velocity at infinite dilution,U = 2/9 R2(Ap)g/ 5, with
with a time interval between subsequent scans of 40 s, and, Ap, and g as previously defined ang as the solvent
stacks of 2D scans with a stepsize of 0.4, were ac- viscosity. The factoK (¢) denotes the reduction of sedimen-
quired. tation velocity at higher volume fractions and can usually be
In each 2D frame, feature coordinates were retrieved uswell described byK(¢)=(1—¢)", where for instance for
ing image-analysis software similar to that described in Refhard-spheres=6.61°
47, written in the programming language..*® For retriev- In Fig. 1 the typical form of the flux curve-U(¢) is
ing particle coordinates from the 3D stacks, feature coordigiven. The initial volume fractiorp, gives rise to a constant
nates from successive frames with 2D particle coordinatesedimentation fluxp,- U (o). At the bottom of the container
that belong to a single sphere’s intensity profile werethe sediment will be formed at a volume fraction denoted in
grouped in columns that extend in the direction perpendicufFig. 1 by ¢¢. For relatively large initial volume fractions,
lar to the scan field. This intensity profile is ta@omponent  ¢,> ¢, with ¢, on the order of 102, the sedimentation flux
of a convolution of the point spread functigRSH of our  of particles,pq- U(¢g), is larger than the maximum possible
microscope with the spherical profile of the core particles. Aflux for a volume fraction ofg, and highet:® When a vol-
Gaussian function was constructed of which the full-width-ume fraction ofe, is reached during sedimentation, there
at-half-maximum was fixed at a value such that this Gaussiawill be a build-up of particles in a so-called fan. The fan
function mimicked thez-axis component of the convolution constitutes a transition region where the volume fraction
of the PSF with the spherical core profile. Each of the intensmoothly varies with depth fronp, to ¢. With ongoing
sity profiles in the 3D data set was then fitted to this Gausssedimentation the fan region will expand to higher volume
ian and the position of the maximum was taken as a partifractions. In this case the flux of particles into the sediment is
cle’s z coordinate. The use of the high-viscosity water/given by the sedimentation flux at the bottom of the fan,
glycerol mixture makes it possible to record the 3D intensitywhich, in order to yield a crystalline sediment, has to be
profiles without having to correct for intermediate particle equal to or smaller than the particle flux associated with the
diffusion. In the remainder of this section we will use a Car-maximum rate of crystal growth. Under these circumstances
tesian coordinate set, with the positizeaxis parallel and there is a maximum sphere radius, and thus a maximum
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Peclet number, above which crystallization in the sediment isime scale depends on the initial volume fraction, and is
prohibited by too high a sedimentation flux and an amor-given by t..=R/(¢o-Ug) ~ 7/(0o(Ap)gR). If we now
phous sediment results, as was experimentally verified bgcale thists.y to the typical time scale for diffusiorp
Davis and co-worker€ In order to be able to match the =R?/D,, i.e., the time it takes for a particle to diffuse a
sedimentation and crystal growth fluxes, we thus have talistanceR, where Dy=kT/(677R), and use the Peclet
have an initial volume fraction where the flux associatednumber, we findts.4/tp=1/(¢q- Pe). For the system given
with this ¢q is the rate-limiting step anywhere in the sample.above, with an initial volume fraction opy=0.0039, we
This means thab,< ¢, in Fig. 1 and thusp,<<0.01. Under have 1/¢p,- Pe)=2.5x 10°.
these circumstancds$(¢g)~1 and the time scale for sedi-
mentation is determined by, .

Now, we define the time scale associated with the flux of  For each 3D coordinate set the linear number density, as
particles during sedimentation,.q, as the average time it a function of height in the sample, was calculated by inte-
takes before one particle sediments through an Rfedhis  grating over the lateralxy-)coordinates

C. Data analysis and order parameters

RIS 8(x=x) 8(y—yi) 8(2' —z)dx dy dZ "
pz= Az-[[dxdy '

Here,xq, Yo, andz, denote the particle coordinates, and a uniform bin siz&z# 40 nm was chosen. The position of the first
maximum in the laterally integrated density profile was takerza®. The total number of particles in the sediment was
retrieved by integrating over thedirection. As we will see in the Results section, the overall volume fraction was low enough

to ensurep, decaying to almost zero, corresponding to the very lpyy so that both sediment thickness as well as the
integration oveiz are well defined. The total number of particles in the sediment was found to increase linearly with time, as
would be expected. The evolution of the order parameters that we will define below will depend on the evolution of the
concentration profile in the sediment. The build-up of the concentration at the bottom of the sample leads to an increased
gravitational pressure on the particles in the sediment. This gravitational pressure is balanced by an osmotic pressure gradient
that can be directly retrieved from the instantaneous concentration ffofile

h
1= mbgf py dz'. 2
z

The osmotic pressure at the bottom of the sample is thus directly related to the thickness of the sediment. It should be
noted, however, that this mean-field approach is only exact for small Peclet numbers. We now express the sediment thickness
in terms of an equivalent number of crystal layers by scaling the total number of particles in the sediment with the number of
particles in a single crystal layer at the end of our experiment, 263 h after homogenization of the sample

JITZi6(x—x;)8(y—yi)8(z' —z)dx dy dZ
05 o8/ [Z18(x—x)8(y—Y;)8(z' —z))dx dy dZ|;~263 nours

()

