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Stacking faults in colloidal crystals grown by sedimentation
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Areal-space study is presented on the occurrence of stacking faults in crystals of silica colloids with
diameters of about 1 and 14m formed through sedimentation. The softness of the interaction
potential is varied from slightly repulsive to hard-sphere like, both intrinsically by variation of the
diameter, as well as through the addition of salt, which screens the surface charges. Our results
indicate that the equilibrium crystal structure for these colloids is an fcc-crystal, with the number of
stacking faults determined by the interplay between sedimentation and crystallization kinetics,
irrespective of the softness of the interaction potential. For spheres with a certain diameter the
number of stacking faults decreases with decreasing initial volume fractions. These results provide
a way to grow fcc-crystals of hard-sphere particles by slow sedimentation. The relative number of
stacking faults in the first few layers above the bottom wall can be as much as a factor of 10 higher
than deeper into the crystal. This effect is due to the crystallization kinetics on a plain wall in a
gravitational field. A patterned bottom wall that favors a specific hexagonal orientation was found
to drastically reduce the number of stacking faults in the crystal.20©2 American Institute of
Physics. [DOI: 10.1063/1.1522397

I. INTRODUCTION stable crystal structure. The free energy differences between
. i . _ face-centered cubi@dcc), hexagonal close packeétdcp), and
_The ability of colloidal particles to self-assemble into & ¢rystals exhibiting an arbitrary number of randomly distrib-
Va“etY of c_rystalllne p_hases lies _at th_e heart 9f manyted stacking faults, solely arise from entropic interactions.
materials-science ~ studies, especially in the fields Ofryaqe free-energy differences have only recently been calcu-

phot_om(-:sl, cata|y5|§, sensor’g and I|thogr§1ph§?. In these |50 using computational methods and are only on the order
applications the colloids can either serve directly as the func(—)f 10-%ksT per sphere at the melting volume fraction, where
tional building blocR?® or they form a template for making ke i Bo?tzmann’s constarit™ The fcc crystal is the 'most
so-called inverse-opal structuré$® For most applications, _- '

iallv in the field of photoni terials. k led fstable structure, but these differences are so small that stack-
especially in the nield of photonic materials, knowledge o ing faults can easily occur. Furthermore, Pronk and Frenkel
and control over the formation of defects is crucial. First, th

e .. . . . .
i . demonstrated that when a finite crystallite size is taken into
uncontrolled formation of defects destroys most optical char- y

acteristics, for instance by broadening and doubling of Brag account a completely randomly stacked sequédeaoted as

Sandom hexa | cl k i
7.8 ; . gonal close packéticp] is more stable for
peaks.® Second, the controlled incorporation of defects may rystallites containing less than about 30 000 partitlaghis

again be useful for instance by creating specific, localized” . . . ) .
. IS_an important consideration for experimental situations
defects modes. Considerable research has been devoted .
ere often a polycrystalline state results or where the start

the creation of such materials, but much less work focuses o, AT . :
the occurrence of defects. Recently, several papers discuss fd crystalllzatlon_ IS e>_(am|ned. The subsequer_n relaxation
the influence of stacking faults, the most common type o fom rhep to fec is estimated tq be slow, on a time SC?"e of
defect in hard-sphere-like colloidal crystals, on the photonicmonths to years for 200 nm-diameter particles, _and_ Is fur-
properties of colloidal inverse-opal materiafsHowever, a thermore predlcteq to b? dependent on the gr.alln-lglm.
detailed knowledge of the parameters that influence the fofecent compu.ter simulations, the crystal nuclei in a super-
mation of defects like stacking faults in colloidal materials is S&turated liquid were found to be of rhcp tyPe. _
still lacking. Several experlmeqtal papers conflrm this scenario. Zhu
More research has been devoted to the occurrence Gid co-workers found in space, thus without the influence of

stacking faults in the hard-sphere model system from a thedravity, @ pure rhcp stacking. Most papers dealing with
oretical point of view. This is mostly due to the almost de- crystals nucleated on earth under conditions of bulk crystal-

generate nature of different close-packed hard-sphere staclZation laEg report a strong tendency towards a random
ing sequences and the related question as to what is trdacking,” ™" however, the actual num_ber of stgckmg faults
as compared to the fcc structure can differ considerably upon

method of preparation and the relaxation time after crystal
dAuthors to whom correspondence should be addressed. Electronic maiﬁudeaﬁonﬂ

hoogenboom@amolf.nl; Electronic mail: a.vanblaaderen@phys.uu.nl R ) h the struct f colloidal tals h "
BCurrently at the Chemistry of Condensed Matter group at the address of esearch on the structure of colloidal crystals has mostly

