
Understanding the glass transition is an out- 
standing challenge for statistical and con- 
densed-matter physics, with relevance through- 
out materials science as well as biology (1-3). 
In the multidisciplinary quest for understanding 
of glasses, the study of simple model systems 
occupies an important place. One of the sim- 
plest models amenable to theoretical study as 
well as experimentation is a collection of N 
hard spheres of radius R in volume Vat density 
(volume fraction) 4) = (4/3)TrR3NIV. Although 
there have been speculations about a hard- 
sphere glass at least since Bemal (4), substan- 
tial progress began in the 1980s with mode- 
coupling theory (MCT) calculations (5) and 
experiments using colloids (6, 7). Further pre- 
dictions from MCT have been substantially 
confirmed by colloid experiments and simula- 
tions (8), and novel features, such as spatially 
inhomogeneous particle dynamics, are still be- 
ing revealed by new experimental probes (9). 
This close interplay between experiment, theo- 
ry, and simulation has helped to give hard 
spheres the status of a reference system. 

In a system of hard spheres, particles are 
increasingly caged by their neighbors as d4 in- 
creases. At a critical density, 4)g, this caging 
becomes effectively permanent, stopping all 
long-range particle motion, and the system can 
be considered nonergodic, or glassy. MCT cap- 
tures the essential nonlinear feedback in this 
mechanism. Each particle is both caged and 
forms part of the cage of its neighbors. We 
present a combined experimental, theoretical, 
and simulational study of how the hard-sphere 
glass transition is perturbed by a short-range 
interparticle attraction ("stickiness"). We find 
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that such an attraction first "melts" the hard- 
sphere glass, and then a second, qualitatively 
different, glassy state is formed (Fig. 1). Sticky 
hard spheres therefore represent perhaps the 
simplest system in which multiple glassy states 
occur. 

In our experiments, we used sterically 
stabilized polymethylmethacrylate (PMMA) 
particles (hard-sphere radius R = 202 nm, 
polydispersity = 7%) dispersed in cis-deca- 
lin. Computer simulations (10) predict that 
below 4) = 0.494, the lowest free energy state 
is an ergodic fluid consisting of amorphously 
arranged particles exploring all available 
space. For 0.494 < ) < 0.545, fluid and 
crystal coexist. Above ) = 0.545, the system 
should fully crystallize. PMMA colloids fol- 
low this prediction closely, except that the 
homogeneous nucleation of colloidal crystals 
ceases at (4 - 0.58 (6), and this has been 
interpreted as a glass transition. 

A measure of this arrest is provided by the 
dynamic structure factor S(q,t), which quantifies 
the decay in time (t) of density fluctuations with 
wavelength 2,r/q. In an ergodic system, S(q,t - 
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oo) -> 0. The point at which S(q,oo) > 0 first 
occurs identifies the idealized glass transition. 
Dynamic light scattering confirms that in 
PMMA suspensions, a glass transition in this 
sense occurs at 4g 0.58 (7). We induced a 
short-range attraction by adding a nonadsorbing 
polymer, polystyrene (radius of gyration rg = 17 
nm). The polymer is excluded from the region 
between the surfaces of two nearby particles, 
leading to an excess osmotic pressure pushing 
the particles together. Thus, the particles expe- 
rience an effective depletion attraction, well de- 
scribed (11) by the Asakura-Oosawa (AO) form 
(12), whose range and depth are controlled by 
the polymer's size and concentration, respec- 
tively. The dimensionless range of the depletion 
attraction can be estimated by r = rgR to be 
0.08. 

Mixtures were homogenized by prolonged 
tumbling and then left undisturbed for observa- 
tion. Because of the size of the particles, colloi- 
dal crystals can easily be detected by the naked 
eye as iridescent specks. The nonequilibrium 
behavior of this system at low densities, ( < 

0.2, has been studied before (13, 14); we show 
our observations at 4) > 0.3 (Fig. 1). According 
to theory (15), adding polymer at small 5 ex- 
pands the region of fluid-crystal coexistence, 
and this is what we observed (diamonds, Fig. 1). 
Again, consistent with theory, samples at higher 
c) were fully crystalline (inverted triangles). For 
samples with the highest polymer (16) and/or 
colloid concentrations, however, no crystalliza- 
tion was observed within a period of weeks to 
months (solid squares and circles), even though 
equilibrium statistical mechanics predicts either 
fluid-crystal coexistence (for the solid squares) 
or full crystallization (for the solid circles). 