The number of crystal layers after 263 h wds-21. As  discontinuous jump to zero in the interlayer denéfts this
a comparison, all data reported below fall in the time intervalimplies that the number of particles confined to this layer
from 90 to 150 h after the start of the experiment, whichalso increases discontinuously, this jump would imply that
gives a number of layers between 8 and 13. Expressing thtle crystallization transition is of first order if judged as a 2D
sediment thickness ih has the advantage that this quantity transition.
is experimentally well defined and that it can be directly Furthermore, for each layer both orientational and trans-
related to thgmean-field osmotic pressure at the bottom of lational order can be probed. As we expect each layer to
the sample using Eq$l) and(2). crystallize in hexagonal symmetry, the 2D local hexagonal
On the basis of the laterally integrated density profile webond orientational order parameter for each single particle in
can see the onset of layering in the sample at the bottora specific layer was calculated
wall. When layering occurs, particles can be assigned to be-
long to these 2D layers defined by the minimapiy. Re-
cently, Heni and Laven suggested the use of these minima as
a robust order parameter for layer-wise crystallizatfbRur-
thermore, it was shown in the work of Bibext al. that the  where the summatiok runs over all, in totaNy, neighbor-
crystallization transition in a suspension close to a hard waling particles of particlg, and the angl# is the angle that the
under increasing gravitational field strength occurs through &ond vector between particleandk makes with an arbitrary

1
wm:mgemmmw» @)
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fixed reference axis. In this equation, as in all the following
equations for layer-wise order parameters, we denote all 2D
coordinates in a layer with=r(x,y). With the definition

given aboveyg=1 for a lattice with hexagonal symmetry.

The distribution of neighbors to every particle is found using

a Delauney triangulation, from which the Voronoi polygon -~ AU UUW\MMA:“L{L
can be constructed. A Voronoi polygon is defined as the area § 4 \J\W

around a particle that is closer to that particle than to any o
other particles; thus, the construction of the Voronoi polygon

g o N

w

N
g%;
>
Z
1
o
o
N

is similar to the Wigner—Seitz cell used in solid-state phys- 1 N0

ics. With this local order parameter, both its layer-wise aver- 0 U N=86

age can be evaluated as well as the corresponding correlation 0o 2 4 6 8 10 12 14

function gg(r) z (um)

ge(r) FIG. 2. Laterally integrated density profiles as a function of sediment thick-

ness. Profiles for different values Bfhave been shifted by 1 for clarity.
N-1 N

2T s (1) (" = ) ate(r”) S(r" =)

a N-1 N

(2T 8(r" —r) 2 46(r"=r1y))

IIl. RESULTS AND DISCUSSION

(5 A. Layering and crystallization

wherer =|r’ —r”|. The denominator in Eq5) is related to As a start of our analysis the laterally integrated density
the translational order correlation function, or radial distribu-profile p, was calculated for each of our 3D coordinate sets.
tion function, defined by Several density profiles at different stages of the sedimenta-

- N tion process are shown in Fig. 2. As can be seen, all profiles
1 , , start with a sharp peak a=0 due to the presence of the
g9(r)= 22 2241 o(r _ri)jzizﬂ o(r'=rj |, ®  pottom container wall. The exact position of the zero on the
z axis has been chosen to coincide with the position of the
with i #j. For a 2D system the occurrence of an intermediatdirst maximum in the density profile, as the exact position of
hexatic phase can be probed by determining the envelop&e wall surface was not accurately retrievable from these
function of the decay of both these correlation functions. Indata sets. With increasirgthe density profile goes through a
the liquid state both correlation functions decay to zero exminimum and shows several oscillations with decreasing
ponentially. For the short-ranged translational order andeak height and increasing peak width. This shows the lay-
quasi-long-ranged bond orientational order of the hexati®ring at the bottom of the suspension due to the presence of
state the en\/e|0pe function @fB(r) decays to a nonzero the bottom container Wa:l'l2 The oscillations in the density
value with power-law dependence, while fpfr) the decay profiles are followed by a smooth, almost linear decay to
is still exponentially to zero. In the crystalline end state thezero. The density profiles actually decay to essentially zero

decay of both functions proceed algebraically to a nonzerglue to the fact that a very low initial volume fraction ¢f
value®® =0.0039 was used, which makes the sediment thickiéss,

Apart from these static criteria, dynamical criteria alsoWell defined. This furthermore allows for a gradual increase
can be used to probe a liquid—solid transitf3f° Here, we ~ of the osmotic pressure.
will carry out a mobility analysis per layer as described by ~ With increasing sediment thickness, the range of oscilla-
Hurley and Harrowe in order to visualize kinetic hetero- tions increases and the first peaks in the profile become
geneities consisting of relatively slowly diffusing, “caged” sharper. The minimum in between the first two peaks falls to
particles on the one hand and faster diffusing particles on théero fromN=10.2 toN=10.4, and the width of this mini-
other hand. Furthermore, we will evaluate the behavior of the

long-time self-diffusion coefficienb} 10
0.94 1
s o 1 2 o " E
Df= lim Z2((r(1)=r(0)?), @ 08! B & v
X 2507 g2 v
which should decay towards zero upon crystallization. The Vi’
behavior of the long-time self-diffusion coefficient can be 0.6 L0 8 v
used as a separate order parameter using theehe 0.5 'ﬂ%‘” OSA
Palberg—Simon criteriof?:? Their criterion states that the o ©%nky”
ratio of the long-time and short-time self-diffusion coeffi- 0.4

cients reaches a uniform value of 0.1 upon crystallization. As 78 9 10 11 12 13 14 15
~ . _ . . .. N
the short-time self-diffusion coefficient can be assumed t%IG. 3. The layer-wise averaged local bond order paramjaidor the first

.Stay constan@ dyring the Phase tra'nsition, a sharp decB? of four layers indicated with squares for layer one, circles for layer two, up-
indicates a similar behavior for this order parameter. triangles for layer three, and down-triangles for layer four.
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TABLE |I. Sediment thickness and osmotic pressures for the liquid—crystal transition in consecutive layers
together with simulation resuli®Ref. 27 for the transition regions for these layers. The simulation results are
expressed in the parametethat probes the strength of the gravitational field relativieToThe corresponding
osmotic pressures calculated for the experimental system based on these values are given as well.