the second affiliation. been performed using light scatterifig”*®or other diffrac-
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tion methods?® With these techniques a well-averaged struc-behavior of the colloidal suspension prior to and during
ture factor is obtained from which for instance the stackingcrystallization?’2° For crystallization at a patterned wall,
sequence can only be obtained by performirgiabal fitting ~ the occurrence of the best quality crystal with respect to the
procedure, despite the fact that the occurrence of faults magmount of defects, is, due to the presence of gravity, deter-
vary throughout the crystai*° The recent rise of quantitative mined by the prefreezing and/or wetting behavior of the col-
three-dimensional(3D) microscopy methods in colloid loidal liquid.*
sciencé®?! has also led to papers in which the stacking se- The conditions for obtaining a crystalline sediment for
quence was probed directly in real-spact®??Furthermore,  colloids at high Peclet-numbers are not immediately straight-
Gu and co-workers used confocal microscopy to illustrateforward. At initial volume fractionsgo~10"1 commonly
the quality of their dried crystals, but they did not present arused for sedimentation experiments with smaller, low Peclet-
analysis of defects or stacking faults in their crystdls. number particlesRPe~10"1), spheres with a radius higher
Clearly, the question of getting reasonable statistical accuthan about 400 nm do not form a crystalline sediment
racy in a real-space analysis is of importance compared tanymore?® This gave rise to some remarks that it would not
diffraction methods—see, e.g., the large error margins rebe possible to crystallize colloids in this size-range by
ported in Ref. 15—but it has the big advantage of determinsedimentatiori* but clearly this should be a matter of the
ing the stacking sequende situ. Furthermore, by making balance between the particle flux due to sedimentation and
clever use of the information provided by specific crystalthe maximum growth velocity of the crystal. This balance
orientations, stacking-fault counting can be simplifiedcan be tuned by slowing down sedimentation with an electric
considerably® Complementary to the previously mentioned field like the authors of Ref. 31 did, but can also be tuned by
papers, we will in this paper show the usefulness of realadjusting the intrinsic parameters of the sedimentation pro-
space measurements by also probingltivation of stacking  cess, like the initial volume fraction. There are indications
faults. This will be done for a system of silica colloids that from electron microscopy data that the amount of fcc-
crystallized during sedimentation. Colloidal crystallization stacking in crystals of sedimenting colloids can be rather
by sedimentation is one of the most commonly used techhigh?* It remains however unclear whether this is due to a
niques for making colloidal crystals for applicatioh$®As  softer interaction potential compared to hard-spheres caused
such, the results presented here will be a first step towardslay repulsive interactions between surface charges that are not
better understanding of and control over defect formation ircompletely screened, or whether it is due to the crystal
photonic crystals. Moreover, several papers have claimedrowth kinetics or to the presence of the gravitational force-
proofs for fcc crystallization of sedimented, charge-stabilizedield directed towards the hard bottom wall.
silica colloids and related these observations to hard-sphere In this paper we will investigate the occurrence of stack-
behavio* Here, we will also address the role of the “soft- ing faults in colloidal silica crystals grown by sedimentation.
ness” of the interactions between the particles on the stackWe will show that there is a finite number of stacking faults,
ing sequence of colloidal crystals. but that the overall stacking parameter has a large tendency
Crystallization during sedimentation is a situation muchtowards fcc. Furthermore, for a given particle size and inter-
different from the zero-gravity or nearly zero-gravity sys- action potential, the number of stacking faults decreases with
tems mentioned previously. In fact, many of the “deviations” decreasing initial volume fraction. This study is carried out
reported in those papers—i.e., the occurrence of a higharsing real-space measurements that allow for a direct deter-
stacking sequence than pure rhcp—have been ascribed to thenation of stacking faults, as well as their location. In the
presence of a gravitational field, e.g., through gravity-first few layers of the crystal over the bottom wall, we find
induced shear or hydrodynamic interactions during settlingan increased probability for stacking faults to occur, which
be it that its magnitude was lo##:!” The magnitude of the also decreases on further reduction of the initial volume frac-
gravitational field is usually described by the Peclet numbertion. In addition to recent results showing the possibility to
Pe=ApgR*kT) %, which expresses the gravitational en- epitaxially grow any desired stacking sequence by using a
ergy relative to the thermal energy. For small Peclet numtemplate that directly dictates the stacking sequéfiche
bers, typicallyPe=0O(10 4) corresponding to colloids with occurrence of stacking faults is also shown to be influenced
a radius of about 100 nm, the variation of volume fraction inby a wall pattern that favors a specific hexagonal orientation
the region above the sediment, which is called the “fan,” isof crystal planes.
rather smooth. In this case, the growth of the sediment can be The remainder of this paper is organized as follows. First
well described by conventional hard-sphere crystal growtlwe will present the details of our experiments and of the
from the supersaturated solution just above the sedifient.structural analysis of the colloidal crystals. Then we will take
For larger spheres, for instance with a radius of about 50@ closer look at the sedimentation process in a colloidal sys-
nm, the Peclet number is two orders of magnitude highertem, as related to crystallization in the sediment. The section
Thus, the one-dimensionélD) gravitational force-field has containing the results and the discussion of these results is
a much larger influence on crystallization. The influence of aivided in four parts. First, the behavior of the overall stack-
strong 1D force field on crystallization has been only re-ing parameter in the two systems investigated in detail will
cently addressetf?’ be presented. Then several aditional experiments that exam-
Apart from the presence and influence of gravity on theine the influence of surface charge screening through the
crystallization of sedimenting colloids, the presence of a subaddition of varying amounts of salt will be presented. The
strate wall on which crystallization occurs also influences thdocation of stacking faults as a function of the distance to the
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TABLE I. Stacking parameters for the four different systems investigated in this $tudy.

