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Epitaxial growth of a colloidal hard-sphere hcp crystal and the effects of epitaxial mismatch
on crystal structure
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We demonstrate the epitaxial growth of hard-sphere hcp and double hcp crystals using a surface pattern that
directly dictates the stacking sequence. A detailed three-dimensional analysis based on real-space measure-
ments is performed on crystal structure as a function of template-crystal mismatch, which demonstrates the
possibilities of colloidal epitaxy as a model system for studying the effects of a patterned substrate on crystal
structure. Perfect template-induced hcp-crystal growth occurs at an isotropically deformed template. At de-
formed lattices we observe growth of a non-close-packed superstructure and of a @gteetligned fcc
crystal. Small mismatches lead to increased out-of-plane displacements followed by a structural breakup in
“crystal” grains where particle positions in successive layers are strictly periodic and “defect” grains where
these positions are displaced with respect to each other. Large mismatches prevent crystallization in the surface
layers. The volume fraction was found to vary drasticgllyp to about 20% as a function of template

deformation.
DOI: 10.1103/PhysReVvE.69.051602 PACS nun®)er81.10.Dn, 68.55-a, 82.70.Dd
INTRODUCTION and epitaxial hard-sphere crystallizatigh4—1¢. Several

different techniques, e.g., electron-beam lithography, soft li-
. . . F= = thography[17], and optical tweezerfs 8], provide the possi-
tial, e.g., a substrate, can drastically influence crystalhzauqq)i”tg, tg pﬁttﬂrn subsﬁrates P Ierll%th] srz:ales comp%rable to

[1]. In the case of atoms and molecules, epitaxial CrySta”"those of colloidg[9]. The manipulation of colloidal crystal-

zation has been the subject of intense research over the pastio, by using patterned templates, i.e., colloidal epitaxy

decades, mostly driven by its importance for the fabricatiortm,la, extends the use of the colloidal model system to

of semiconductor devices. For atomic and molecular sysy, |, qe epitaxial crystallization as well. For the simplest col-

tems, a systematic evaluation .Of the intgrplgy between suliaiqa model system, that of Brownian hard spheres, we re-
strate structure and crystallization behavior is however ham

PP X . cently showed how a well-chosen substrate pattern can direct
pere_d by the dn‘flcyltles |r_1volve_d in the a”a'YS'S of StrUCtureScrystallization to an otherwise metastable crystal structure
and in a systematic manipulation of properties on the appro[16]

priate length and time scales. Apart from this theoretical interest, crystallization of col-

Colloids show phase transitions in thermodynamic,yiqa| narticles has also gained recent interest from a practi-
equivalence to atomic and molecular systems, but contrary o) point of view. The fact that the wavelength range of vis-

atoms and molecules their typical length and time scales aiBle light falls in the middle of the colloidal regime not only

easily accessible for experimental techniques such as lighiapjes aforementioned experimental techniques, it also
microscopy and light scatterirg]. The colloidal model sys- - 1\ xes colloids and colloidal crystals suitable building blocks

tem hgs glready been frequently, and succe{ssfglly, used f%r photonic applications including photonic band gap mate-
investigating both homogeneoy$-6 crystallization and rials. The most commonly used techniques for making col-

crystallizat'ion close to a wall7-9]. Reqently, these studie; .loidal crystals for photonic, as well as other applications, rely
have_ received a great impulse when it was shown that it ig | self-assembly[19-23. The ability to direct this self-
possible to perform a full three-dimension8D) real-space  ;sqemply process in an easy and straightforward way can
analysis by using confocal microscopy and fluorescently lag o a1y enhance the possibilities for creating functional col-

beled colloids[10,11. The possibilities of this technique_ loidal materials. Colloidal epitaxy is in this respect one of the

\éverg fuk:ther :ﬂem(?nstratgd by several Ipaptlars .addressmrgost promising techniques as it gives the possibility to direct
ard-sphere glass formatiqa1l-13, crystal nucleation6l,  qysta) structure and orientatiqa4—16, it is applicable to

colloids with a wide range of interaction potentigst,25, it
can be used in combination with other assembly techniques
* Author to whom correspondence should be addressed. Presef26,27]), and, as we will show in the present paper, provides
address: Applied Optics Group, MESResearch Institute & Uni- a way to grow crystals that are metastable in bulk crystalli-
versity of Twente, P.O. Box 217, NL-7500AE Enschede, The Neth-zation.

The presence of a periodically modulated external poten

erlands. Email address: j.p.hoogenboom@utwente.nl The colloidal model system that we have studied in this
TAuthor to whom correspondence should be addressed. Email adesearch is the conceptually simplest model system that
dress: a.vanblaaderen@phys.uu.nl shows a freezing transition upon increasing density, namely,
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the hard-sphere system. This freezing transition is located afrystal mismatches on epitaxial crystallization. Among our
a volume fraction ofp=0.494. For volume fractions in be- observations is the growth of a superstructure that consists of
tween this volume fraction and the melting transitiongat six differently stacked non-close-packed planes with a
=0.545 there is coexistence between a low-density liquidstretched hod100 symmetry. The occurrence of a non-
phase and a crystal phaf28,29. At ¢=0.545 and higher close-packed HS crystal has, to our knowledge, never been
there is a single close-packed crystal phase that compacts giedicted theoretically. The possibility to create metastable

tween hard spheres accounts for excluded volume intera‘EIneprored photonic crystals.

tions only, all hard-sphere structures have zero energy. HOW- 1,4 other results clearly show the potential of colloidal

(eaxgggtr%ﬂ'tc'&tggzcgfgsrzﬁgrtosﬂgﬁr?grc‘?[‘:‘]énJgﬁ;gtsalglrgseegpitaxy together with three-dimensional real-space analysis
packed structures, on the order of 4T per particle at the as a model system for epitaxial crystallization and as a tool

melting transition30,31], wherek is Boltzmann’s constant. to study defect formation an@pitaxia) stress relaxation in

The equilibrium crystal structure for hard-sphere-like par_mo]ecular crystals. At a template unit cell of which .bOth
ticles is the close-packed face-centered culiéc) crystal, Ia_ttlce vectors have the same re.latlve. amount of shrmkage
the structure that is highest in free energy is the hexagonéﬂ"th respect to the unit cell that gives rise to hcp_ crystalliza-
close-packedhcp) crystal. All the other possible stacking tion, we observe a reconstructl(_)n_of the colloidal surface
sequences, both regular stackings such as the double hexad@yer towards an fad00) plane, similar to(100-hcp(1100
nal close packeddhcp crystal as well as nonperiodic stack- reconstructions observed in atomic heteroepitaxy of, e.g., Co
ing sequences that are strictly speaking not crystalline havénd Cu[41-43. Second, a mismatch between template and
intermediate free energi¢80]. Due to the small free-energy crystal dimensions is in general found to lead to an increase
differences, stacking faults are likely to occur so that thein density in between lattice plang$1,43. A thorough un-
stacking sequence of hard-sphere crystals can deviate appigrstanding of and control over defect formation is further-
ciably from the ideal fcc stacking. Furthermore, for small more crucial for photonic applications of colloidal materials
crystallites, with less thar-30 000 particles per plane, a [44]. In this respect, the ability to exactly control the stack-
completely random stacking sequence of close-packethg sequence of a colloidal crystal allows for a direct experi-
planes, denoted with random hexagonal close pagkexh),  mental test of theoretical work on the effect of stacking faults
was found to be the most stable structfigd], so crystals on the optical properties of inverse op#s].
grown via a nucleation-and-growth-mechanism will initially  The remainder of this paper is organized as follows. First,
have a rhcp structure. This is in correspondence with obseye will discuss our experimental model system and the vari-
vations in spacg32] and on eartli3,33-33. The subsequent o5 order parameters that we calculate in order to examine
relaxation of the rhcp structure to fcc is estimated to be slowgq|10igal crystal structure. Then we will present and discuss

with time scales on the order of months to years for 200 NMasults on the growth of hep and dhep crystals, after which

dIa(?r?ée(;fptﬁglgiﬁgn}di%sghat was shown to lift this apparenz/e will focus on the evolution of crystal structure as a func-
degeneracy and induce formation of a perfect fcc stacking i ion of template-crystal mismatch. The starting point for this

colloidal epitaxy. Furthermore, it was shown possible to Ori_WiII be the i.nvestigation of unit cells that are isotropically
ent the crystal with both th€l00)-plane[14] as well as the s_hrunken with resp_ect to the h@a00 _template_ that gives
(110-plane[15], which has an even higher surface free en-1S€ to_the best quality hcp crysta_ll_. This analysis includes the
ergy, aligned over the bottom, templated wall. In this paper€Pitaxial hcpl100-fcc(100) transition. Then results for an
we will show that it is not only possible to direct hard-sphereiSotropically stretched template will be presented, followed
(HS) crystallization towards the crystal structure with the by an anisotropically stretched template, where the ratio be-
lowest free energy, but that the most metastable crystal struéween the two lattice distances is increased. Finally, the oc-
ture in bulk, the hcp stacking, can be grown as well. Thecurrence of a non-close-packed superstructure will be dis-
template that will be used for hcp-crystal formation, thecussed.
hcp(1100 plane, can be easily extended to direct any of the
other possible stacking sequences, which will be shown by EXPERIMENTAL DETAILS
growing a so-called double hgphcp crystal. These results
are interesting in view of recent theoretical work on HS crys-
tallization on structured walls that predicted complete wet- Silica colloids with core-shell morphology were used in
ting of the metastable hcp crystal at a suitably patterned sulerder to make quantitative three-dimensio(2D) confocal
strate[38,39. Other theoretical predictions, such as the factmicroscopy possible. The core of the particles contained the
that the optimal lattice constants of the template are largefluorescent dye fluorescein isothiocyané&TC) covalently
than those of the bulk crystal, are reproduced in this researchttached to the silica through the silane coupling agent
as well. Furthermore, Pronk and Frenkel have recently cal3-aminopropyltriethoxysilane. The synthesis of these par-
culated that the application of moderate deformations of théicles has been described in detpd6]. The core diameter
hard-sphere crystal structure may change the relative stabivas measured with both static light scatteri(gLS), d
ity of fcc and hep crystals to the order of ZR; T per particle =400 nm, and transmission electron microscgpgM), d
in favor of hcp[40Q]. =386 nm. These core particles were grown larger with an
Isotropically and anisotropically stretched tp00- unlabeled silica shell using a seeded growth procedure as
template lattices were used to study the effects of templatedescribed by Giesché7]. For the final particle diameter we

