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Binary hard-sphere crystals with the cesium chloride structure
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The possibility of binary hard-sphere colloids crystallizing with the cesium chloride~CsCl! structure was
examined experimentally using poly~methyl methacrylate! particles dispersed in organic solvents. Towards
this end, two dispersions were prepared that contained particles with a radius ratioa5RB /RA , where A refers
to the large particles and B the small, of 0.736. This is close to the optimum ratio of 0.732 at which this
structure is predicted to form as determined by space-filling calculations. The phases found within the binary
mixture were examined using laser light crystallography and scanning electromicroscopy, and some were
shown to have the CsCl structure. Over a period of time some of the CsCl crystals disappeared indicating that
they were metastable and that this structure may not be the most enduring phase at this size ratio.
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I. INTRODUCTION

It has been shown both theoretically@1,2# and experimen-
tally @3# that monodisperse hard spheres dispersed in a liq
can spontaneously self-assemble to form a crystalline ph
when their volume fraction (fv) exceeds the value of 0.494
It has also been demonstrated that when two differently s
sets of these hard spheres are mixed together then they
co-crystallize to form binary crystal structures analogous
those seen in atomic systems@4–6#. The exact binary crysta
structure formed and its stoichiometry is found to be dep
dant on the radius ratio of the two different sets of partic
and their relative concentrations To date the binary cryst
AB ~face-centered-cubic NaCl structure@6#!, AB2 ~hexago-
nal AlB2 structure@4,5#!, AB6 ~body-centered-cubic C60K6
structure@7# and cubic CaB6 structure@8#! and AB13 ~cubic
NaZn13 structure@4,5#! have been identified experimental
as existing for hard-sphere systems. Binary structures suc
CaCu5 and MgCu2 have also been identified in nonhar
sphere systems for charged particles@9#.
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A further crystal that might exist in binary hard-sphe
systems is the cubic CsCl structure. This consists of in
locking cubes of each of the two species such that at
center of the cube of atoms of one species, there is an a
of the other~see Fig. 1b!. Theoretical calculations exploring
the stability of this structure in binary systems using dens
functional theory have predicted it to be either stable
tween radii ratios of 0.865-0.3@10# or metastable betwee
ratios of 0.86-0.63@11# whereas those involving cell mode
calculations @12#, simulation @13#, and an immiscibility
model@14,6#, could find no size ratios at which this structu
was thermodynamically stable. A qualitative assessmen
the stability of possible binary hard-sphere crystal structu
can be obtained from the approach of Murray and Sand
@15#. They suggested that such structures will be stable
their total volume fraction when fully compressed excee
the value,p/3&'0.74, which applies to fully compresse
one-component systems. For cesium chloride, the optim
size ratio, where the large particles touch each other i
cube and the small particle in the cube center touches all
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FIG. 1. The concentrations of the samples e
amined at a size ratio of 0.736 overlain on a th
oretical phase diagram generated by Hunt, J
dine, and Bartlett@6# for a similar sized system
The theoretical plot indicates that no bina
phases are anticipated to be stable and that o
phases of fluid ~F!, A crystals1fluid, B
crystals1fluid, and A crystals1B crystals1fluid
are expected to occur. The dashed line across
diagram represents the volume fractions at wh
the number of A particles equals the number of
particles to give a stoichiometry of 1:1. The ins
@Fig. 1~b!# is of a model showing the cubic natur
of the CsCl structure.
©2001 The American Physical Society03-1
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large ones, isa5)2150.732. The corresponding max
mum volume fraction, (p/6)(11a3)50.729, is a little
smaller than 0.74, suggesting that cesium chloride is, at b
marginally stable.

Experimentally, this configuration has been looked for
a hard-sphere mixture by Hunt, Jardine, and Bartlett@6# us-
ing a system containing particles with a size ratio of 0.
They found no evidence that this binary configuration w
stable at this size ratio and only found phases contain

FIG. 2. ~a! The laser light crystallography trace for sample
showing intensity against scattering vectorQ. The peaks are in-
dexed upon a random hexagonal close-packed structure with
main~111! peak corresponding to its position as expected for a p
B crystal. ~b! The laser light crystallography trace for sample 1
The Bragg peaks can be indexed upon a cubic lattice.~c! The laser
light crystallography trace for sample 6. The Bragg peaks can a
be indexed upon a cubic lattice indicating, though not proving,
CsCl structure.
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crystals solely of the individual components plus a flu
phase, or colloidal glasses. The only work to show this ty
of structure was reported by Underwood, Megen, and Pu
@16# who used similarily sized particles~size ratio 0.95! ap-
parently with a cross attraction between them, to generate
CsCl configuration.