R (nm) dys/d ®o Pe (¢oPe) "t (@) (a)>4
499 1.322 0.004 0.13 2.50° 0.90+0.13 0.95-0.05
499 1.322 0.002 0.13 5.00° 0.94+0.07 0.97-0.02
692 1.027 0.005 0.50 0.40° 0.78+0.11 0.81-0.08
692 1.027 0.005 0.50 0.40° 0.91+0.07 0.910.06

®Ris the sphere radiusls/d is a measure for the softness of the interaction potential and gives the effective
hard-sphere diameter over particle diametgy the initial volume fractionPe stands for the Peclet number,
and(@) and(«a), -, are the overall stacking parameter and the stacking parameter averaged over layers five and
higher (counted from the bottom wallrespectively.

bParticles sedimented on a patterned wall that favors a single hexagonal orientation.

bottom wall comprises the third part of this section, followed container was similar, except that parts of the PMMA bottom
by results on the influence of a surface pattern at the bottorwall had been patterned with an K&p00-template using
wall on the stacking parameter. electron-beam lithography.
The 499 nm-radius particles were dispersed at two dif-
ferent volume fractionsgy=0.004 andpy=0.002. The 692
Il. EXPERIMENT nm-radius particles were sedimented fronp@= 0.005 sus-
pension (see Table ). The Peclet-numbers, Pe
Silica colloids that contained a fluorescently labeled core=ApgRH(kT) "2, for these two sizes are, respectively, 0.13 for
and a nonfluorescent shell were prepared using methods rghe 499 nm-radius colloids and 0.5 for the 692 nm-radius
ported in the literaturé” Particles with an outer radius of colloids. Note that the water—glycerol mixture that was used
499 nm as measured by transmission electron microscoplyas a rather high viscosity~(10° mPas), so the time scale
(TEM) contained a 100 nm-radius core that was labeled withof settling is scaled up considerably, but this does not affect
rhodamin isothiocyanatéRITC).3® The polydispersity, de- the interplay between crystallization and sedimentation as
fined as the relative width of the size distribution, of theseboth the settling speed as well as Brownian diffusion, and
particles was 0.033. Particles with an outer radius of 692 nmthus the rate of crystallization, are inversely proportional to
measured with TEM, contained a 192 nm-radius core labelethe viscosity.
with fluorescein isothiocyanat&ITC). The polydispersity of In order to quantify the softness of the interaction poten-
these particles was 0.015. tial, the effective hard-sphere diametdyg, in the bottom
For both batches, the particles were dispersed in @art of the sediment was determined. This value was deter-
refractive-index matching mixture of demineralized watermined from the interparticle spacing as calculated from con-
and glycerol(Baker, z.A gradgin a volume ratio of 1:7.18. focal microscopy datdsee below. The confocal diameter
In some of the experiments with the 692 nm-radius particleswas then multiplied by the volume fraction, relative to 0.74,
N,N-dimethylformamide(DMF, Merck) and a refractive in-  that a hard-sphere system with the same initial volume frac-
dex matching mixture of 3:7volume rati0 DMF and dim-  tion, Peclet number, and overall sample volume would have.
ethylsulfoxide(DMSO, MercK were used. In order to screen In calculation of the reference hard-sphere volume fraction,
interactions lithiumchloridg¢Merck) salt was added. Below we use the fact that the osmotic pressure at the bottom of the
we will explicitly mention which results have been retrieved sample balances the gravitational pressure. This value for
with DMF, DMF-DMSO, and mixtures with salt added. For d,,5 was compared to the diametet, of the particles. The
all other experiments, the water—glycerol mixture withoutratio dys/d for each of our samples is also indicated in Table
added salt was used. I. The dependence of hard-sphere volume fraction on the
For the 499 nm-radius colloids, the bottom of the sedi-distance from the bottom wall was determined as well, as
mentation container consisted of a 22 mm-diameter Chancgescribed in Ref. 34. At the maximum depth in the crystal
no. 1 coverslip, which had been immersed in chromosulfurichat was used to determine the stacking sequence, the vol-
acid (Merck) for 20 minutes and rinsed with demineralized ume fraction was always almost similar to the volume frac-
water and ethano(Merck, absolute gradebefore being tion at the bottom, i.e., higher than 0.70.
coated with a layer of polynethylmethacrylate(PMMA) to Samples were analyzed using fluorescence confocal mi-
prevent particle adhesion. PMMAO50k, 4wt% in chlo-  croscopy(Leica TCS SPRtwo months after homogenization
robenzene, MicroChem Cojpwas spin-coated at 1000 rpm of the dispersion. The samples were scanneglyirand xz
for 30 s and subsequently baked for 1 hour at 170°C. Thignode, i.e., parallel and perpendicular to the bottom wall of
results in a layer thickness ef450 nm. A bottomless flask the container respectivelyhe z direction is along the optical
with an internal diameter of 9.65 mm was glued to theaxis, while thex andy directions are the lateral coordinates
PMMA-coated coverslip using Silicon Rubber Adhesive parallel to the bottom wall Crystallization of hard-sphere
RTV 102 (General Electric The sedimentation container |ike colloids at a wall yields crystals that are oriented with
was rinsed several times with the water—glycerol mixturetheir densest plane, an hexagonally packed layer, parallel to
before filling it with a low-volume fraction suspension of the wall. The stacking sequence of close-packed layers on
colloids. For the 692 nm-radius spheres the sedimentatiotbp of each other can be easily probed by evaluation of par-