Core-shell colloids
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foundd=1.384um by TEM andd=1.404um by SLS. The
polydispersity, defined as the standard deviation of particle
sizes relative to the mean, was determined by TEM to be
0.015. In the seeded growth procedure that was used to cover
the fluorescently labeled core particles with a nonfluorescent
shell, instabilities in the reaction mixture may affect particle
growth in two unfavorable ways. First, an uncontrolled, local
increase in counterion concentration may lead to the forma-
tion of aggregated doublet particles, so-called dumbbells.
Second, an uncontrolled increase in the local concentration
of silicic acid may lead to the nucleation of smaller, nonfluo-
rescent particles, instead of condensation on the surface of FIG. 1. Calculated dependence of the volume fraction in the
the seed particles. In the final dispersion that was used theediment as a function of height for hard spheres at the two differ-
concentration of both “impurities” was below 1% of the par- ent initial volume fractions used in this study. The straight curve

ticle concentration. with ¢=0.0015 corresponds to the experiments with the isotropi-
Particles were suspended in a refractive-index matchingally stretched and shrunken templates; the dashed curvegyith
solution of demineralized water and glycer&@igma in a =0.005 corresponds to the experiments with the anisotropically

volume ratio of 1:6.5. The conditions for refractive-index Stretched templates. In the inset the decay of #iye0.0013 graph
matching were determined by measuring the transmission d% visible as well.
different mixtures two days after dispersing a low volume
fraction of particles. Due to the refractive-index matching the eoPEH/R) ¢,
van der Waals attractions between the particles are reduced, $1= m’ (2)
leading, for particles in this size range, to a steeply repulsive m*ro
interaction due to surface charges and residual counterioghereH is the total height of the sample solution from the
concentrations. This results in an almost hard-sphere-like irbottom wall to the meniscusg is the particle radiuse,, is
teraction. In order to calculate an effective hard-sphere rathe volume fraction at maximum compression, whichpjs
dius Rys, we calculated the 3D radial distribution function, =0.74 for crystallized hard spheres. Pe is the Peclet num-
3D g(r), defined as ber which is defined as Pet/37R*Ap)g/(KT) with Ap
the density difference between particles and solvgithe
gravitational constants Boltzmann’s constant, and the
g(r) = 12(5“ —1)8(r = (r; =) (1) temperature. For our initial volume fractions afy
P =0.0015 andgpy=0.005, we getvalues forg, of ¢;=0.70
and ¢,=0.73,respectively. With these values, the volume

for a crystal grown in the same sample as that for the experif—raCtlon profile of the sediment is given according[#5]

ments described below, but at a plain, untemplated wall. h 3¢ @ e
From the position of the first maximum we foundR2s Pe§: — +3 In< ) , (3)
=1.460um. For a close-packed crystal this corresponds to $m~ ¢ Pm= @/ oy

a volume fraction of=0.65. whereh is the height from the bottom wall. The calculated