II. EXPERIMENT

The hard spheres used in this work consisted of p
~methyl methacrylate! particles stabilized by thin layers o
poly-12-hydroxy stearic acid, prepared by the method
Antl et al. @17#. Dispersions of each type of particles we
made and redispersed in an organic solvent mixture
decahydronaphthalene and tetrahydronaphthalene such
the refractive index of the mixture was 1.5, similar to that
the particles. This meant that the dispersions were virtu
transparent and that any changes within them, or in the
nary mixtures made from them, could be observed visua
by eye and optically with a laser light crystallography set
@18#. To measure the radii of the particles within the tw
dispersions, they were first concentrated using centrifuga
until the volume fraction of the system was within the ‘‘two
phase’’ region of the single species phase diagram. Here
single species crystal phase (fv50.545) coexists with the
fluid phase (fv50.494) and an accurate particle radius c
be determined by laser light crystallography using the p
cess described in Schofield, Pusey and Radcliffe@19#. For
the systems under study here the particle radii were foun
be 367.7 and 270.6 nm, giving a radius ratioa50.736.
When the sample is in this region of the phase diagram
volume fraction of the particles can be determined accura
from the relative proportion of the fluid and crystal phas
within the sample, i.e., fv5(0.545VCrystal/VTotal)
1(0.494VFluid /VTotal). The binary mixtures were then mad
by mixing known amounts of these two dispersions toget
and altering their concentration by either adding or remov
solvent. Figure 1 shows the concentrations of the bin
samples examined.

The binary mixtures were allowed to stand undisturbed
a temperature controlled room and were visually examin
every day for signs of change within them. This was usua
indicated by the appearance of opalescence within
sample, which is due to light being diffracted by cryst
grains. The structure of these crystals was first exami
using laser light crystallography, a technique in which
expanded laser beam is shone through the randomly or
tated crystals to give a powder pattern analogous to that
tained from x-ray diffraction from an atomic system. To loo
at the packing of the particles in these crystals a sec
sample was then prepared, leaving the first sample for fur
visual and laser studies, and allowed to dry under amb
conditions to leave a white residue, which hopefully s
contained particles packed with the same crystal arrangem
as was seen in the first sample. This residue was scrape
of the sample vial, glued onto a microscope stub using c
bon cement, and then sputter coated with gold to mak
conductive to the electrons used in the imaging process.
sample was then examined using a Cambridge S250 s
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FIG. 3. Scanning electron mi
croscope pictures of the particl
packing in the binary crystals.~a!
This shows a large region of CsC
ordering with square packing o
the large spheres~dotted with the
larger, black circles! with small
spheres set at their center.~b! The
central portion shows the squar
face of cubes made up of sma
spheres with a large sphere at th
middle of each.
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ning electron microscope and photographs of the part
packing obtained.

III. RESULTS

Visual examination of the samples revealed that 6, 7
10, 11, 12, 16, and 22 all showed the formation of cryst
with the position of the crystal phase relative to the flu
phase within the sample cell breaking down into three d
tinct groups. First, the crystals in sample 22 appeared
thin band at the bottom of its container after 4 days,
crystals in samples 7, 8, 10, 11, and 12 appeared after 7 t
days as very thin layers at the top of the sample cell
under the meniscus, and those in samples 6 and 16 appe
after 7 days and 19 days, respectively, as a diffuse b
within the center of the cell. The crystals in sample 16
also seemed to be attached to the cell wall. The ot
samples all remained amorphous.