Downloaded 23 Dec 2002 to 131.211.35.102. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 117, No. 24, 22 December 2002 Stacking faults in colloidal crystals grown by sedimentation 11323

' i b I tered cubic(fcc)-stacking. To each layer in the crystal a
: ' < e d } | ' value o;={0,1} can now be assigned depending on its envi-

!' | X 2 | ,' ' Y ronment. If the stacking is fcc-type;=1 and if it is hcp-

‘ %2 Pl fy 7,"_' ' ) | " | ' type a;=0. For a crystal consisting & layers, this results in

1 [ 1 , | by 1, UM ;”’H, | N—2 different o; (for the bottom and top layes; is not
" '“‘ | " i " ';' 'l 9% ) | defined, and the overall stacking parameteif the crystal
| "l | 'l ' , }"" ,']ll W IL ,‘,' i can be calculated by averagirg. In the (1100-plane an
" A’ ) |' l‘ ,l’ I+ ! ', " 11,/, i"fl' i ‘, l ABA-stacking is visible as a kinkndicated by the arrows in
'l ,l"l'r‘s"'t’” t 'l' 'l,'t"t", N 3|‘P,’ Fig. 1), so that determination of the stacking sequence comes
.1 ! 'l 'I ! '1':§ -‘{ " f' " l‘) ’|"l ~;"’;,1 down to counting the number of layers in the crystal as well
l'ﬂ']";l"!']l"i“fl",,f ’)’ """ }’, l,'l,_‘l;’, as the number of kinksg. The stacking parameter of a
I' 'i"lﬂll'li!li‘)“ii‘li';’l)'. _," !1’" -})}"p 7, | crystal grain is thus given B§
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NI ! 'q"q" ! ,"‘ ;"p"l"y' A a=1 anda=0.95 for the right and left crystal, respectively.
o' |' U\ .ﬂ '0 'l |l ) yth !' ' !, !, h O\ The overall stacking parameter of a sample is calculated as
;i',l'ﬂ' .! 'g""'g"o' ! gf,'g,'g"g.’;";"p '?,'l, the total averagéa) over the(1100-images taken of one
'.t"t' ,!' L 'l R f'r, !, Wt l" ' ,}" sample. This averaging was performed with the valuexof

e N N for each stack calculated over the same number of layers,
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AR I AR B A A IS Ill. SEDIMENTATION AND CRYSTALLIZATION