volume fraction profiles for hard spheres are given in Fig. 1.
The sample cell and the hcp(1100) template The bottom wall consisted of a glass sli@#ance no.),
coated successively with an 11.5 nm thick gold layer and a
A sample cell was made by gluiri@eneral Electric Sili- 450 nm thick polymethylmethacrylate(PMMA) layer. The
con Rubber Adhesive RTV 102 bottomless bottle with an  PMMA (MicroChem Corp., 950 k, 4 wt% in chloroben-
internal diameter of 12.85 mm to a 22 mm diameter glaszeng layer was doped with the fluorescent dye pyromethene
slide (chance no. jithat had been coated and partly patterneds80 (Exciton Inc) by dissolving typically 10° w.t % of dye
as described below. The sample cell was rinsed several timés the PMMA solution prior to spin coating. This PMMA
with the water-glycerol mixture before filling it with about layer was partly patterned using electron-beam lithography.
1.2 ml of colloidal suspension. Colloids were homoge-Each single pattern consisted of 50600 unit cells. The
neously dispersed with a volume fractiongf=0.0015. For depth of the circular holes in the pattern was 450 nm,
the experiments with anisotropically deformed template uniequivalent to the PMMA-layer thickness.
cells(see the discussion on the template patterns bedow- On a plain, flat, hard wall hard-sphere particles crystallize
pensions with an initial volume fraction af,=0.005 were in close-packed hexagonal layers parallel to this surface.
used. By sedimentation, colloids accumulated and crystalfhese hexagonal layers correspond to(ttEl) plane of the
lized at the bottom wall. fcc crystal. In Fig 2 a sketch of particle positions in this
With the initial volume fractions and total volume given layer is given. For the next hexagonal layer there are two
above, the volume fraction at the bottom of the samplg, distinct stacking possibilities, denoted 8/ and C, while
can be calculated, equating the gravitational pressure to th@ositions in the first layer are indicated By The template
balancing osmotic pressure: we have chosen for our experiments is a crystal plane that
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c Table I. In the remainder of this paper we will denote defor-
b */ mations witha/ays=c/cys>1 as positive, isotropic defor-
** * B mations, deformations witla/ays=c/cys<1 as negative,
A isotropic deformations, and finally deformations withayg

~~~ /
‘ * * * ‘/ # ¢l cys, Where always/cys>alays, as anisotropic defor-
~

« mations.

T X X |
~ Structural analysis

FIG. 2. (Color onling Schematic drawing of close-packed hex-  After sedimentation, samples were analyzed with an in-
agonal planes in a hcp crystal, with tAeB, andC positions indi- verted confocal microscopgeica TCS-NT 3. The 488 nm
cated. The hal100 plane is perpendicular to the close-packed line of an ArKr laser was used to excite the FITC fluoro-
planes, its orientation indicated by the dashed line. phores in the particle cores. The use of particles with a non-

fluorescent shell as described above allows for a 3D analysis.

runs perpendicular to the hexagonal ground plane and corD images parallel to the optical axis were taken with a
tains theA, B, and C positions, as indicated by the dashed tYPical spacing along the optical axiiurther denoted as the
line in Fig. 2. For fcc and hep crystals this corresponds to thé direction of Az=122 nm. In each of these images feature
fec(110) plane and hod 100 plane, respectively, where for coordinates and intensities were retrieved using procedures
the fcc lattice crystal planes are denoted with the indices ofiMilar to those described by Croclfer_ and Gri¢®]. Fea-

the three cubic lattice vectors, while for the hcp lattice wetureés belonging to a single-sphere’s intensity profile were
use the three vectors associated with the hexagonal groul@en grouped together in columns sorted on tizesoordi-
plane and the direction perpendicular to this as the fourtfiate. This intensity profile is thecomponent of a convolu-
index. In order to only distinguish fcc and hcp stackingstion of the point spread functiotPSH of our microscope
there are more possible choices for the template plane, fgvith the spherical profile of the core particles. A Gaussian

. function was constructed of which the full width at half
mstancg, fe@10) vs hcp(1100) [38,39, bl.ﬂ the hppllO() aximum was fixed at a value that was such that this Gauss-
plane gives us the further advantage to directly dictate any 9bn function mimicked the axis component of the convolu-
the mtermedlate.stacklng Sequences as yvell. A cqnfocal 'Mion of the PSF with the spherical core profile. Each of the
age of the resuilting h¢p100 template IS given In Fig. @. intensity profiles in the 3D data set was then fitted to this
An example of another stacking sequence d'_Ctat_Ed by th aussian and the position of the maximum was taken as a
te“ﬁp'ate’ namely, thaBCBAsequence, is given in Fig(#. particle’sz coordinate. Thigz coordinate has an accuracy of
This sequence corresponds to a dhcp crystal.

: . . . +30 nm.
. The d|menS|on§ Of. the h(:_blOQ unit cell are given by the With the sets of 3D particle coordinates that were thus
distancesa andc, indicated in Fig. 8a). For spheres of ra-

) . : : obtained, an analysis of crystal structure was carried out. Our
dius R, these distances are given B~=2R,3 and c ; ; : -
’ . . ) anal tarted by calculating the linear number density per-
=4R(2/3). The length of thec vector is twice the distance ySIS S y utafing I . Sy P

i . pendicular to the bottom wall by integration of the 3D den-
between close-packed planes. The coordinates dB thesi- sity profile over the lateralxy) coordinates
tion in the unit cell are given bya/3,c/2). The actual val-

ues ofa andc were varied by stretching or shrinking the unit z+Az2

cell along these two directions. The resulting dimensions A2 (X = Xo) 8y ~ Vo) 8z~ Zp)dx dy dz
were scaled to the effective hard-sphere dimensiags py= ,
ZZRHS\B andcys=4Rys\/(2/3), with Ryg caIcuIateq as c_ie— AZJ dx dy

scribed above. The values @fayg(=c/cyg) are given in

(4)

where the bin siz&\z=0.040 um.

At a plain wall, hard spheres crystallize in hexagonal lay-
ers oriented parallel to the bottom wall. For a templated crys-
tal we also expect crystal planes to be oriented parallel to the
(templated bottom wall, but with an in-plane symmetry dic-
tated by the template. In both cases the positions of these
layers will be visible by a peaked structure @f Based on

FIG. 3. (a) Confocal microscopy image of a hajL00 template, the minima inp, particles were assigned to layers parallel to
with the characteristitABA sequence of the close-packed planesthe bottom Wa"_- i i
that grow perpendicular to the template indicated. The distances a Volume fractions were calculated by direct particle count-
and ¢ span the 2D unit cell and their lengths are in this image 2.0819 in layers 3—10 from the bottom. These volume fractions
and 1.96um, respectively(b) Drawing of the projection of sphere Were scaled to the hard-sphere volume fraction. As can be
positions in two successive hdd00 layers. The solid arrows in- Seen in Fig. 1, the volume fraction in this range of heights
dicate the in-plane nearest-neighbor distance; the dashed arrows tA#y, for the sample witlpy=0.0015, change depending on
next-nearest-neighbor distance. the layer spacing. In order to account for the decreasing vol-

Dyed PMMA

Au coated glass

(a)
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TABLE I. Values for the various order parameters for isotropic template deformations.

alays (B3 4 (&3 (Ya)3 (PRN10.11 ({10 (¥a)10 Structuré ol pns’

0.753 0.35 0.09 0.41 0.36 0.18 0.44 DIS 0.84
0.822 0.24 0.08 0.62 0.29 0.16 0.52 fcc 0.74
0.890 0.21 0.11 0.93 0.25 0.22 0.72 fcc 0.77
0.959 0.34 0.23 0.86 0.46 0.19 0.80 fcc 0.90
0.986 0.58 0.66 0.84 0.34 0.43 0.85 H-F 0.85
1.055 0.73 0.84 0.72 0.72 0.83 0.73 hep 0.92
1.068 0.73 0.82 0.71 0.73 0.83 0.72 hcp 0.82
1.151 0.66 0.98 0.57 0.75 0.80 0.66 hcp 0.88
1.247 0.33 0.81 0.44 0.32 0.86 0.45 DIS 0.81

4DIS stands for disordered, H-F for hcp in layer 3 to fcc in layer 10.
®The error margin in the volume fraction is #51073.

ume fraction in the sample, the hard-sphere volume fractionleformationgwill give identical values as the h¢pl00 lat-
was determined by averaging the volume fraction as given itice.

Fig. 1 over the same range i The ¢ parameter was found to give identical results as
For the particles in each layer we calculated three ordeusing the mean-squared-distarioesd between neighboring
parameters that together describe the effect ofdeéormed  particles, summed over each particle’s four nearest neigh-

template on crystal structure. In the following we will indi- bors. However, the distributions of values ffor hcp(1100

cate layers with the indeixand the 2D particle coordinates in and the symmetric unit cells listed above were found to be
layer i with r;=(x,y). First, we calculated the in-plane 2D more clearly separated than for the msd criterion. Further-
analog of the radial distribution function. The definition is more, we only included the distances to second and third
equal to that given in Eq1), with the exception that now the nearest neighbors, as this was found to give better results
integration only runs over the lateral coordinates of particleshan using all first four nearest-neighbor distances, probably
whosez coordinate falls between the two minimagpthat  due to the influence of defects. For instance, with the defini-
define the layer. We denote this function with ) to  tion given above, a vacancy in a l{tfp00 lattice will map
indicate the difference with the 3B(r) defined above. Sec- the result for half of its neighbors to zero and for the other
ond, a measure for the asymmetry of the distribution ofhalf to one. Thus it will not give any intermediate values.
nearest-neighbor and next-nearest-neighbor distances was In order to also quantify orientational order in each layer,
calculated. As can be seen in Figbg the first four nearest the 2D local hexagonal bond-orientational order parameter
neighbors in the ha100 unit cell occupy two sets of dis- [50] was calculated for a projection of particle positiofs

tinct distances{r;,r,} (indicated with the solid arroysvs  from two successive layers:

{f3,f4} (indicated with the dashed arroyysvhere the order _ 1

(1,2,3,9 is determined by increasing distance from the center Y ory) = = exdi66(r)], (6)
particle. For a hexagonal, f¢tll) plane, as well as, for in- Np"x

stance, for a fad00) plane, all these four distances have
similar values. In order to quantify this distribution we have
used the functioig that, for a particle in layeirat positionr;,

is defined as

where the summatiokruns over all, in totaN,, neighboring
particles of a particlg in layersi andi+1, and the angl® is
the angle that the bond vector between partiglesnd k
makes with an arbitrary fixed reference axis. As can be seen
in Fig. 3(b), a projection of hcfl100 layers gives an almost
1 |rj3| hexagonal symmetry and thus a distribution of values for
&r)=—= = 1) (5  ¢£ close to 1. For other possible hard-sphere crystal
V2= 1\ planes such as f¢t11) and fcd100), a two-layer projec-
tion does not give rise to projected hexagonal symmetry.