Laser light crystallography on the crystal band in sam
22 was difficult due to the thinness of the layer, which me
that there were not enough randomly orientated crystall
to give a good scattering pattern and that the liquid la
above contributed significantly to it. The crystallograp
trace measured is shown in Fig. 2~a! and the main peaks
within it can be indexed on a random-hexagonal-clo
packed pattern@18#. This is indicative of the pattern seen fo
the pure B crystals and this is supported by the fact that
position of the main~111! peak is at the correct scatterin
vector for this crystal phase. The problem of thin crys
bands was also encountered in samples 7, 8, 10, 11, an
which in some case had layers that were so thin that it
virtually impossible to determine the position of the crys
Bragg peaks relative to the background in the crystallog
phy traces. Figure 2~b! shows the trace obtained from samp
12 and the peaks with this can be indexed upon a cu
lattice, which is what is expected for a CsCl structure. Ho
ever, this cannot be used as conclusive proof that this is
configuration found as there are other binary crystal ty
with a cubic arrangement that will show this type of cryst
lography plot. Also, seen in the trace in Fig. 2~b! is that the
Bragg peaks are situated within a background that is belie
to be due to the liquid phase. For samples 6 and 16 probl
were encountered in obtaining a good crystallography p
not because of the thinness of the layer, but because
there were few crystals within it making it again difficult t
05140
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get crystal Bragg peaks that were significantly greater t
the liquid background. Figure 2~c! shows the laser crystal
lography plot for sample 6 and again the peaks can be
dexed on a cubic lattice.

Due to the fact that the CsCl phase occurred as a
band in most samples it was decided that only a copy
sample 6 had any chance of producing enough crystal
make a scanning electron microscopy~SEM! investigation
feasible. When this was prepared it was found that so
crystals had survived the drying process and SEM pho
graphs of these can be seen in Fig. 3. They show that b
the large and small spheres pack with a cubic arrangem
and, furthermore, at the center of each of these squares
be seen a sphere of the second species indicating tha
packing is the CsCl structure.

IV. DISCUSSION

An examination of the phase diagram shows that
samples with binary behavior occur~with the exception of
sample 16! where the ratio of A to B particles is approx
mately 1:1, which is what is expected for a CsCl arrang
ment. The position of the crystals also suggests that they
form by a heterogeneous route, i.e., they need a surface,
as a meniscus or wall, onto which to nucleate. This w
particularly noticeable in sample 8 where the crystals seem
to nucleate out from a small slither of dust or dried collo
that had fallen from the cell lid onto the top of the sampl

Although the results described give clear indication of t
formation of crystals with the CsCl structure, there is a
evidence that the crystals are metastable or, at best, ma
ally stable. First, unlike systems where stable binary str
tures are found, the samples never exhibited extensive c
tallization and relatively small numbers of crystallites we
observed either in thin layers or dispersed sparsely thro
broader bands. Second, it was noted that after 10 mon
some of the binary crystal layers had disappeared to be
placed by fluid and that only samples 6, 8, and 12 still co
tained them. If the CsCl crystals are metastable relative
the fluid phase, then why they should form in the first pla
is open to debate. It is possible that there is some sm
deviation of the interparticle interaction from the pure ha
sphere case towards a slightly softer potential, but what
fect this will have is uncertain and no theoretical or expe
mental work has been reported for such mixtures. Also,
3-3
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pointed out in Ref.@16#, a weak cross attraction of unknow
origin between the two differently sized particles~while the
A-A and B-B attractions are weaker or absent! tends to sta-
bilize the CsCl structure.

Using the laser light crystallography results and the po
tion of the ~100! or ~110! peak we can determine the CsC
unit-cell dimensions and volume fraction and these
shown in Table I for those samples whose crystallogra
trace were of sufficient quality to allow this analysis to ta

TABLE I. The edge length and volume fraction of the Cs
structures found.

Sample number
Unit cell edge length

~nm! Unit cell volume fraction

6 762 0.6582
8 748 0.6959
12 762 0.6582
16 738 0.7246
tt

-
k
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place. As can be seen the binary CsCl structure had a vol
fraction between 0.65 and 0.72 which, when compared w
its volume fraction of 0.729 at close packing, shows that
crystals are slightly expanded.

V. CONCLUSIONS

Hard-sphere colloids with a size ratio of 0.736 we
mixed together to produce a binary crystal with the Cs
structure; the first time this configuration has been seen
such a system. The majority of samples showing this
rangement had a particle to particle number ratio of 1:1 a
the crystals appeared either as thin bands at the top of
sample container or as diffuse crystal regions within the c
ter of the cell.
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