FIG. 1. Confocal image of &110)-plane in two adjacent grains in a sedi- A dF.,‘SCI‘Ip.tlon 9f a S?dlmentatlon_ process usual_ly QIVIdeS
mented crystal. The optical axis of the microscope runs in the vertical dithe sedimenting liquid into four regimes: A clear liquid on
rection. The elongated shape of particle images results from the differertop, a part where colloids are freely settling at the initial
for.m of the pointg spread function parallel ar_ld perpendicglar to the o.pt.ica{,0|urne fractioncpo, the so-called fan in which there is a
axis. The arrows indicate two stacking faults in the left grain that are visible . . . . o
as a kink. At the top of the image the fluidiike tail of the colloidal sediment 3@dient in particle concentration from the initial volume
profile is visible. The change in focus for different particles results from afraction to the volume fraction at which particles accumulate
small tilt of the sample with respect to the optical axis. at the bottom, the sedimeftThe sedimentation velocity in
the free settling regime is given by (¢q)=Uq-K(¢g),
where U, is the sedimentation velocity at infinite dilution
ticles positions in thé1100-plane'®?! perpendicular to the andK(¢) is a volume-fraction dependent correction factor
bottom wall. In fact, by using a template for crystal growth that takes into account the hindered motion at higher volume
that carries a pattern of holes with similar symmetry as thdractions. A good approximation &€(¢) for hard-spheres is
(1100-positions in a crystal with a specific stacking se-given byK(¢)=(1—¢)%®
guence, a crystal with this hard-sphere stacking sequence can In the sediment the volume fraction is about 0.60 or
be grown® In the Leica TCS SP2-system the scan field carhigher (either in a compressed crystalline sediment or in an
be rotated. In this way thezscan can be chosen to coincide glassy sedimentand its structure can, depending on the ki-
with the (1100-plane(see Fig. 1, which allows for an easy netics of sedimentation versus crystallization, be crystalline
and fast way to probe crystal stacking. The elongated appeaor amorphous. In the fan above the sediment, the sedimenta-
ance of particles in Fig. 1 results from the decreased resoluion velocity is dependent on the local volume fractipras
tion along the optical axis of the microscope. The use ofgiven byK(¢). The volume fraction at the bottom of the fan
core-shell particles makes it however possible to clearly disis equal to or higher than the melting volume fraction. The
tinguish separate particles. Note that the fact that two adjaflux of particles into the sediment is independent of the ini-
cent crystal grains are displaying th€k100-plane in the tial volume fraction and is just given by the melting volume
same projection is purely coincidental. fraction times the corresponding sedimentation velocity. The
The stacking sequence of hexagonal layers is usuallgediment will crystallize as long as this flux equals the flux
denoted with the lettersé, B, and C. If the positions in a of particles into the crystal. The criterion for obtaining a
specific layer are denoted ¥ then there are two sets of crystallized sediment is that the sedimentation velocity at the
possible positions for both the layer above and the layebottom of the fan should be smaller than the maximum crys-
below, which are thé- andC-positions. Given the positions tal growth velocity. As under similar conditions the sedimen-
of the layer below ag\, the layer atop can either have the tation velocity is proportional t®?, while the crystal growth
same lateral coordinates, resulting in ABA- or hexagonal velocity goes asR™?, there is a maximum sphere radius
close packedhcp)-type stacking, or it can occupy the third above which the sediment does not crystallize anymore. This
set of coordinate€, which results in arABG or face cen- scenario was confirmed by Davis and co-workers who found
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that for initial volume fractions on the order of 18 col-  ds/d (see Table), is shorter. For a system with a softness
|0Id§ Wlth5 a radius of 0.430um formed an amorphous of interactions in between our values, Gasseal. reported
sediment rhcp crystallization in a nearly density-matched systérim.

This scenario holds as long as the particle flux from thetheir work, they examined the structure of nucleating crys-
free settling regime into the fan is higher than the maximumals, which will clearly be in the size range for which Pronk
possible fluxe-U(¢) for some value ofp betweene, and  and Frenkel predicted rhcp to be the stable strucfliHow-
the volume fraction of the sediment. In other words, when orever, also measurements performed by Verhastgi. indi-
the flux-curve[¢-U(¢) versusg] the line connecting the cate an appreciable amount of stacking faults, higher than the
starting point on the flux-curvéi.e., corresponding to the values reported here, for a system of charged collbidur-
initial volume fraction and the volume fraction of the sedi- thermore, the differences in the distribution of neighboring
ment crosses the flux-curve. For hard-spheres this holds fcp’artides between fcc and hcp are very small and occur only
initial volume fractions larger than about 0.872For smaller gt interparticle distances larger than 1.83s. Thus short-
initial volume fractions the process is limited by the particle ranged and smoothly varying potentials may be expected to
flux at the initial volume fraction. As the volume fraction at give only a minor energy difference between the two struc-
which the colloids crystallize is constant, the process cafures. In fact, recent free-energy calculations indicate that the
be described by the maximum rate of crystallizationfree-energy differences between hcp and fcc remain almost
(~KT/R?), the initial rate of sedimentation{ApgR?) and  constant when increasing the softness of the interparticle
the initial volume fractionp,. A proper parameter for char- potential®” This would mean that the origin of fcc-
acterizing the system is thekiT/(@oApgR*)=1/(¢o-P€),  crystallization of long-ranged repulsive particles would be
assumingK(¢g)~1. This value is given in Table | for the due to another reason than the contribution to the free-energy

different systems we have investigated. of a soft potential. In order to take a closer look at the effects
of charge on the crystallization of sedimented silica colloids,