wherer;, andr;; denote the position of the second and third With the parameterg and y§ a global classification of
neighbors of particlg with the order as given above. The (hcp) crystal structure is given. If the layer-averaged in
scaling is used to map the value &for an ideal hcl100 the case ofyg™ two-layer averaged values (£); and
lattice to 1. Note however that the possible values for thigyg™), ;.1 both give a value larger than 0.5, crystal struc-
parameter are not limited ®, 1). The value foré can con-  ture is denoted as hcp.
tinuously vary and may become larger than 1. It only gives a In order to discriminate the f¢€00) symmetry thesingle-
measure of the asymmetry of nearest-neighbor distances layer fourfold bond-orientational order parameter, defined as
comparison to that in the h¢pl00 lattice. However, a pure in Eq. (6), but with a factor 4 instead of 6 in the exponent
fcc(110) lattice (that we however did not find to occur in our and with a scaling of the value of, with the nearest-
experiments, except for local stacking faults at high templateeighbor distance, was calculated as well. If the paraméters
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and y£"° gave average values smaller than 0.5 while the G0 o Pt
average(y,); was larger than 0.5, the structure was labeled 5 oileFaiCeNeTa Ko Tatie LT LIS gl P
as fc100. Furthermore, a hexagonal lattice was identified B SeleTielete e T e . & pf I A Pe b B e
with the single-layer averaged sixfold bond-orientational or- s X e Xiat gt ety / sievsyeieielelele
der parameter being larger than 0.5. Finally, a structure was cleselelelelecele
denominated as disordered when the density profile did no e L, Xy E SR, sleleleletel ,\ .
show clear, periodic minima except for a few layers over the R P S B T cevetesaravesseg,
template(we always found layering to occur at the bottom e A LAY e it
wall) and the order parameters defined before did not corre: i S M S T Pe¥gtaTeNe®eTe Mo
spond to any of the criteria given for these first four layers, (a) (b)

which typically meant tha{é); was larger than 0.5, while

(R™); i+1 was smaller than 0.5. FIG. 4. Confocal images ah) the first layer of a templated hcp

Apart from the order parameters defined above that wererystal and(b) the 18th layer in the crystal, with the 19th layer
used to identify the structure over the template, we have alseaguely visible as well. The arrows indicate the positions of vacan-
examined the extent to which particle coordinates in successies in the crystal. Scale bars argu.
sive layers followed the positions dictated by the template.
For this the coordinates that correspond to the position§
given by the template and the second layer of the ideal 3
crystal of which the template layer is the first were used

These coordinates were denoted with Starting from these ~14 um, it can be seen that theBA stacking is still pre-

positions, parti_cle_s differi_n_g ip height in the sample Wereserved, showing the growth of a perfect, stacking-fault-free
connected by linking positions; to the nearest particle Co- 1,05 crystal. The hep crystal was found to be monocrystalline
ordinates in the first two layers, with a cutoff radius of 5\er the full area of the templat@.33x 1.26 mn?). Further-
0.5 um, and repeating this procedure with these coordinate, e hep crystal structure was found to extend as far as the
and that in the next two layers. Such a set of connegted i-kness of our crystal, which was20 um.
positions of particles in the sample will be denoted as the ¢ mentioned in the preceding section, we give a classi-
lateral displacement curvé.DC). For all LDC's that were  fioati0n of (hep) crystal structure as a function of template-
retrieved in this way, the 2D root-mean-squared d|splace(—:rysta| mismatch, based on the values{@r and (2, ...
ment relative to the template was calculated as This however is just amdicative qualification, with, as we
A ={|fy =12, (7)  will see in detail below, the occurrence of defects and espe-

h —2i+1 andi is the | ind ing f h cially dislocations slowly increasing at increasing absolute
wheren=2i+1 andi is the layer index starting from the  yaofomations. For negative isotropic deformations with
template({ry, fo}=ry). In order not to be affected by point alays from 0.959 to 0.822, we observe a reconstruction to a
defects such as vacancies, an intermediate lattice position §g. crystal structure with theL00) plane aligned on the tem-
allowed to be unoccupied, _W|th the LDC being “restore_d” plate. For a deformation cd/a,s=0.986, order parameters
afterwards. For a perfect epitaxially grown crystal, the latticéy; the hottom layers indicate a hep structure, while for the
positionsry are periodically repeated in all crystal planestenth layer from the bottom the in-plane structure is of
parallel to the template. T.hen.the root-megn-squared ,d'sf‘cc(loo)-type. For large deformationsa/a.s=0.753 and
placements\n are just the vibrations of a particle around its 5,5 =1.397, strong distortions of the hcp crystal lead to
lattice site and the distribution ain for all n will have a gisorder in the first few layers above the template after which
maximum at a relatively small, nonzero value. For a sample, hexagonally stacked crystal that is tilted with respect to the
where there is hardly any correlation between successive layssttom wall develops. The values for all order parameters for
ers and thus between these layers and the template, LDCife jsotropic deformations are given in Table I. Note that for
will still be constructed, though now the distribution will e hcp(1100-oriented crystalsy); has a value higher than
fjlattetn tt;]etweer;l é?ﬁro and tgetcutoff l‘atdIfL;S, g_nd fur(tjherrr:pz%s as well, though these values are smaller than those for the

u; othe smg ! eregc(;awe ween gutﬁ ]rca ltuts;1a? particlge. crystals. The resulting evolution of crystal structure as a
{_allus_, reﬁp. (?L:n %’? L fum, an _etac d"?‘ ta ;l)ar- function of stress caused by an isotropic stretch relative to
tlf:: €1 .ﬁbowe okflsappelzlzlr '? ongfln erme "'(ij_e Eiyer'the effective hard-sphere unit cell is given in Fig. 5. Results

ere wifl be a peak for small values Qicorresponding to - ¢4, anisotropic stretches of the template, where the axis ratio
restored, uncorrelated particle positions. This last fact CalaC/CHS)(a/aHS)_l was varied, are indicated in Fig. 5 as well

ig’g,sbe eorts)iss?[r\':ﬁ?ofrrlle?heexsar?r:nIlr:ag 'It'ui eigtesmo;oal\llv g'gh As visible in Fig. 5, the stability regime of the hcp crystal
, Pe nroug . pie. plot: . is remarkably shifted from the values one would expect
LDC'’s will provide information about correlations in the

direction of particle displacements in successive layers based on the effective hard-sphere diameter that was calcu-
P P YIS |ated in the same sample on an untemplated part of the bot-

hown. Figure @) shows the first crystal layer over the tem-
late, and as can be seen the template symnjiletgy 3@)] is

ully replicated by the silica particles. In Fig(l#), denoting
the 18th layer in the crystal, corresponding to a depth of

RESULTS tom wall. As we will see below, a perfectly layered hcp crys-
tal was found at/ayg=c/cys=1.055.
hcp and dhcp crystals As mentioned in the preceding section, the stacking se-

In Fig. 4 confocal images of a crystal grown on a templatequence in the hgd100 plane is directly dictated by the
with lattice constants oA=2.67um andc=2.51um are template. As the hcp crystal structure is the close-packed
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247 N RSy SR T ™ deformations of the unit cell, also the dhcp template gives
95 g ] rise to a surface reconstruction towards(i@y), although
' A g we did not, at the deformations studied, observe a perfectly
2.04 A 114 @ 1 layered, defect-free fcc crystal as in the case of the hcp crys-
1.8+ A 3 o© ] tal.
O%’ 1.6 S e 10-@ . i
RS 141 & 1.00 1.05 1.10 4] Negative isotropic deformations and the fcc crystal
12] 2 é & o ] In Fig. 5 and Table | it can be seen that an isotropic
)% © shrinkage of the h@da100 unit cell leads to fcc crystalliza-
R = © 1 tion. We will first look at the evolution of crystal structure as
0.00 Ty pm—s i i . i . T a function of unit cell deformation for this hcp-fcc transition
000 10 11 12 13 14 15 16 starting from the hcp-stability regime. In Fig. 7 the first ten
ala peaks(layers in the linear number density, are given for

various values of/ayg ranging from 1.055 to 0.753. Here,
FIG. 5. Schematic graph of crystal phases vs scaled lattice corthe position of the first peak ip, has been taken &0, as

stants. The open symbols denote the occurrence of a stable phase did not retrieve the exact position of the bottom wall
from the template onwards: hcf©), fcc (O), or hexagonally from our confocal data sets. As can be seen, we start in Fig.
stacked A); crossegx) indicate that the structure was (gfp00 in  7(a) with a perfectly layered structure, where the density in
the third layer, while fc100) in the tenth layer. The filled diamond petween layers falls to zero. This is expected for a templated
indicates a non-close-packed structure. The open diamonds denotegystal where crystal planes run parallel to the patterned bot-
disordered state in the first layers above the template. tom wall. The crystal shown in Fig.(@ corresponds to the

. . . confocal images shown in Fig. 4, i.e., the hcp crystal. From
hard-sphere stacking sequence with the highest free energys inear number density in Fig(a follows an interlayer

[30] the above result indicates that it should be possible t%pacing 0fAz=0.73+0.01um in correspondence with the
incorporate stacking faults in any desired position in a fcc Ol alue of Azys= R.HS:_O..730,um expected for a he100
hep crystal by simply shifting one row of positions in the y15n6 pased on the effective hard-sphere radius and an os-

Femplate over a.dlstance 0B3. In th.|s way one (_:OUId’ for motic pressure that gives rise to almost close-packed condi-
instance, experimentally test theories on the influence of

, : ; . ions
stacking faults on the optical properties of photonic crystals

) o ) At.smallera/aHS, the width of the peaks increases, which
[45]. We have checked this possibility by using ABCBA s 5ccompanied by a decreasing peak height, an increasing
template, which corresponds to the stacking of a dhcp cry

Shterlayer density, and an i in the total height of th
tal. Figure a) shows the dhcp template with tHeBCBA rerayer censity, anc an Increase In the fo'a Neignt ot the

N o P : first ten layergnote the changing scale on thaxis in Figs.
sequence visible. In this image colloids in the first, perfectly7(a)_7(f)]_ These are all indications of out-of-plane displace-
templated, crystal layer are visible as well within the tem-

ments of particles, and, at further decreasaigs, small
plate. In Fig. @b) the tenth layer is shown. The total thick- part N Buis

) ; grains of particles that move up or down with respect to the
ness of the crystalline part of the sediment of abouju?0 average layer position. In betweera,s=0.986 anda/aus
corresponds to a perfectly stacked dhcp crystal of 30 layers.  g5g this |eads to overlapping of successive peaks, and, at

For the dhcp crystal we observed a similar shift of the Sta’a/aHS=0.959, a uniform density with oscillations after the