This research Simulation results
I Hstart l_Iend
Layer N (1002Nm™?) QAtart @end (1002Nm™?) (1002Nm™?)
1 10.4 2.36 2.50 2.75 2.17 2.39
2 10.5 2.13 2.50 2.75 1.59 1.74
3 11.0 2.01 2.50 3.30 1.00 1.32
4 11.9 1.98 3.25 0.53

mum becomes broader. A similar process can be seen for theetween the average values that can be associated with liquid
second minimum at highdd. We will analyze the relative and solid phases was observed for the bond orientational
depth of these minima as an order parameter below. Noterder parameter. We will now examine whether this phase
that all peaks are asymmetric with a sharp, almost deltatransition is of first order. In the density profiles shown in the
peak-like rise followed by a slower decay to the minimum.work of Bibenet al, a clear discontinuous jump in the inter-
This is most clearly visible for the first two peaks, and be-layer density to zero is observed, which occurs simulta-
comes more pronounced for higher peaks at increaking neously with an increase in order parameter. In order to test
For the first peak this asymmetry is due to the presence dbr similar behavior of the interlayer density, the relative
the bottom wall, but its influence remains visible for further depth of the first two minima in the density profile was de-
peaks, even when the first few layers have crystallized at termined as was suggested by Heni anaven!® The den-
=12.1. This asymmetry is solely due to the presence of thsity profile was integrated over a range of 0.,4&h around
wall, as this can also be seen in simulation results where nthe minimum, and this value was taken relative to the result
gravitational field is present. The fact that this asymmetry iof integration from the start of the profile to the position of
so clearly reproduced in our results shows the good statisticdhe second minimum. The results for the first and the second
accuracy with which these profiles are retrieved. minimum are given in Figs.(4) and 4b), respectively. Heni

In Fig. 3 the evolution of the averaged local hexagonaland Laven calculated a direct linear correspondence of the
bond order parametef]g|), defined in Eq(4), is given as  decrease of these minimal values with the order parameter
a function ofN, for the first four layers in the sample. For the (| #|), and found the liquid—solid transition to occur when
first layer (|¢g|) shows a sharp rise fromN=10.2 to N the minimal value decreased below 0X65:he 0.05 criterion
=10.7, indicative of the transition to a hexagonal lattice,is indicated with the dashed line in Figsa#tand 4b). For
followed by a slower saturation towards a value(pfs|)  the first minimum, the relative minimal value reaches a value
~0.9. For the second layéfs|) shows a similar evolution, of 0.05 atN=10.2, while for the second minimum this oc-
starting however from a lower value, but showing a rise si-curs at aboulN=10.5. This last position is, however, much
multaneously with the first layer and catching up with theharder to pinpoint as this region is not as well sampled as for
first layer in betweeimN=10.4 and 10.7. For layers three and the point where the first minimum traverses the criterion of
four the transition regions are qualitatively similar, but with Heni and Laven. Comparing Fig. @) with Fig. 4(b), it can
the transition occurring at a higher, discrete valuéloffak-  be seen that in the same range around the crystallization
ing half the rise in{|g|), i.e.,(|¥g|)~0.68, as the location transition, the depth of the second minimum falls down from
of the crystallization transition, we find this transition to oc- a much higher value and more drastically than does the depth
cur atN=10.4, 10.5, 11.0, and 11.9 for layers one to four,of the first minimum. Apparently, layering and crystallization
respectively, as indicated in Table I. The corresponding osin the second layer proceeds much faster over a similar in-
motic pressures at these layers are also given in Table I. crease in sediment thickness than in the first layer. The rea-

In a first-order phase transition there is a discontinuouson for this is probably the difference in crystallization on a
increase in the density of the crystallizing phase. A sharp risélat surface wall compared to crystallization on an already

0.20 T r T v 0.6

016 & & ] 0.5 E
§ 0.124 b £ 0.44 E E FIG. 4. The evolution of the relative depth of the mini-
2 .08 - ] 53] i EE ] mum inp, for (a) the minimum in between the first and
e 4 1 L ] 2 i second layer; an¢b) the minimum in between the sec-
% 0.04 - 1 T 0.24 L] 1 ond and third layer. Note the change in scale on the
= 0.00 - - g 0.1 u ] vertical axis betweela) and(b). The dashed line indi-

B a---- cates the Heni—Lwen criterion for crystallization of
0.04 : . . . 0.0 . 0.05.
8 9 10 " 12 8 9 10 1 12
N
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0.22 T T r . 0 N=84
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r (um)
FIG. 5. The volume fraction in the first two layers above the bottom wall asFIG. 6. Evolution of the radial distribution functiag(r) for particles in the
a function of sediment thickness. first(bottom)layer for (from bottom to top)increasing values ofl. Curves

for differentN have been shifted by 1 for clarity.

crystallized layer. We will come back to this point later in
this section.

Based on the criterion of Heni and wen for the mini-
mal interlayer densityFig. 4), we found the transition in first
and second layer to take placeN=10.2 andN=10.5, re-
spectively. Heni and lwen reported their criterion to coin-
cide with an averaged value fdfyg|) of (|ig|)~0.81° It
can be seen when comparing Figaydand Fig. 3 that in our
experimental situation, the value &f=10.2 found for the
first layer gives||)=0.62. For the second laygsee Figs.
4(b) and 3 the value of(|g|) at N=10.5 is(|¢g|)=0.68.

average hexagonal symmetry of neighbors surrounding a
particle. Next, correlations in particle positions and in the
bond orientational order will be examined. For a liquid—solid
transition both types of correlations will show a transition
from short-ranged to long-ranged. The nature of this transi-
tion may indicate the presence of an intermediate hexatic
phase: In an intermediate hexatic phase the envelope func-
tion of g¢(r) decays algebraically to a nonzero value, while
the translational correlation functiomg(r) still decays
exponentially’® In the liquid state the decay of both func-

Where for the first | thi i q ¢ thtions is exponential, while in the solid phase the decay is
ere for the Tirst layer this seems 1o correspond more to Igebraic for both functions. In Fig. 6 the radial distribution

onset of crystallization as viewed from the development Oftnction g(r) [Eq. (6)] is given for various values oN.