IV. RESULTS some additional measurements with the 692 nm-radius par-

A. Overall stacking parameters ticles were carried out. These results will be presented below,

i where we will come back to this point.
In Table | values for the overall stacking parametes,

for the three systems with differenpgPe) ! are given. As 2. Growth mechanism and growth kinetics
can be seen the values @f) are rather high>0.80 for all . .
A second reason for the high amount of fcc-stacking in

three samples, indicating a strong preference for an fcc- al d to hard-soh S "
stacking. These high stacking parameters are in strong coUr crystais compared 1o hard-Spheres in microgravity, may

trast with results for hard-spheres in zero-gravity or unde{e the ngrowth me;:hanlsnr: of éhf? crystal S utclel. Fﬁr the d
conditions of effective microgravity, where an almost pure ennarg-Jones system, where ditierences between ncp an

thcp-stacking (a)—0.5) is found. Furthermore it can be fcc are also negligibly smaft but an fcc crystal structure is

seen that the amount of stacking faults decreases with inL—Isually observed in simulations, growth mechanisms were

creasing (,Pe) L, from about 0.20 at¢,Pe) =400 to suggested to explain fcc crystallization, for instance through
0.06 at (<poPe)*1=,5000. This indicates that the presence ofdN initial gossed stagking-fault _that uniquely promotes
stacking faults is to a large amount influenced by the kineticgcc'ggowm' A.S crjn_enttrl]gned prer\?otﬁsly, :}ththe ; eglet- f
of the sedimentation process and that by further decreasi mt (Iars exargun;ﬁm tlsf resesrcl:k, etg|r|9 " me:i anismo
of the initial volume fraction, thus increasing the equilibra- ystals may be ditterent from bulk crystatization. HOWever,

tion time for the growing crystal, the resulting structure will crystallization by sedimentation for similar silica colloids
be fcc ’ was recently shown to proceed via the growth of hexagonally

The reason for the high amount of fcc-stacking maybestacked layers, with crystallization in a new layer starting
ith the formation of nuclei on top of already crystallized

threefold: First, the presence of surface charges might gi : . .
! P . g 'gnt gV 111)-grains?’ As an fcc-promoting growth mechanism

deviations from hard-sphere behavior. Secondly, the growt .

mechanism or the kinetics of the growth process might IeaefvOUId have _to occur throggh either a nondegenerate crystal
to a prefence for fcc-stacking. Thirdly, the presence of lane, ‘or via §e|f-repeat|ng defects or surface steps, the
one-dimensional force field, i.e., gravity, possibly in combi- 9rowth mechanism can well be ruled out as the reason for the

nation with the presence of the bottom wall could favor thepreferen_ce fgr fec-stacking obs_erved here. In fact, the 9r°‘“."h
fcc stacking. We will discuss these three possibilities one b);nechanlsm in our system, which proceeds through stackmg
one. of (111)-planes, would seem the perfect growth mechanism
) ) ) for generating a heavily faulted crystal structure.

1. Repulsive versus hard-sphere interactions For this growth mechanism, the kinetics of growth how-

Our silica particles are charge-stabilized with a steep, buéver still play an important role, as was shown in the results
not ideal hard-sphere, repulsion. This may change the behagiven above. In bulk homogeneous crystallization the crystal
ior from that of hard-spheres and might give a tendency togrowth rate is determined by the supersaturation. In fact,
wards fcc, as fcc has been found to be the stable structure f&tuseyet al. already noted that the stacking parameter in-
colloids with long-ranged repulsive interactions at high vol-creased at lower supersaturation and thus lower rates of crys-
ume fractions® The softness of the interaction could explain tal growth!* In our system, the rate of crystal growth is
the lower value of ) for the 692 nm-radius particles, as for uniquely determined by the initial volume fraction before
these larger particles the range of repulsion as expressed sedimentation. By slowing down the sedimentation flux,
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each crystal layer has more time to equilibrate, thus reducing 1.0 P STRITEL Magf'ﬁ'ﬂ ;
the amount of crystal layers that get trapped in a metastable 0.9 -;*{{}IFF
state, i.e., a stacking-fault. o8l L1 T
07{ 4]
3. The gravitational field and the bottom wall v 0.6 j
_ _ _ 05! I = ¢,=0.004
A third reason for the high amount of fcc-stacking ob- A ¢,=0.002
served could be the influence of the one-dimensional asym- 0%35= : . . .
metry in the system, in the presence of the gravitational force 0 5 10 15 20
field and the bottom wall, on the equilibrium crystal struc- Layer Number (from bottom)