bility regime to positive deformations of the unit cell as for first two layers.
the hcp crystal. This trend is however interrupted at a,s=0.890 [Fig.
Furthermore, pe_rfgctly layered .dth crystal g_rowth Was7(d)], where crystal structure is again perfectly layered, with
found to occur, within the experimental resolution deter-jajaver density sharply falling to zero. This situation cor-
mined by the discrete values .afaHS’ at the sama/ays as responds to #100-oriented fcc crystal structure. Note that
for the hcp crystal that we will analyze below. At negative in Fig. 7(d) also the scale on thg, axis has changed with
S S SR respect to the other graphs in Fig. 7. This, together with the
j-,;'-.-t-.-‘_-;:jf;- increased interlayer distance is in correspondence with the
e LI A TN higher in-plane density of the f¢t00) plane compared to the
Sesdapediesliiiian hcp(1100 plane. For the interlayer spacing in Figdy we
R resaserinsnsioate: find Az=1.14+£0.01um, which is a factor of 1.11 higher
than the value ofAz,s=1.03 um that would be expected
‘7.72'.':7_:::'1‘_";' based on the effective hard-sphere radius. Even when we
ST Tl et | would take an interparticle distance that corresponds to the
stretched hcf1100 lattice (d=1.54 um), the interlayer spac-
(a) (b) ing of Az=1.14+0.01um for the (100)-oriented fcc crystal
is still a factor 1.05 higher than the value#d 2 that would
FIG. 6. Confocal images af) template and particles in the first be expected.
layer of a dhcp(ABCBA crystal and(b) the tenth layer at a depth At larger negative deformations of the template unit cell
of 8 um. The length of the scale bar is in both imagegrs. than a/ays=0.890, the same behavior of out-of-plane dis-
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FIG. 7. The linear number density of particles perpendicular to theli®f) template at different template-crystal mismatch. The values
in the top right corners of every graph give the corresponding valuafays Panels(a) and (d) correspond to “perfect” hcp and fcc
crystals, respectively.

placements is found but then for the fcc crystal, as can béisplacements also drastically influence the volume fraction
seen in Figs. ®) and 7f). Note that in Fig. @) the first  calculated over layers 3—10. For the crystehéd,s=1.055 a
layer has a split peak, indicating the formation of a new layewolume fraction ofe/¢ys=0.92 is found, which is in close
of upward displaced particles. correspondence with the value of ¢,;5=0.93 that is found

In Fig. 7 we saw a large variation in layer width and layer for the untemplated close-packed crystal. The out-of-plane
spacing over template-crystal mismatch, due to particle disdisplacements that occur whera,s becomes smaller lead

placements and defects. In Fig. 8 it can be seen that thed@ @ strong decrease f/¢ys. Remarkably, a further in-
crease in out-of-plane displaceme(dse Fig. 7 leads again

to an increase in volume fraction. The reason for this may be

1.00 the possibility to accommodate a larger number of particles
0.951 : per layer at a larger layer width, through cooperative out-of-
oo0l L SEe plane displacements, similar to the buckling mechanism ob-

. served in confined systeni§1-53. Note however that we
P 0851 , . ] do not observe the splitting of a single peak into two separate

8: 0.80+ ’ * peaks, apart from that in the first layer in Figf)7 The fcc

0.75/ T ] crystal that grows a/a;s=0.890 has a volume fraction that

" e is about 0.8 times lower than that of the hcp and the untem-
0.70; plated close-packed crystals.

0-0007 08 09 10 11 12 13 In Fig. 9 the 2Dg(r) for layers 3 and 10 is shown over the
[ same range o#/ays Between the curves fa/ays=1.055
anda/a,5=0.986, a small shift of all peak positiomxcept
FIG. 8. Calculated volume fractions of the epitaxially grown for the first peaktowards smaller distances can be seen.
crystals as a function of template-crystal mismatch for the isotropi-There are however no further qualitative differences between
cally stretched ha@d 100 template. The volume fractions have been the forms of both curves up to at least the first ten peaks.
scaled to the hard-sphere volume fraction given in Fig. 1, average®@his shift of peak positions can have two reasons. It may
over the same height in the sediment as layers 3-10. result from neglecting the coordinate of particles in this

HS
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S ) ) FIG. 10. (Color onling Distributions of the parameter for dif-
FIG. 9. In-plane(2D) radial distribution functions for the epi- ferent values ofa/ays along the hcp-fcc transition. The different

taxial hcp-fce transitiora) at the third layer from the template and symbols correspond to the different valuesadéys as given in the
(b) at the tenth layer from the template. Curves for different valuegnset.

of a/ayg are shifted by 3 for clarity. Values fa/ayg are indicated
at the right side of every curve. state. All peaks have broadened and overlapped and, for in-
stance, the position of the third peak shifts back to the

layer. As we saw that the range pfcoordinates in a single hcp(1100 lattice. Note however also the sharp decrease in
layer widengFig. 7), projection of these coordinates onto a height of the first peak, indicating that the stressed lattice
single layer will lead to an underestimation of true interpar-expands as a whole, including nearest-neighbor distances.
ticle separations. This however would show up in a shift ofFor the distorted fad 00 lattice ata/a,s=0.822, there is
all peak positions, including the first peak. A second causenuch less change in structure between layer 3 and layer 10.
may be an in-plane shift in particle positions, for instance, byApparently, the fc€L00)-oriented lattice is better capable of
a small change in the orientation of nearest neighbors. Thimaintaining a stressed crystalline structure. This is in accor-
will preserve the nearest-neighbor distance and thus the paance with visual observation with the confocal microscope
sition of the first peak in 20y(r), but will change the posi- where the fc100)-crystal structure with out-of-plane dis-
tions of next-nearest neighbors, i.e., of all higher-ordemlaced grains was found to extend deep into the bulk of the
peaks. This is also what we observe for the first two curveslispersion(see also Ref{24]).
in Fig. 9. In Fig. 10 the distribution ot over particles in the fourth

At a/ays=0.959 peak positions have smeared out andayer is shown. As can be seen, the shift in higher-order peak
overlapped and only small, broad oscillations survive. Whergositions that was observed in the 2r) from a/ays
initially particle displacements only caused a small shift in=1.055 toa/ays=0.986 corresponds to a shift of the distri-
peak positions, here these displacements have disturbed thation of £ from centered at about 0.9 to centered at 0.7.
underlying crystal lattice so severely that even the shortfurthermore, a small second distribution can be seen of par-
range order is not visible anymore. At/a;5=0.890 the ticles that have a value af close to zero. The shift of the
long-ranged crystallinity of the f¢¢00) lattice becomes vis- main distribution to lower values corresponds to a decreasing
ible. Note that the center position of the shifted second andsymmetry of the in-plane unit cell, which corresponds to the
third peak of the distorted h¢pl00 lattice exactly corre- in-plane shifts of particle positions that we identified based
sponds to the position of the second peak in thg1f@d  on the behavior of the 2[@(r). The distribution close to zero
lattice. This corresponds to the transition to a more symmetindicates that these shifts have transformed a small amount
ric unit cell, where the four nearest neighbors have similaiof unit cells to a symmetric distribution of nearest neighbors,
distances. Further shrinkage of the template unit cell againe., a fc€100) symmetry. The relative number of spheres
distorts first long-ranged and later short-ranged crystallinghat have a value of zero is equal to the ratio of areas under
order. Betweera/ays=0.890 anda/ays=0.822 particle dis-  both distributions. Ata/a,s=0.959, the distribution around
placements out of the second peak lead to a new peak irero has risen and possesses a long tail that slowly decays to
between second and third peaks, and particles are redistribero at about 0.8. For more negatiata,s a large peak at
uted from the fourth peak to the joint third peak. zero that sharply decays to zero remains, indicating the com-

In Fig. Ab), showing the 2Dy(r) for the tenth layer from  plete transformation to the f¢00) lattice.
the bottom, it can be seen whether the in-plane order at the For the distribution ofy§® (Fig. 11) the same behavior,
bottom of the sample corresponds to a 3D crystalline phasicluding the initial shift of the whole distribution going
or whether it is a stressed surface state slowly relaxing tofrom hcpg1100 to fcg(100), can be clearly observed. The
wards the bulk of the dispersion. The 2jir) of the tenth  widest distributions again correspond #@da;s=0.959 and
layer for both the perfect h¢p100 and fc€100) lattices at a/ays=0.753, the values that showed the least pronounced
alays=1.055 anda/ays=0.890, respectively, are exactly translational correlations in the 28(r).
similar to that for the third layer, in peak positions as well as In Fig. 12 particle coordinates in subsequent layers have
in peak heights. However, the shifted ktp0O lattice that been linked together into lateral displacement curves
had sharp peaks and long-ranged order in the third layer gDC's), with all connected lateral coordinates projected
alays=0.986 can be clearly seen to correspond to a stresseazhto a singlexy plane. In this way, it becomes visible to what
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=0um and a broad one with a shallow peak At
=0.25um that slowly decays to zero @ =0.80um. For
alays=0.890, the distribution sharpens again with the peak
position shifting back taA=0.20 um. Furthermore, the dis-
tribution atA=0 um has disappeared again. This illustrates
the transition to the fcc lattice. Note as well that the area
under the curve has become larger, showing that an increased
number of particles belongs to a trajectory that can be linked
to the template. This can also be seen in the inset in Fig.
13(a) where the relative number of particles that are linked in
a trajectory is plotted as a function of depth in the sample.
FIG. 11. (Color onling Distribution plot of the projected sixfold . In Fig. 13,b) A, is shown as a function of dOUb_Ie'l_aye_r
bond-orientational order parame@gmj for the hcp-fec transition. m_dex. Here it can be clearly seen that the sharp distribution
The different symbols correspond #a,s=1.055 (up-triangle, ~ With averaged value ofA)=0.1um that we observed for
0.986(circle), 0.959(down-triangle, 0.890(diamond, 0.822(stan, alaps=1.055 corresponds entirely to lattice vibrations as its
and 0.753squarg. averaged value is constant throughout the crystal. Relative to
the mean interparticle distance this valuk)/R,s~0.07,
extent order, as expressed by single-particle displacementghich is well below the Lindemann criterion that states that