(| gy, for the second layer the 5% criterion seems to corre; : . :
spond well with half the rise i g|). As both the minimal Curves for differentN have been shifted by 1 for clarity. In

) the first curve forN=28.4, we can see liquid-like behavior,
denS|ty.as well as the Igcal he{(agonal_order pa_lrameter ShoWith typically three or four maximums corresponding to the
a drastic change with increasing sediment thickness, the
values are very sensitive to the exact location of the criterionro
In the calculation of the relative depth of the minima in
p,, the density in the first two layers itself is implicitly cal-
culated. The behavior of the minima i seems less sensi-
tive to experimental errors than the behavior of the densit
itself >3 but it is still instructive to look directly at the behav-
ior of the density in the first two layers. This density was
determined by integrating the density profile from the start o maximums. The positions of these maximums correspond to
the profile and dividing this by twice the layer width. The

X ) . " h | latti [ J D, DJ7
layer width was determined as the distance between the flrggx?giﬂz sglt;[tIC:SGe cd(;i?gz?jstr?; dgngs respzzgvely vsrgre

and the second minimum. The resulting densities are given i | < o nearest-neighbor distance in a 2D hexagonal lat-

Fig. 5. The regular increase of th_e denS|_ty a_t the bottqm OEce which is retrieved from the position of the first maxi-
the sediment due to particle sedimentation is clearly inter-

ted b h . t th di t thick that mum ing(r) at these values fax. This behavior shows the
rupted by a sharp rise at the sediment thickness that Wag, i in the bottom-wall aligned layers from liquid-like
identified as the point where the first two layers crystallize.

This clearly and directly indicates the first-order character o 0 the order of a 2D hexagonal lattice. As was already evi-
o i denced by the rise i , the sediment consists of hex-
the phase transition. In order to probe the character of th y 01l

L .. .ggonally stacked layers. For the curves witk»11.8, where
liquid—crystal transition, we have also calculated the osmotlcfhe average bond orientational order parameter in the first

I%ayer had reached its saturation valgee Fig. 3, hardly any
. - : h in th itional lati is ob d .
motic compressibility which was on the order of 12. The ange ih the positiona’ correrations 1S observed anymore

. h 100 | ¢ t a discriminat The bond orientational order correlation functigg(r)
error margins were, nowever, 1oo farge to get a diseniminaty, y,q fjrgt layer is given in Fig. 7 for various values of the
ing critical value for the transition at a single layer.

sediment thickness. In the liquid phadé=8.6), g(r) de-
cays rapidly to zero, corresponding to the absence of long-
ranged bond-order correlations in the liquid state. At the on-
set of crystallizationfrom N=10.1 toN=10.4), the rate of
Above, the occurrence and nature of the phase transitiodecay slows down and the range of correlations increases
were examined in terms of the density in the system and theorrespondingly. AfteN=10.4 the number of oscillations

ean interparticle distance and integer multiples hereof, be-
re leveling to a value of 1. Starting &=10.1, it can be
seen that the number of oscillations, and thus the range of
correlations in particle positions, increases. The form and
osition of these oscillations, however, do not change and
emain liquid-like. In between 10.2 and 10.4 a change in
form of the correlations does show up: the slightly broadened
fsecond and third peaks ig(r) both split into two distinct

B. Correlation functions of local order parameters
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FIG. 8. The long-time self-diffusion coefficient for particles in the bottom
layer as a function of sediment thickness.

g(n

tallite size that causes the sign inversion mentioned before.
Although this order parameter in this specific case does not
give any insight into the presence of an intermediate hexatic
phase, the order parameters that were examined before indi-
cated a single first-order transition. Furthermore, the phase
transition in the first layer was found to occur at the same
range of values for the sediment thickness for all order pa-

0.5- ] rameters, either probing orientational or translational order.
N=11g Thus, based on these results we cannot rule out the occur-
091 == rence of an intermediate hexatic phase, but if the liquid—

gy

0 10 20 30 40 5 60 70 crystal transition proceeds in two steps, both the liquid-to-
r (um) hexatic as well as the hexatic-to-solid transition will occur
(b) very close to each other. This is, however, also what is ex-

pected for the occurrence of the hexatic phase in true 2D
FIG. 7. The bond-order correlation functig(r) for particles in the first hard-disks system°§.When the occurrence of the 2D hexatic
iﬁottom ';’iy?fy for tdilflf_eret_”t sediment t?ri]Ck”esst(“ﬁ_the "tqlt“d Féhase andat phase in crystallization during sedimentation is addressed in
e oneetof csallzaton s n e e siate. Cunves I further experiments, it will also be interesting to exarmine
different horizontal and vertical scales (&) and (b). this transition for the second and further layers in the sedi-