ture. As the particles used in this study have PeCIet'numberﬁG. 2. Layer-averaged stacking parameter as a function of layer number
that are considerably larger than in previous studies, thifom the bottom plane of the sample for a system qirh diameter silica
could explain the increased tendency towards fcc. The influcolloids sedimented from volume fractions of 0.004 and 0.002.
ence of a one-dimensional force field on the equilibrium
structure of hard spheres has not yet been investigated. Mau
and Huse recently determined the strength of the entropic samples without any salt added on the other hand
interactions between next-nearest close packed planes and showed crystallites with lateral sizes up to 5001
further and found these differences to be very sitallhis
situation could however be different in the presence of a The lower stacking parameter in all of these samples
force field directed perpendicular to these close packedonfirms the trend in Table I. The result fop=0.052 shows
planes. Similarly, the surface free energy between a hardhat there is indeed an upper limit to the volume fraction
sphere crystal and a hard wall was recently calculéténit needed to yield crystallization in the sediment at all. The
the influence of a hard wall on the structure of a hard-spher@ncrease in the range of the repulsion of the sample without
crystal has, to our knowledge, also not been addressed yetsalt lowers the sedimentation speed and affects the growth
rate through the diffusion coefficient, which is enough to
shift this limiting ¢ abovep,=0.052. However, the influ-
ence on the kinetics of the process is not enough to increase
For the 692 nm-radius particles, additional measurethe stacking parameter, at least not within the error margins.
ments were carried out using both DMF and a refractivedt does however influence the average domain size, which
index matching mixture of DMF and DMSO as a solvent, atincreases by an order of magnitude. Further research is
high initial volume fractions ofpy=0.052 andp,=0.026. needed, both theoretically as well as experimentally to study
To both these solvents, small amounts of salt were addetthe effects of the softness of the interaction potential by
(order 1 mM, which changes the amount of screening ofslowly changing the interaction potential from hard-sphere-
particle surface charges and thus changes the interaction tike to short-ranged and finally long-ranged repulsive. This
wards more hard-sphere-like. From these additional experishould be performed first without the presence of gravity, but
ments three important observations were made: as mentioned before, the additional influence of the gravita-
tional field and the presence of a hard bottom wall need to be

(1) At an |n|t.|al volume fraction ofcpo=0.952, only the investigated as well. Experimentally this could be done for
sample without any salt added crystallized. In a sample

with 2 mM of salt added, after sedimentation only Smallsmall spheres at density-matching or at low Peclet number

: . during sedimentation like in the work of Davis, Russel, and
crystallites appeared on the bottom which extended Onl)Glantschnig&_’ in a setup where it is possible to work with an

a few.layer.s in the sample. The rest of the sample .had i n-exchanged sample with the possibility to carefully con-
glasslike, disordered appearance. At a volume fraction of)

60002 (Ui P, 50 o orrof magce (= 71T L EAL o uere ol e gt
lower than in Table)l all samples, with added salt con- y paring 9

centrations ranging from 1 to 30 mM showed crystalli- Peclet-number samples.
zation. From the interparticle distance at the bottom of
the sediment after complete sedimentation, we foundC Location of stacking faults
values ford,s/d of dys/d=1.029 in the samples with 9
salt, compared tals/d=1.140 for the sample without For the samples given in Tabl a layer-wise averaging
salt. of a was carried out in order to probe a possible change in
(2) We did not find any changes in the stacking parametethe number of stacking faults as a function of height in the
outside the error margins for all of these samples. Thesample. In Fig. Z«), is shown for the two samples with
global stacking parameter wgs)=0.67=0.10. Note 499 nm-radius particles for the first 22 layers in the crystal.
that this is again substantially lower than the value ofNote that the data starts at layer 2 as the stacking parameter
0.78 in Table | for an order of magnitude higher value ofis not defined for the first layer in the sample. As can be seen
1U(pq- Pe). (a)_ is for both samples remarkably lower in the second and
(3) The samples with salt added were all polycrystallinethird layer compared to higher in the sample. For layers four
with a typical grain size of about 40m wide (similar to  and higher the layer-wise averaged stacking parameter is
the water—glycerol-dispersed samples in TableThe constant within the error-margins.

B. A closer look at surface charge screening
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The origin of the higher probability for the occurrence of 107 MR BN TR
stacking faults in the first three layers of a sedimented crystal 0.94 ;E 11 { i } ’ i ? ;
may be kinetic. Previously, it became already evident that the 0.8 I ‘ f I T ;
kinetics of the sedimentation process influences the number o7l 1 H ]
of stacking faults in the crystals. Recently, we carried out a 0.6 } } ]
detailed analysis of the crystallization process at the wall 0.5] } . ]
during sedimentation, where it was found that the net os- 0 _
motic pressure at which the first layer above the bottom wall 0.00% 7

crystallizes is higher than that for successive layéfhis b2 4 LG 8N 1°b 12118
effect leads to a decreased equilibration time for the first few SO RIS

layers in the sediment compared to layers higher in the:c. 3. Layer-averaged stacking parameter for a system qim4liameter
sample. The relaxation time for each layer finally becomes ailica colloids sedimented at a plain wallack squargsand at a mis-
constant, fixed by the initial volume fraction and the sedij-matched hcl100-template, that gives rise to a fdd1-surface alignment.