with respect to the template, persists in thélirection. In  the relative mean-squared displacement has a value of 0.15 at
Figs. 12a) and 1@d), the perfectly repeating lattices of both melting. A similar situation can be observed farayg
hcp(1100, giving rise to a projected hexagonal symmetry,=0.890, corresponding to tii&00)-oriented fcc crystal. Thus
and fcgl00), showing a projected square symmetry, arewe can conclude that the larger offset(@)=0.2 um is due
clearly visible. Furthermore, the shift in the orientation of to the mismatch of the f¢&00) lattice with the template. For
nearest neighbors betweana,s=1.055 andi/as=0.986 is  all other values o&/ayg (A) increases as a function of depth
also visible when comparing Figs. (B2 and 1Qb): the clear in the sample. Note that=5 corresponds to eight layers
hexagons from Fig. 12) have been slightly distorted and a deep. Fora/ays=0.986, we see that in the bottom of the
transition towards a more square symmetric lattice can alsample(A) starts at 0.1um, but starts slowly increasing after
ready be seen. There are also small regions, such as in tige first six layers due to the relaxation of the stressed tem-
bottom left corner of Fig. 1@), where dislocations propa- plate positions. For the other valuesalfa,s, this also hap-

gate in successive layers. This behavior of small regiongens starting from the fcc value af=0.2 um, where for the
where lateral particle coordinates are invariant over a trangwo smallest values ofa/ays the curves are rapidly

lation in height and regions where these coordinates have giverging.
broader spread can even more clearly be seen for larger
template-crystal stresses in Fig.(&2 Thus, the initial relax-
ation of stress caused by a template deformation is relaxed in
localized defect grains that persist in height in the sample. The same analysis that was performed above on the struc-
The fact that a single dislocation persists in height is not sgural evolution over negative isotropic deformations of the
surprising as this basically says that a defect or dislocation ificp(1100 template can be carried out over positive,
a layer disturbs ordering in successive layers. However, whagtretched, deformations. The behavior of the linear number
is surprising is the fact that these dislocations are grouped idensity as function ot/ays (not shown is similar to that
localized grains and that the lateral displacements in such shown for negative deformations: starting from a perfectly
defect grain seem to bdirectional with the direction of layered crystal, peaks gradually broaden due to out-of-plane
successive displacements being uniform over several ten patisplacements and again overlap, leading to a situation with
ticle diameters widgFigs. 12c) and 1@f)], or even almost a constant offset density with small oscillations fatayg
uniform throughout the entire crystgs in Fig. 12¢)]. Note ~ =1.397. For this highest value @f/ays, the layers are not
that this direction in Fig. 1@) is along one of the fg@00-  well defined anymore after eight layers, as the oscillations
lattice vectors. decay and only a constant density with single-binsize wide
In Fig. 13 the behavior of the root-mean-squared displacenoise peaks remains. Both for the isotropic expansion as well
ment with respect to the templats,, is shown. First, in Fig. as for isotropic shrinkage of the template unit cell around the
13(a) the distribution of values fo in all layer doublets1is ~ optimal value, there is a sharp decreasepifpys, followed
shown. As can be seen, the distribution for the hcp crystal aagain by an increase when the number of out-of-plane dis-
alays=1.055 is sharply peaked with a maximum fdr  placements further increases. Fafays=1.397, the layer
smaller than 0.Jum. This is exactly in correspondence with spacing of layers 3-8 was extrapolated to find the position of
what one would expect for a perfectly layered crystal anda “tenth” layer for comparison with the other resuilts.
with the trajectory plot in Fig. 1@). For smallera/ayg the In Fig. 14 the in-plane 2[y(r) for the third and for the
peak positions shifts to largér, showing the larger displace- tenth layer above the template is given, again starting with
ments of particles with respect to the template that could alsa/ays=1.055, the value that corresponds to hcp-crystal
be observed in Figs. 18) and 1@Qc). At a/ays=0.959 we growth. Already ata/ays=1.068 the effect of the expanded
can see a split distribution consisting of a sharp peak at template can be seen, resulting in displacements of a small

Positive isotropic deformations of the hcp(1100) lattice
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the density in between second and third peaks in-

amount of particles towards larger particle-particle separathermore

1.151 this effect is more pronounced: the

tom shows peak broadening to larger distances, especially second and third peaks almost completely overlap and the

1.055: the second curve from the bot- creases. At/ayg

tions than fora/ayg

ranged correlations disappear. At the largest isotropic

in the first and third maxima. Fur- long-

kinks”

the small extra
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FIG. 13. (Color online (a) Distribution of the root-mean-
squaredxy displacements\ of particles in successive layers. The

FIG. 14. In-plang(2D) radial distribution functions for the iso-
tropically stretched hcp templai@) at the fourth layer from the
template andb) at the tenth layer from the template. Curves for
different values ofe are shifted by 3 for clarity. Values fa/ayg
are given on the right side of each curve.

tively more with the deformed lattice than do nearest neigh-
bors. As can be seen this shift of the distribution sets
through, while meanwhile also a peak at zero develops cor-
responding to defected regions with a close-packed unit cell.
The relaxation towards the hdd 00 lattice at especially the
template witha/ays=1.151 can also be clearly seen when
comparing the distributions for third and tenth layers.

In Fig. 16 it can be seen that the deformed nearest-
neighbor distributions still maintain a strong hexagonal sym-
metry in a two-layer projection up @/ ays=1.151. Although
the decay towards zero becomes of longer range, the main

inset shows the relative number of particles contained in LDC’s as &

a function of two-layer index. The different lines correspond to
alaps=1.055(solid), 0.986(dash, 0.959(short dash 0.890(dash-
dot-do, 0.822(dash-dot, and 0.753dot). (b) The averaged as a
function of n. The symbols correspond to different valuesadéyg
as given in the inset. Lines connecting data for eath,gs have
been drawn to guide the eye, where the line type for esd@lyg
corresponds to that ie).

deformation ofa/ays=1.397, sharp peaks are again coming
up, but their relative positions do not seem to correspond

anymore to the hai100 lattice.
When looking at Fig. 1é), it can be seen that the

stressed structure in the bottom layers relaxes back to the

hcp(1100 lattice when moving further away from the tem-
plate. Even at/a,s=1.151, the translational correlations in

the 2Dg(r) of the tenth layer correspond to those of the

hcp(1100 lattice over up to 1Qum, indicating the possibility

for rearrangements from the stressed surface layers.
The behavior of thet parameter(Fig. 15 is consistent

with the behavior described above. Initially, a@/ayg

=1.068 the distribution broadens, indicating small particle

displacements from the h¢il00 lattice. Then, for larger
alays the distribution shifts to higher values &f Thus,

though the deformation of the unit cell is isotropic, the dis-

0.0
0.15 } } i

FIG. 15. (Color online Distributions of the¢ parameter for

tribution of nearest-neighbor distances becomes more asynaifferent values ofa/ayg for a stretched hcp template. The lower
metric. In fact, in Fig. 14 it can be seen that the nearesturves give values for the fourth layer in the sample; the upper
neighbor distance remains constant throughout the deformaurves for the tenth layer in the sample. Different line types corre-
tions, so the positions of next-nearest neighbors shift relaspond to the different values far a5 as given in the inset.
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FIG. 18. (Color onling The development of both the layer-
0.10- 4 averaged values for the order parametefis layer 3 and &' (in
- layer 3 and 4 as a function of template-crystal mismatch for the
ZQ isotropically stretched templates.
= 0.054 4
distributions for the lowest values efin Fig. 13a), indicat-
0.00L : . : - ing that almost all of these LDC’s consist of uncorrelated
0.00 0.25 0.50 0.75 1.00 positions. )
W6pf°l Finally, in Fig. 18 the values for bott); and (¢§)3 4

are shown for all of the isotropically stretched templates,
FIG. 16. (Color onling Distribution plot of y&° for the both positive and negative. Here, the influence of the defor-
stretched hcp template for a projection of third and fourth layersmations of the template on both order parameters can be
(lower curves and 10th and 11th layersipper curves The differ- ~ clearly seen: the parameter follows the direction of the
ent lines correspond ta/ays=1.055 (solid), 1.068 (dash, 1.151  deformation, becoming larger for stretching the template and
(dash-doy, and 1.397(short dash smaller for shrinking, while/£" indicates the disturbance of
in-plane symmetry when the template is deformed with re-
spect toa/as=1.055. Figure 19 shows two examples of
distribution remains centered around 0.8, corresponding tetructures that were denoted as disordered according to the
the hcg1100 lattice. Also indicative of a relaxation process criteria given before. As can be seen for the isotropic defor-
is the flattening of the root-mean-squared displacements withation with a/ays=1.247, the structure of the template is
respect to the templatg=ig. 17) for a/ays=1.068 atn=3,  siill locally visible, but with a considerable amount of de-
corresponding to the fourth layer, to a valuedof0.2um.  fects, including “stacking faults” which destroy local sym-
For a/ays=1.151 the curve seems to be slowly convergingmetry and translational order. At a template deformation with

as well, though a thicker crystal has to be examined to clarifya/a,,s=1.40 andc/cys=1.23, no effect of the template other
whether this is actually the case. Fafta,s=1.397 the rela-  than absence of ordering is visible anymore.

tive number of particles contained in LDC'’s is already below
0.6 atn=2 (not shown and, as mentioned before, after eight
layers it is not possible anymore to distinguish individual «::-:xicioi i 2RI
layers. In fact the distribution of values fax showed a 5
single peak at zer@not shown, such as the first peak in the

05
—A— 1,055
0.4 ~ 1??13 _-v - -V
-&-1397 v v
0.3 .Y 1
= ~ _.-". vel x i
\gf' 0.2- _4.<¥../.....-,-<3 ..... JURLL S ¢ i saletndt B S S TR S A e S
< oo (a) (b)
0.14 // /:\\‘,_‘A—A——A——A’A—‘-
/ e FIG. 19. Confocal microscopy images of colloidal structures
0-00 T3 3 4 5 5 5 & that were qualified as disordered in this study At a height of
n 3 um above a template with/a,g=1.247. Structuring in the tem-

plate direction is still visible, but with a lot of defects and height