ment, as the occurrence of the hexatic phase is not ruled out

by the presence of a patterned substrate potetitiahich in
increases only slightly more, until there is long-range bondhis case would be provided by the colloids in the layers
order correlation in the crystalline state Bt=11.8 [Fig. below. However, with increasing height in the sediment, the
7(b)]. In this stage even negative correlations at a distance dirystallization behavior may become less and less 2D.
40 to 50um are visible. These can be attributed to the poly-
crystalline nature of the crystalline end state: as we will see.
in the next section, crystallization occurs through a™
nucleation-and-growth process, so that crystallites with dif- At several stages during sedimentation, a long-time se-
ferent orientations will appear. Crystallites with only a smallries of confocal images of the bottom layer was taken, from
orientation difference will still have a possibility to rear- which the mean-squared displacements and the long-time
range, leaving the crystallites with a larger orientation differ-self-diffusion coefficien{Eq. (7)] were calculated. In Fig. 8
ence(around 307 that gives rise to contributions of opposite D; for the bottom layer is plotted as a function of sediment
sign in Eq.(5). The onset of sign inversion afg(r) differs  thicknessN. As can be seen, the long-time self-diffusion co-
for each of these curves, because the amount of crystallitesfficient falls off to zero sharply foN—10.4. This is in
per confocal image is too low and the average crystal sizeorrespondence with the increase in order parameter we saw
too small to determine the “true” range afig to properly in Fig. 3 and the determination of the position of the liquid—
sample the average crystallite size. The polycrystalline nasolid transition for this first layefFigs. 3 and 4 The de-
ture of the end state was confirmed by confocal picturesrease inD;} is the indication for the transition of particle
taken at the final stage of sedimentatidi=21.3) as wellas motion from diffusive(with strong collective effecjsto lo-
two months after sedimentation was completed. calized motions around lattice positions. In fact, as men-

As mentioned previously, we tried to fit the decay rate oftioned before, the behavior of the long-time self-diffusion

the bond-order correlation function, as this might give ancoefficient can be used as a separate order parameter, the
indication of the presence or absence of an intermediatedwen—Palberg—Simon criteridi}>? Their criterion states
hexatic phase. However, the decaygy(r) was found to that the ratio of the long-time and short-time self-diffusion
proceed neither exponentially nor with power-law depen-coefficients reaches a uniform value of 0.1 upon crystalliza-
dence, probably because the actual behavior of the decay raien. As the short-time self-diffusion coefficient can be as-
for a single crystalline domain is obscured by the finite crys-sumed to stay constant during the phase transition because

Structure and mobility



J. Chem. Phys., Vol. 119, No. 6, 8 August 2003 Colloidal crystallization in a gravitational field 3379

vavava|
ISE
i
N
oY)

K
VAVAVAVA| <} <
P e S s
vivavd | - AYATSSINNYY |
X KKK KX ORI X SN
SIS,
AW ceaes
VaVA%a! VAR
P KK
v oy wgﬂg{#:néﬁ' S
P

i
X

WA
VA
%m“‘
|

NP
S
EA‘;}

X
X
&
]
K

Y
o
S
»
i
iy
i,
i
S
9

s
RO
s

e
s
w

s
5
2
~Kf

Ay
N
N
X
N

Nk
AN

5
i

»
v
AV,
S
o0

=
X
o
o
00
TAvary
AR
%
XN K
-
W
AAYAY
o
)
2
04
%,
4.

=
o
W,
AVay
%
AN
Ve

iy
a0
Vavavy

3,
XX
"
N
7
2
v
AV)
o
%

v
85

RN PSR
Se o Savvd
N TS

o
AVAVAYAY
v
s
&
i
w
S
iyt

X
Y A VaVaYa
VOSSN A arara AT
O NN RIIR
8 e R AT BN
avarieie, YA RvATY
S e

REDTTIRERT
A
7\
ava
2R X
R
% X
Ky
iy X
anh
BEROG0
5
o
05
RSEOS
A
w
o
AR
AVAVAVAV)Y
S
AR
OO0
PELOEIE N

KRR
"

7
w
N
s
K
57
A
VaanaY

X
54
X
X7 s, 2
RSCR8
RN
A
X
RS
PR
W o
ROSRDEN
S
T
s

S
5
s
vy

O
SR
A ) AN

.
NS
CRSARLCS
154
o

A
PO
B
SOy
2
i
v
ot
wy =
KRN
0
v
o
S
e
e,
L0
8
AV
VAVAVA
AR
O
SN

4»

X

o
)

oh
ey
vy
u
v
PR
X
v
>
"W
Sy 4
5
XS

- v
&
i

5
o3
o

5
%X
OO
TATaTaTes.
AYViY

AR
AR
N OB

o
o
208

I
0
S8

X

w,
W
PR
Y
v,
A
2/
DS
RO
W v
AR
24
0S4
5eaRg
05
A,
0
NSy
NS

S
X
v
S

A
i
v
X
oy
VaXSey.

i
VYAV
i

A
G
Pt
S
SR
KRR
3
X

O
v
X
X
v
K}
o
o
KRS

o
5
n

"y
vy

OO
N

XK
0
a
e
X

@

3
BRES
& IOORRIS

2

U

)
W0

K2

X
S

s
OO AX

RRCEREBERLY

SRR SeR
&
)
A
o
%

v
PO
v
St
Yo
N
DS
Vi
008
R
K008

s,
NS
v

KEANKNSS

Vs

Kl
o
r g
RS A

=
SR
SO
=
%
»
X A
AR

X
s
DORRRRN
DORSRSNG
BNER

L
S
Ll

S\ SA SR

OGRS

K
K
0
o
DRI
KRR
s
00
v

R
.