mentation speed, and equal to the amount of time needed to

add a number of particles to the sediment equal to the UM cleates. At this specific template crystallization occurs in

_ber of particles in one _Iayer. The_ layer at_Wh'Ch this happe_n exagonally stacked layers oriented parallel to the bottom
is dependent on the difference in osmotic pressure at whic

fourth layer?’ in correspondence with the results in Fig. 2.. smaller crystalliteglateral sizes:150,.m) had a different

Furthermore, the fact that the number of stacking faults Morientation. At the plain wall crystallites had a typical lateral

layer two and three decreases when the initial volume frac.: ; . ;
. : size of ~40 um, without any apparerit.e., by visual inspec-
tion decreases, supports the notion that the effect has a k{~ ” ; any epp A y b

netic origin and again stresses the importance of eq“"ibraf)lain (untemplated wall and the templated wall were per-

tion fof the flnal_ cryst_al structure. . formed in the same sample cell, so all further conditions are
This effect is of importance for the use of Sed'memedexactly similar

colloidal crystals_ f(_)r photonic applications. For inst_ance, thin In Table | the stacking parameter for the templated crys-
crystals are suf_f|C|ent to have a large bandffaput if con- tal is indicated as well. Furthermore, in Fig. 3 the layer-wise
ditions for colloidal crystal growth are then chosen such thal veraged stacking parameters are given for both templated
thereis an increasgd probability for stacking faults in the ﬁr,Stand untemplated bottom wall. As can be seen, the overall
few layers, this will have. a strong effect on the phOtonICstacking parameter on the templated wall is increased con-
band structure. After the first four layers, the value faj), siderably with almost 20%. Furthermore, the increased prob-
seem“s to CO”‘,’efgle to a constant Va"%e for both two Sample§bility for stacking faults to occur in the first few layers is
The *converging” value of the stacking pargmeter for the also reduced with respect to the untemplated crystal. As there
pulk of th? crystal was calculated l?_Jy averaging over Iayer%vas such a clear distinction between smaller and larger crys-
five and higher. These results are given in the last column QEeallites, the stacking parameter over the templated wall was

Tabbletlr; It Ishou:cd be noted that in Vt'eW (Idethtiherror m_%r?tmsalso analyzed as a function of grain-size. No stacking-faults
on both values fofa), ~.,, we cannot exclude the possibility were observed in the larger, template-oriented crystals,

;hat .the dlffekrjegce 'P lstgckmg rp]).argmeter Ifor bo“}lf VOIU_Ir_Tr]]eWhich were 6 crystallites out of a total of 67. For the smaller
ractions could be solely due o this bottom-layers efiect. rains no correlation between crystallite size and the number

difference between these samples and the 692 nm-radi stacking faults was observed. More statistics is however

tsr? m.pltes W?.UId thetn tf[.e ?u3 to the d'ftfﬁ re”gz.'t.” hallrdness Oheeded to analyze the dependence of the stacking parameter
€ Interaction potential. However, the additional measures, , y,q crystal size, which is interesting in view of the stabil-

ments f(.)r the 692 nm-radius partlcles_ als_o _S_hOW an mcreaq?y of the rhcp structure for small crystals shown by Pronk
in stacking parameter upon decreasing initial volume frac-and Frenkel?

tion, while the bottom-layers effect can be expected to be
smaller at these higher Peclet-numbg@iso compare Figs. 2
and 3.

The comparison between crystals that crystallized at a
plain wall and those that crystallized at a templated wall
indicates that the interaction between the wall and the crys-
tallizing suspension is of importance to the crystal quality as
well. The effect of the bottom wall on the crystal structure
Finally, we want to illustrate how the interaction be- plays a role through the surface free energy, so a change of
tween the bottom wall and the crystallizing colloids influ- () higher up in the crystal is not expected. In that respect
ences the crystallization process and thus the stacking séie values fof a), -, in the last column of Table | can also
guence as well. To this end, the stacking parameter walse expected to be the “true” representation of the bulk stack-
determined for the system of 692 nm-radius particles over &ng sequence. It would however still be interesting to test
plain wall as well as over an hepl00-patterned waff that ~ whether the favorable interaction of a template might be able
was mismatched in one direction. This pattern serves as @ direct crystallization close to the wall to stacking-fault free
template for crystallization, lowering in the ideal case thefcc with the hexagonal f¢é11)-plane aligned parallel to the
surface free energy for a specific crystal orientation that thesurface. This template might even be a simple hexagonal

D. Influence of a bottom wall surface pattern
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patterned template as used by Heni anaver® in a recent  needed in order to understand and predict the phase behavior
simulation study of wetting and prefreezing in a hard-spheref colloids, but is furthermore crucial for the application and
system. engineering of colloidal materials.
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