FIG. 17. Root-mean-squared displacements of particles relativdifferences(vaguely visible out-of-focus particleg(b) At a height
to the template as a function of double-layer index for differentof 1.3 um above a template with/as=1.40 andc/cys=1.23. In
values ofa/ays for the stretched hgp100 template. both images the scale bar indicateg..
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FIG. 20. (Color onling. The distribution of thet parameter for
the anisotropically stretched template wilha,s=1.076. The dif- FIG. 21. (Color onling Distribution plots fory£™ for the an-
ferent line types correspond to the different values of the axis ratioisotropically stretched template with/as=1.076 for a projection
(clcy9(alayg™, as given in the inset. The lower curves corre- of fourth and fifth layerglower curve and 10th and 11th layers
spond to the fourth layer; the upper curves to the tenth layer. (upper curves Different line types correspond to axis ratios of
(c/cy9)(alaye™=1.00 (solid ling), 1.01 (dash, 1.02 (dash-doy,
Anisotropic (c/a) deformations 1.07 (short dash and 1.50(dash-dot-dgt respectively.

Starting from two points for the isotropically stretched with a smaller distribution of values close to 0.0, indicating
template, an anisotropic stretch of the template in the directhe presence of defects. For the fourth layer, the maximum of
tion of thec axis was performed. The structural evolution for the distribution decreases going fromic,s=1.0a/a,s to
these deformations is given in Fig. 5. Both stretches Werg 0la/ays but at c/cys=1.02a/a,s increases again and
performed starting from a unit cell witte/as,c/cqg) val-  shifts from 0.95 to a slightly smaller value of 0.85. Further-
ues slightly off the regime that was identified as the best foingre, the distribution ag=0, and thus the number of de-
growing a hcp crystal, namely, at(a/ays,c/cygd  fects, decreases. This behavior is even more pronounced in
=(0.99,0.99 and at (a/ays,c/cyg)=(1.08,1.08. Starting  the tenth layer. Where foe/cys=1.0a/ays and 1.0h/ayg
from the shrunken unit cell, the hcp crystal remains stable uphe maximum of the distribution &=0 has doubled relative
to c/cys=1.05a/ays after which (11D)-oriented crystals to the fourth layer, this is not the case far/cyg
grow over the template. From the stretched template the sta=1.02a/ay5and even 1.08/ays. The increase of peak height
bility regime is larger, up toc/cys=1.1%/as leading at  at £=1.0 and the shift of this distribution towards slightly
c/cys=1.5 to a new supercrystal structure that we will treatsmaller values has also become more pronounced. For all
in the following section. For templates with a larger stretch,four curves this distribution has sharpened, indicating that
a (11D-oriented crystal nucleates in this case as well. Fothe distribution of nearest-neighbor distances for particles
both series, an anisotropic stretch of the template unit celivhere this distribution is h¢@100-like has relaxed from the
with c/cpys=1.02 leads to better hcp crystal quality than for stressed stretched unit cell of the template towards ideal
c/cys=1.0 ande/cys=1.01. As this behavior was found to be hcp(1100 higher in the sample. This change is more pro-
similar for both series, we will limit ourselves here to the nounced for c/cys=1.02a/a,s and 1.0a/a,g than for
series starting fronta/ays,c/cyg)=(1.08,1.08. c/cys=1.0a/ays and 1.0A/a,s For c/cys=1.07a/ays the

In Fig. 20 the ¢ parameter for five different values of small distribution of large asymmetries&t 1.7 in the fourth
(c/cyg)(alapg) ™t is given. The bottom curves correspond to layer has disappeared in layer 10.
the fourth layer from the bottom and the upper curves for the The distribution ofyf™ for layers 3 and 4 and layers 10
tenth layer. As can be seen, all curvesdocys=1.0a/aysto and 11 are shown in the lower and upper parts of Fig. 21,
1.07a/ayg have a main distribution with a maximum slightly respectively. Here, the increase in crystalline order for
below £=1.0, corresponding to what was seen before for a/cys=1.02a/ays compared to 1&/a,s and 1.0h/ayg is
template stretched compared to the ideal values, togeth@ven more clearly visible. Already in layers 3 and 4 the curve
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FIG. 22. (a) Linear number density perpendicular to the tem-

plate for a crystal at an anisotropically stretched template with
alays=1.076 and an axis ratio ¢t/c,g9)(a/ay9 t=1.50.

a
for c/cys=1.022/ayg has a 1.5 times higher maximum than ( )
for c/cys=1.0a/aysand 1.0h/ays, while the small shoulder

at y£'*=0.35 has disappeared. In layers 10 and 11 these g
differences are even better visible. Furthermore, the large

increase in hcp crystal order higher in the sampleci;g ] R lerd

. . . m layer4
=1.07alayg is also clearly evident: not only has the maxi- 6+ ® layer5
mum value increased to almost 0.1, similar to the relaxation 5] s :2@?
at c/cys=1.028/ ay, the shoulder agR™'=0.35 that has be-

come more pronounced fa/cys=1.0a/ays and 1.08/ayg
has completely disappeared fofcys=1.07a/ays

=

Non-close packed HS crystal

In Fig. 20 it can be seen that atc,s=1.5(@/ays the
distribution of £ contains a remarkably sharp and, compared 0 > 3 4 5 6 7 B
to the hcp distributions also narrow, distribution centered at
0.5. This strongly indicates the emergence of a structure witr(b)
a replicating unit cell that has half the asymmetry in nearest-
neighbor distances than has the tig®0 unit cell. The dis-

. . roj . . . . . . _
tribution of 'ﬁg in Fig. 21 shows a distinct peaked distribu in a small part of our real-space data set in layers 3—7 for the crystal

tion as well, here with a maximum ngro_lzo-zo- The atan anisotropically stretched template withay,s=1.076 and an
behavior of these two order parameters is different from thakyis ratio of (c/cy9(a/ayg™2=1.50. The image in the middle

of the other crystalline structures that we encountered oveghows a top view, the other two the respective side views. Spheres,
the hcg1100 template before, such as {@©0) (see Figs. 10  with diameter drawn to scale, have been colored corresponding to
and 13 and hexagonal. their layer index: green for layer 3, blue for layer 4, red for layer 5,
In Fig. 24@) p, for the structure on this template is shown. gold for layer 6, and black for layer ) A projection ofxy particle
The structure consists of sharp layers, with a peak widtltoordinates for the spherés) onto a single layer. The symbols
comparable to that of the hcp and fcc crystal in Fig. 7. Thecorresponding to the different layers are given in the legend next to
distance between the peaks has a constant valuAzof the graph. Positions indicated with filled symbols have been con-
=0.50+0.01um. The constant “offset” density of about 0.15 nected with solid lines and open symbols with dashed lines, in order
times the average peak height is caused by small defet® indicate the template-induced alignment. The arrows indicate the
grains that were found to coexist with this structyedso  shift in particle positions with the original templafBA sequence
note the distribution of at 0 in Fig. 20. The fact that there ~between layers 3, 5, 7, and=8) and layers 4 and 6, respectively.

is a split first peak is probably caused by the fluorescence of | Fig. 23a) an image of a small part of the crystal is
thg template which makes the determination of pqrticle POshown with spheres drawn at the determinea positions.
sitions close to the template harder. The small interlayegqih the small interlayer spacing as well as the open in-plane
spacing of 0.5qum suggests a low in-plane density. In fact, girycture are clearly visible in this image. Figurgé®3hows

if we look at the 2Dg(r) in Fig. 22b), it can be seen that the the xy coordinates for particles in Fig. 29 projected onto a
first peak of the hod100 lattice is almost completely ab- single plane. The positions in successive layers exactly fol-
sent. Thus the mean interparticle distance has increased tw the zigzag of the stretched HAA00 lattice with the
wards a value of about 2m, showing that indeed the in- coordinates for particles in layersandi+1 falling in differ-
plane density is lower than for the close-packed planes. Thent “lanes” displaced in tha-axis direction. The extra space
first two peaks in 2Dy(r) actually fall on the same positions created by stretching the template in thalirection is ac-

as the second and third peaks in the@400-2D g(r). For ~ commodated by shifting positions in laydérandi+2 within
larger distances peak positions in both functions slowly rurthese lanes by Lm, as indicated with the arrows drawn in
out of registry with each other. Fig. 23b). These shifts indicate that the structure should be

o

FIG. 23. (Color onling (a) Image showing particle coordinates
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periodic when translated over six layers, and indeed we haveal was found to vary with template-crystal mismatch, with
found that the particle positions in the ninth layer fall on topthe highest volume fraction crystal growing at the isotropi-
of those in layer 3. cally stretched template.

For the hard-sphere scaled volume fraction of this crystal For a hard-sphere system in zero gravity, Heni and Léwen
we found a value ofe/¢us=0.78, compared top/qus  demonstrated that_nonhexagonal surface patterns prefreeze
=0.92 for the crystal grown on a templateless part of theand/or wet at a unit cell of which both lattice spacings are
bottom wall. This value is however higher than that for theStretched by a factor of 1.0338,39. This may be readily
best hcp crystal in this series of anisotropic deformations€XPlained by the fact that a solution crystallizing at lower

namely, that at/cys=1.02/a,s which was ¢/ ¢e=0.74. volume fractions than bulk freezing has correspondingly

This again highlights that the distorted crystals that grow aiarger lattice parameters than for a crystal at bulk volume

the deformed templates are, strictly speaking, not clos ractions. Thus our result that an isotropically stretched tem-

packed as well. As noted before and visible in Figs. 20 an iate grows the best quality hcp crystal may be an indication

21 the non-close-packed superstructure alternates with defe e;]ttl;heprhocnpli(Llae% Isz?ng‘felpﬁztgeszﬁggw? rthea:{[eg (ﬁ?ét:g%tisﬁ of
grains. This can b.e due to the fagt that our deformedy,q hard-sphere crystal structure, such as the one implied by
hcp(1100 template is not the best suited template to growg,r emplate, changes the relative stability of hcp and fcc
this crystal structure. The most obvious choice for the “'dealncrystal structures[40]. The difference however remains
template would seem to be a template that has an anisotropigna”, on the order of I8kgT per particle in favor of hcp.
stretch of the axis ratio of 1.50, such as in this case, but For the isotropically stretched template we also found the
starting from the ideal hef100 plane or, as there may hjghest volume fraction, which was furthermore almost simi-
again be prefreezing or wetting, starting from the 400  |ar to the volume fraction of the untemplated close-packed
template that generated the best quality hcp crystal. It wouldyystal. This last fact is not in correspondence with what one
certainly be interesting to further examine the growth condiyoyld expect for a stretched unit cell. The reason why this