0

"l

)

BNk

5

SAAVAVLY.

s

CRT

AAVAVAv,T

Y
KK
-~

o
<

&
s
u
A\ %}
o)
g5

o

X
AT AVAVAVAY.
DNSARRRSNSS
e
XX

KRR

Al
Vava¥
X

2\

Oavit

PRXN
v.
S
'4
i

3
Ss)
s
S

>
&
WS
(RS
&3
X
2
VA

J
X

a
w
v
&
e
£
P4
P
u
5
0

n

N —————
(a) ®) o 5 10

FIG. 9. (Color) (a) Delauney triangulation for particles in the firgottom layer atN=10.2. Triangles surrounding sixfold-coordinated particles only have

been left uncolored, while colored cells indicate a deviating coordination number: green for fourfold, blue for fivefold, brown for sevenfolipwaridrye
eightfold-coordinated particlesb) Snapshot of particle positions in the first layerNas=10.2, where particles have been colored corresponding to their
mean-squared displacement over a time interval larger than the typical relaxation time. The 5% of particles undergoing the smallest dispiaeceents h

colored blue and the 5% of particles with the largest displacements have been colored in red. In between, the color changes gradually with a change in
mobility, as indicated with the color table below the figure. The scale bar that belongs to the color tableri§hin

the density differences are small, the sharp decayppf changing in between. A comparison of Figlbp with the
shown in Fig. 8 indicates a similar behavior for this ordertriangulation plot in Fig. €a) shows that the positions of the
parameter. particles with the lowest mobility strongly coincide with the
In order to get more insight into the actual mechanismlarger regions of sixfold-coordinated particles. Thus, as
for crystal growth, we carried out a Delauney triangulationmight be expected, mobility decreases upon nucleation.
analysis. In Fig. @) a triangulation plot of the first layer at Figure 1@a) shows a triangulation analysifor a differ-
a value ofN=10.2 is given. Triangles have been coloredent area in the sampléor N=10.4. At this sediment thick-
based on the coordination number of the center particleness, the average local bond-order parameter is now almost
where sixfold-coordinated particles have been left uncoloredhalf its rise upon crystallizatiofsee Fig. 3. The amount of
Several coherent, ordered regions can clearly be distinparticles that are sixfold coordinated has drastically in-
guished, surrounded by defect-rich areas of mostly fivefoldereased, resulting in a growth of the crystallites, which are
and sevenfold-coordinated particles. For lower valuetNof now only separated by 1 to 3 particle-diameters-wide defect
(not shown), clusters of sixfold-coordinated particles also ap-lines. In the ordered regions several point defects occur. The
peared, but these were never larger than 5 particle diameteasnount of dislocations in the ordered regions is however
wide. Furthermore, a comparison of a time sequence of trilow, and larger(or more areas would have to be probed to
angulation plots of the same area at constdsit10 showed get enough statistical accuracy to study the average number
that these regions of sixfold-coordinated particles were alof defects in these crystallites.
ways fluctuating in time, continuously disappearing and re-  In Figs. 1@b) to 10(d), triangulations of the same area in
appearing at other positions. This behavior is typical for athe three layers above are shown. As can be seen in Fig.
dense liquid where there is a specific correlation time thaflO(b), the second layer consists of crystallites of, on average,
sets the time scale in which these spatial homogeneous aresimilar size on the same positions as in Fig(al0 This
can be observet!.The larger regions in the triangulation plot shows the second layer to crystallize epitaxially on top of the
shown in Fig. 9a) were all stationary in time, and can thus crystallites that nucleated in the bottom layer. In the third
be identified as small crystallites. layer[Fig. 1Q(c)], ordered regions of the same size as in Fig.
A similar observation can be made when examining thel0(a) can be identified. When comparing the valug |afg|)
root-mean-squared displacements of particles. The calculatddr the third layer aN=10.4 (| 5|)~0.5), we see that this
rms displacements of particles fall in a broad distribution. Inis still lower than the value of|yg|) for the first layer at
Fig. 9b) particles in the same time frame as in Figa)%are = N< 10, where coherent ordered regions larger than 5 particle
shown, but with particles colored according to their averagediiameters wide did not show up yet. However, in Fig(cl0
mean-squared displacement over time. Particles undergoirgyfew larger sixfold-coordinated regions are clearly visible,
relatively small displacement@&he lower 5% of displace- which can be identified as crystal nuclei. Indeed, it can be
mentg are shown in red, and the particles with the larger 5%seen in Fig. 3 that dil=10.4 we are at the onset of the sharp
of displacements in blue, with the color scale graduallyrise in(|g|) for the third layer.
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FIG. 10. (Color) Delauneytriangulationsfor layers(a) one;(b) two; (c) three;and (d) four at N=10.4. Trianglessurroundingsixfold-coordinatedarticles
only havebeenleft uncolored,while coloredcells indicatea deviatingcoordinationnumber:greenfor fourfold, blue for fivefold, brown for sevenfdd, and

yellow for eightfold-coordinategarticles.

Furthermorejt canbe seenwhencomparingFigs. 10(b)
and 10(c) that the small crystal nucleiin the third layer are
centerecbn top of the larger grainsin the secondayer, sup-
porting the mechanisnof epitaxialnucleationfor layerstwo
and further Finally, for the fourth layer, typical liquid-like
behavioris found, with rather few and small temporarily
orderedregions.

D. Comparison to simulation results

In the precedingparagraphsan analysiswas presented
on the natureof the crystallizationtransitionin a systemof
sedimentingchage-stabilizedcolloids with relatively large
Pecletnumbersj.e., for stronggravitationalfield strengthas
comparedo thermalforces.At somepointsa brief compari-
sonwith the work of Biben et al. was alreadymade,which
we will do more extensivelybelow The systemof Biben
etal. consistedof hard-sphereparticlesat a flat wall at a

constantareal density of 5.43 particles per squaredhard-
spherediameter These particles were subjectedto an in-
creasinggravitationalfield strengthas expressedn the pa-
rametera=mgo/KkT, wherem is the buoyantmassof the
particlesand o is the hard-spheraliameter A discontinuous
jump was found to occurin both a layerwise definedorder
parameteraswell asthe interlayerdensityfor both the first
andsecondayerwhena wasincreasedrom 2.5t0 2.75.The
order parameterdor the third and fourth layer were, apart
from a small jump for the third layer at «=2.75, found to
increasecontinuouslywith a. The rangeof increaseof their
order parameterfor layers one to four is summarizedin
Tablel.

Oneof themajordifferencesdetweerboth systemss the
use of hard-sphereparticles versus the chage-stabilized
silica particlesusedin this study In orderto quantitatively
comparetheir resultswith ours,the mean-interparticlespac-
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ing in a crystalline layer was calculated both from the vol-pressure in a system of density-matched hard spheres at
ume fraction after complete sedimentati@n=0.31; see Fig. liquid—solid coexistence. The reduced pressure at coexist-
5) as well as from the position of the first peak in the layer-ence isII*=11.69=11-o°/kT. With the effective hard-
wise g(r), and this value was taken as an effective hard-sphere radius used abote=1.340 um), we get a value of
sphere diameter. For a similar system consisting of the samid =1.83x 102 N/m?, which is of the same order of magni-
number of sedimented hard spheres, a volume fraction at thede and about 20% smaller than the values reported above
bottom of the sediment was calculated@s=0.726. With  for a system with gravity. Furthermore, Heni andvien re-
the volume fraction given above, this gives a measure of theently determined the pressures for prefreezing of a hard-
softness of the interaction expressed as the actual partickphere liquid at a hard wall carrying a hexagonal wall
radius over the effective hard-sphere radius of 1.33. For theattern*>'®They reported a value di* =8.53+0.12, which
hard-sphere diameter we now get1.340 um and equal gives I[1=1.34(+0.01)x 10 2N/m? for our system. This
crystal plane number densities for both studies. As the buoygives a reduction of-73% compared to the bulk coexistence
ant mass of the model hard-sphere particles the actual papressure, compared to a reduction~e84% in our system in
ticle buoyant mass in our experiments was taken, so that thgravity. However, a major difference between the two results
softness of our interaction is treated by using an effectivas here not only the presence of gravity and the softness of
hard-sphere diameter with a lower particle density. Thisthe spheres, but the character of the wall pattéixed
clearly means an oversimplification of the physical situationspheres versus Brownian spheras well.
but it does provide us with a situation where the contribution ~ The mechanism of epitaxial crystallization for layers two
to the osmotic pressure of a close-packed layer at a certain and further was confirmed in the structural analysis. How-
is similar in both studies. Thus, the results for increasing ever, the question remains whether the epitaxial crystalliza-
can now be mapped on our results with increadMigby  tion in these layers proceeds via discontinuous first-order
comparing the respective osmotic pressures. Note that theansitions or continuously. As we have not calculated the
constant areal density of 5.487 corresponds to a sediment densities in layers three and four as a function of sediment
thickness of 4.7 close-packed layers. The values for the rehickness(actually, in order to do so the crystallization tran-
sulting osmotic pressures at the valuesadfsted in Table | sition in these layers should be sampled moee definite
are given there as well. In this study the crystallization tran-answer cannot be given. However, an indication about the
sition in the first layer was found to occur at an osmoticnature of the transitions may be inferred from the behavior of
pressure ofl =2.36x 10~ 2 N/m? (see Table)l This resultis  the bond-orientational order parameter.
in remarkably good agreement with the values calculated on  Above, the range of osmotic pressure over which the
the basis of the results of Bibet al. Furthermore, the range crystallization transition in the first layer takes place was
in our experiment over which the bond-orientational orderfound to beAIl=0.30x 10~ 2 N/m?. For layer four the range
parameter shows its rise, roughly frod=10.0 to 11.2, in sediment thickness is frold=11.2 to about 12.75, which
gives an osmotic pressure difference Hf1=0.30x10"?  givesAII=0.39x10 2 N/m?. This suggests that the nature
N/m?. The difference in osmotic pressure betweggpand of the phase transition i{ /|y does not change drastically,
aeng for crystallization of the first layer in the simulations is meaning that the growth of the sediment proceeds via layer-
ATI=0.22x10 2N/m?. Thus, the steepness of the rise inwise first-order transitions; however, more data on the
order parameter is very well reproduced in our experimentgrowth of the sediment, preferentially by directly calculating
as well. The nature of the phase transition reported in théhe density or the relative)"" in the following layers, are
work of Bibenet al, namely a first-order discontinuous tran- needed. The indication mentioned above for discontinuous
sition that occurs simultaneously in the first two layers, isgrowth of the sediment is in contrast with the results of
also in correspondence with our experiment. For layers threBiben. Furthermore, as mentioned above, there is also a dis-
and further, Biben and co-workers observed a continuousrepancy between the osmotic pressures for the crystalliza-
growth of the sediment as a function ef If we look at the  tion of layers three and beyond which is remarkable in view
values forll at the start and end of the transition for theseof the good agreement of the results for the initial stage of
layers(see Table)l it can be seen that these values are becrystallization. However, the system size in the direction per-
coming increasingly off with respect to our experimental val-pendicular to the bottom wall is, in the study of Bibenal.,
ues. In our experimental situation with the number of par-rather small, equivalent to only 4.7 crystal layers. Due to this
ticles in the sediment increasing continuously, it can befact, the range of the transition region for the third and the
expected that the difference in sediment thickness betweeiourth layer as expressed ifll, which, as can be seen in
the crystallization of further layers reaches a constant valu&able | does not increase much from layer one to three, is
of AN=1, corresponding to a value of the osmotic pressuresmeared out considerably i as there are only a few par-
that has to be reached for a liquid layer on a hexagondicles on top. In fact, at this point the analogy between two
substrate to crystallize. In fact, in Table | it can be seen thasystems fails: For a system like the lower layers with a suf-
this situation is already almost reached at the fourth layerficient amount of particles atop to well sample correlations
Thus, we get an osmotic pressurebf2.36x 10 2N/m? at  between particles in the upper and lower parts, the increase
which a liquid layer of colloids crystallizes on a flat bottom of the osmotic pressure due to an increase in the number of
wall, and a value of abodll =1.98x 10”2 N/m? for epitaxial ~ particles can be well replaced by an increasevoflowever,
crystallization on a hexagonally ordered layer of colloids. at a low amount of particles on top, their mean-field contri-
The above values can be compared with the value for théution to the osmotic pressure fails to describe the physical
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situation with many particles higher in the sample. Here, théaneous transition of crystallization in the first two layers is
effect of increasing gravitational field strength cannot bethe equilibrium behavior, even although the stacking se-
mapped anymore onto our experimental situation of sediguence is not.
menting colloids. This is illustrated by the fact that for the A final point of discussion is the interaction potential
top part of the sediment in the simulations of Biben, thebetween the spheres in our system. The repulsive interaction
situation at a further increase affinally yields a 2D system. between our spheres gives a final volume fraction of the
A more complete test of the effect of increasing gravitationalcrystalline end state op=0.31. For true hard-sphere par-
field strength with respect to thermal motion can be achieveticles this value would be 0.726, as calculated from osmotic
by performing experiments on samples with a constant numand gravitational pressure at the bottom wall. However, the
ber density of spheres, but with different sphere sizes. Anresults of Bibenet al. were, for as long as the mean-field
other approach could be the use of another, more controhpproach in comparing the two systems holds, reproduced in
lable, external field than gravity, e.g., radiation prestire. very good agreement. Thus, despite the softness of the inter-
actions, the nature of the phase transition and pressure at
which the transition occurs are well reproduced assuming
E. Equilibration during growth effective hard-sphere interactions. The softness can, how-
and the role of softness ever, be expected to play a large role in the kinetics of the