tions for this peculiar hard-sphere crystal structure. higher volume fraction was reached was that the distance
between the had100 planes in this crystal was smaller than
SUMMARY AND DISCUSSION what would be expected for the stretched (id®0-lattice

vectors. This is probably caused by compression of the crys-

In this paper we have demonstrated the possibility taal when more particles sediment and crystallize on top of it:
grow crystal structures that are metastable in bulk crystalliat first a few layers wet or prefreeze at the stretched template,
zation using colloidal epitaxy. For colloids interacting but when during sedimentation the pressure increases, the
through a hard-sphere-like potential, a (I{D0 pattern was crystal cannot isotropically compact as decreasing the in-
found to induce hcp crystal formation. Modification of this plane lattice vectors would result in an increase in interlayer
surface pattern gives the possibility to directly dictate thedistance opposite to the gravitational field. Thus the stretched
crystal’s stacking sequence, which was illustrated by growthn-plane lattice vectors are preserved and the interlayer dis-
of a “double hcp”(dhcp crystal. tance in the crystal is smaller to accommodate the higher

For the hcpl100 template the evolution of crystal struc- volume fraction. For thg100-oriented fcc crystal an ap-
ture over template-crystal mismatch was studied using a 3Proximately 0.8 times lower volume fraction than that of the
real-space analysis. The first step in our analysis consisted @tp crystal was found, which was also lower than that for
examining the degree of layering parallel to the template. Aany of the other defected hcp crystals. The quality of the
template-crystal mismatch was found to lead to out-of planerystal, as judged from the behavior of the various order
displacements of particles, in accordance with observationsarameters used, was however comparable to that of the best
in molecular epitaxy[41,42. Thus in further research on hcp crystal. Furthermore, the in-plane nearest-neighbor dis-
colloidal epitaxy, the width of peaks and/or the relative depthtance did not noticeably change between the hcp and the fcc
of minima in the linear number density perpendicular to thecrystal, indicating that the fcc crystal also showed prefreez-
template may be used as parameters for probing the qualiiyig or wetting. Apparently, th€1100-oriented hcp crystal
of the epitaxially grown crystal and for identifying the best can be compressed much more to accommodate the increas-
conditions for epitaxial crystal growth. Relatively small val- ing osmotic pressure than tti&00)-oriented fcc crystal. In-
ues for the layer width and an interlayer density of essendeed, for the fcc crystal we found a layer spacing that was a
tially zero correlate with sharp peaks and long-ranged infactor 1.11 higher than the expected value based on the ef-
plane order as evidenced in a 2jr) and with the fective hard-sphere radius, while for ttEL00-oriented hcp
indications given by the other parameters that we have usedrystal these two values corresponded. Pronk and Frenkel
For the hcp crystal these conditions were met at an isotropifound that the elastic constants of fcc and hcp crystals can be
cally stretched template with lattice parametemga,s  surprisingly different, with differences up to 20p40]. The
=c/cys=1.055. Scaling the template isotropically from thesedeformations and compressions reported here are however
values led to the out-of-plane displacements mentionedar beyond the scope of their calculations.
above. For a template where the unit-cell dimensions were The dependence of volume fraction on template-crystal
shrunken ta/ays=0.89, there was a structural transition to amismatch starting from the stretched template that yielded
(100)-oriented fcc crystal. Further shrinkage as well as largethe highest volume fraction and best quality crystal was as
isotropic stretches led to disorder in the first layers over thdollows: A small deviation of lattice parameters from the
template. The volume fraction of the epitaxially grown crys-ideal ones led to a sharp decrease in volume fraction after
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which there was again a rise in volume fraction when thedensity has increased to substantial nonzero values and thus
layer width further increased. The reason for this may be theéhe definition of layers is not strictly applicable anymore, has
possibility to accommodate a larger number of particles pefo include 3D order parameters as well, especially for the
layer at a larger layer width, through cooperative out-of-jarger template-crystal mismatches. By performing a 3D
plane displacements, similar to the buckling mechanism obsysis; information about dislocation concentrations, dis-
served in confined systenfiS1-53.

Based on layerwise defined order parameters the stru tances between bound dislocation pairs, and correlation

tural evolution was examined in more detail. This analysisengths can be, retrlgved. . .

showed the structural relaxation in subsequent layers above a N @ Study in which a detailed analysis of defects and
mismatch template. However, it should be noted that thalislocations is performed it has to be ensured that the crys-
sample used in the experiment with isotropically shrunkerials are properly equilibrated during sedimentation. This
and expanded unit cells consisted of only thin crystals, withequilibration crucially depends on the interplay between
a sediment thickness of about 20n. As such the osmotic sedimentation and crystallization and, more specifically, the
pressure at the tenth layer is considerably lower than at thgéme scales associated with both procesg#s54. In this
template. This however hardly changed the calculated hardstudy the initial volume fractions were similar to those used
sphere volume fraction calculated over the rangezin jj g recent investigation of the crystallization process of sedi-
spanned. by the f|r_st ten _Iayers. Furthermore, in the eXperimenting colloids at a plain hard wals5]. The time scales
ments with the anisotropically stretched templates a highegsqqciated with the relaxation of structural defects can, how-
initial volume fractlon' was .USEd’ which resulted, over the ver, be much larger than those associated with crystal nucle-
range of layers examined, in a constant volume fraction o tion and growth{56]. For a more elaborate discussion of

almost 0.74_corresponghng fo complete compaction. In theTisgquilibration during crystal growth of sedimenting colloids,
crystals similar relaxation and rearrangements as a function

of height were still observed. It is known from molecular we refer to Refs[55,56. In further research the influence of

epitaxy that structural transitions can take place at over 28qumbrat|on on epitaxial colloidal crystal growth has to be

layers above a mismatch substrd&l]. For a system of mvestigate_d as well. ) ) . .
density-matched colloids, we have recently found that a The variation of thes/a ratio by anisotropically stretching

stressed surface crystal can extend for over 30 layers dedpe template unit cell starting from either a slightly isotropi-
[24]. The dependence and extent of epitaxial crystal structur€@lly shrunken or stretched unit cell compared to the ideal
on sediment thickness need to be explored in more detail ialues for epitaxial growth was found to lead to better qual-
further research, both for the mismatch structures as well a&y crystals as evidenced by the criteria mentioned above. For
for the “perfect” epitaxial crystals. This will also give addi- both the shrunken and the stretched unit cell, this occurred at
tional insight into the strength of the entropic interaction ofa 1.02 stretch of the axis. For the shrunken unit cell larger
the templated wall with the hard-sphere system. deformations finally led to the occurrence @flL1)-oriented

By analyzing particle positions in successive layers withhexagonally stacked crystals. For the stretched unit cell a
respect to template and to each other, and thus constructingn-close-packed superstructure occurred at a 1.50 stretch
lateral (xy) displacements curve@.DC’s), the location of along thec axis. This structure consisted of regularly stacked
and correlations between dislocations and defects were studrystal planes that followed the stretched Ktm00 lattice,
ied. The root-mean-squared displacements in these LDCwith the stacking being periodic over six crystal layers. This
provided a sensitive order parameter for crystal quality. Foresult even more clearly shows the possibility to create meta-
the hcp crystal these were found to be constant at 0.14 timesable crystal structures using colloidal epitaxy and opens
the particle radius and for the fcc crystal constant at 0.2&erspectives for the growth of colloidal, hard-sphere quasi-
times the particle radius. For small mismatches these valuasystals.
increase and diverge higher in the crystal. Furthermore, these The stability range of this and possibly other, non-close-
trajectory plots give insight in correlated displacements ofpacked crystal structures could be broadened when interac-
particle due to surface strain. At increasing mismatch andions would be made of longer range than purely hard-
thus increasing particle displacements with respect to perfecphere-like. For a bilayer system of particles interacting
crystal positions there is a structural breakup in crystal grainghrough a screened repulsive pair potential, Messina and L6-
and defect grains, with these displacements being localizeden have recently shown various interesting changes in the
in the latter. Furthermore, particle displacements in these dgghase behavior as a function of screening leng].
fect grains were strongly correlated in their direction. TheseAmong these was the notion that crystal structures that are
results strongly suggest the application of correlation funconly stable in a small density range in a hard-sphere system
tions in analyzing local stress and local defect grains. become the stable crystal structure over a much larger den-

The structural analysis presented in this work is mostlysity window as the range of the interaction is increased. In
based on a layerwise, 2D analysis. Nevertheless, for an epihis respect, the addition of a repulsive component to the
taxially grown crystal, defects and dislocations caused by article-particle interactions may pose less strict require-
template-crystal mismatch affect the crystal structure in a 3Dnents on the template topography. We have recently demon-
way, as also followed from the results presented above. Atrated that for a system of long-range repulsive colloids the
thorough investigation of stress relaxation in epitaxiallytemplate need not be a 2D representation of a crystal plane: a
grown crystals, especially in the cases where the interlayesimple 1D pattern was found to already induce the growth of
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crystal structures that would be metastable without the sur-

face patterrj24]. Epitaxial growth on a one-dimensional sur-
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