One of the crucial aspects of the process of crystallizaxrans't'on' Rece_ntly, Gas_s«at al. repo_rted_ real-space mea-
urements probing colloidal nucleation in a system with a

tion during sedimentation is the interplay between the time>.

scales associated with both processes. Clearly, the Condi%milar value for the crystal volume fractioriThe values for
tions, i.e., the initial volume fraction, for sedimentation Weret e nucleation rates they reported are several order of mag-

chosen properly with respect to the nucleation kinetics, agitude higher that the theoretically expected vaftedich

our sediment did crystallize completely. However, this doed!V€s a.strong indication .Of th.e e]_‘fect of the softne§s Of. the
not immediately imply that the sedimentation kinetics Waslnteractlop on the nucleatlon Kinetics. Th.us, perfprmlng simk=
sufficient for proper equilibration of the crystal structure. lar experlmgnts with trlf'e hard-spherg-hke particles, for in-
The crystalline end state in each layer was polycrystallinegtance' S_tef'ca”y stabilized (_:oII0|ds in apolar solvent or a
with a typical lateral grain size of approximately 46m syst_em _5|m|Iar _to ours but W'.th salt ad(_jed to screen t_h_e_re-
wide, which results from the nucleation and growth mechapulswe mterz_actmn, may require a considerably lower initial
nism in each layer. Time scales associated with the rea'yolume fraction.
rangements necessary for a reduction of the polycrystallinityy. CONCLUSIONS
can be expected to be_ orders of magnitude larger than the A real-space analysis using confocal microscopy and
time scales for nucleation and growth. In order to get Somgjygrescent core-shell colloids was carried out on crystalliza-
idea about the equilibration of the crystals in our sample, jon during particle sedimentation. Crystallization is pre-
structural analysis was performed and the same analysis Wagqeqd by layering of the liquid at the bottom of the sediment.
repeated starting from a twice-lower volume fraction. For agr model system consisted of dm-diameter charged silica
more detailed analysis of the stacking sequence of crystalgy|ioids, where the volume fraction in the crystal is on the
grown by colloidal sedimentation, we refer to anothergrder ofo=0.31, compared to a value of 0.726 that it would
publication>* have in a hard-sphere system. The bottom-most liquid layer
The structure of the columnar crystallites two monthsyyas found to undergo a first-order liquid—solid transition at a
after starting the experiments was of fcc type with a finitegegiment thickness equivalent to 10.4 crystalline layers,
number of stacking faults of about 0.10 of the total numbefynich corresponds to an osmotic pressure Ibf=2.36

of layers in a crystallite. Redoing the sedimentation experi~10-2 N/m2. The phase transition in the first layer was
ment at half the initial number was found to give a reductionsgnd to give rise to an increase in the values of the order
of the n_umber of incorrectly stacked layers to_O._06._The Polyparameters for the second layer, which as a consequence
crystallinity was not observed to change. This indicates tha&rystallizes simultaneously at a local osmotic pressurH of

the conditions that were used here were not sufficient ta-5 13x 10-2 N/m2. The simultaneous transition in the first
completely equilibrate our samples. We assume that long&{yo |ayers was found to be first order, as indicated by a direct
equilibration will not change the character of tffiest-orde)  eyajuation of the relative interlayer density and the overall
phase transition as this is inherent in the nucleation- an@lensity in these two layers. The behavior of the bond-
growth stage of the process, but a substantial increase @fientational order parameter displays a similar transition for
equilibration times, for instance by lowering the volume these |ayers as for the bottom layers, but further research is
fraction by one or two orders of magnitude, might reduce thé,eeded in order to determine whether these successive tran-
polycrystallinity. This will increase the range of correlations gjtions in each layer are of first order.

in the radial distribution functiong(r) and the bond- The crystallization process was found to proceed with
orientational order correlation functiagy(r), which is nec-  {he nucleation and subsequent growth of small crystallites,
essary for determining the decay rate of these functions, angsyiting in a polycrystalline end state. This polycrystallinity
thus the occurrence of an intermediate hexatic phase. In thig;ses a sign inversion in the global bond-order correlation
way, for instance, the occurrence of an intermediate hexatig,ction beyond a typical crystallite size. As a consequence,
phase can be determined which was now obscured by thge decay rate of this correlation function could not give any
finite crystallite size. To conclude, we assume that the Simu'i‘nsight into the possible occurrence of an intermediate
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