Consider a sample sequence (Fig. 1, from 
A to E) at () 0.6. In thermodynamic equi- 
librium, all of these samples should crystal- 
lize (15). The sample without any polymer 
was found to be a glass, consistent with g 4 
0.58 in pure hard spheres (6, 7). A sample 
with -1 mg cm-3 of polymer, however, 

Fig. 1. Equilibrium and nonequilib- 
rium behavior of a colloid-polymer 
mixture at - = 0.08. Samples that 
reached thermal equilibrium (open 
symbols) are as follows: fluid (trian- 
gles), fluid-crystal coexistence (dia- 
monds), and fully crystalline (invert- 
ed triangles). Samples that did not 
reach thermal equilibrium (solid 
symbols) are as follows: repulsion- 
driven glass (circles) and attraction- 
driven glasses (squares). Dashed 
curves are guides to the eye of the 
observed glass transition lines. Solid 
curves are MCT predictions of glass 
transition lines (17, 18). Light-scat- 
tering data for samples labeled A 

.......... through E are shown in Fig. 3. 
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Experiments, theory, and simulation were used to study glass formation in a 
simple model system composed of hard spheres with short-range attraction 
("sticky hard spheres"). The experiments, using well-characterized colloids, 
revealed a reentrant glass transition line. Mode-coupling theory calculations 
and molecular dynamics simulations suggest that the reentrance is due to the 
existence of two qualitatively different glassy states: one dominated by re- 
pulsion (with structural arrest due to caging) and the other by attraction (with 
structural arrest due to bonding). This picture is consistent with a study of the 
particle dynamics in the colloid using dynamic light scattering. 
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completely crystallized. This means that Pg 
had shifted to higher volume fractions. Sup- 
pression of crystallization was again ob- 
served at polymer concentration around 2.4 
mg cm-3. From the behavior of all the sam- 
ples, we find that the line of structural arrest 
at the high-density end of the phase diagram 
has a reentrant (>) shape, which we then 
explored using MCT. 

Given the interparticle potential, MCT pre- 
dicts the glass transition using only the (4- 
dependent) equilibrium (or static) structure fac- 
tor S(q) as input, which was calculated by stan- 
dard methods (17). The results shown in Fig. 1 
correspond to an AO attraction with range ( = 
0.08. Given that there is essentially no adjust- 
able parameter in the calculation (17), the agree- 
ment with data is remarkable (18). 

Within the MCT framework, the reentrant 
glass transition is due to the existence of two 
kinds of glasses: one dominated by repulsion 
and the other by attraction (19). In the former, 
the key MCT modes giving rise to structural 
arrest are those with a wavelength close to the 
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average interparticle spacing, corresponding 
to particles being caged by their neighbors. 
Turning on a short-range attraction leads to 
clustering of the particles forming the cage 
and opens up holes (free volume), ultimately 
melting the glass. Increasing the attraction 
further, however, eventually leads to another 
structural arrest, in which the key MCT 
modes are now those with wavelengths com- 
parable to the range of the interparticle attrac- 
tion, suggesting that particles stick to their 
neighbors with long-lived bonds. These two 
kinds of arrest may be termed repulsion- and 
attraction-driven glasses, respectively. 

To confirm this interpretation, we simu- 
lated a system of 1000 particles interacting 
throgh a steep repulsion (o r-36) and an AO 
attraction with - = 0.10. To prevent crystal- 
lization and gas-liquid phase separation, a 
small polydispersity in particle size and a 
weak repulsive barrier beyond the AO attrac- 
tion were introduced (20). In this system 
without any attraction (but retaining the bar- 
rier), we find a (repulsion-driven) glass tran- 
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Fig. 2. Plots of mean squared displacements (r 2(t)) in units of particle radius squared as a function 
of time, t, from simulations of slightly polydisperse, almost-hard spheres with AO attraction and 
a weak repulsive barrier (20) at ) = 0.50, for increasing strengths of attraction, (U in) as labeled 
[with the inverse thermal energy 3 = (k8T)-1], (A) for 0 >2 P3Umin -1.98 and (Brfor -2.88 > 
p3Umin -4.82. The inset shows the dependence of the single-particle long-time diffusion 
coefficient (Ds in units of the hard-sphere value DsHS) on attraction strength. 

Fig. 3. Normalized collective dy- 
namic structure factors f(q,t) 
obtained from light scattering at 
qR = 2.93 as function of time, t, 
for samples A through E (Fig. 1). 
The inset replots the data with 
an expanded vertical axis; in par- 
ticular, the decay in sample C is 
consistent with linearity in log 
time for over a decade in time 
(25). 
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sition at )g - 0.55. Figure 2 shows the mean 
squared displacement, (r2(t)), as we progres- 
sively turned on a short-range attraction at 
, = 0.50. 

With no attraction, (r2(t)) shows signs of 
a plateau (slowing down) at -10- R2 due to 
the proximity of the glass transition at )g 

~ 
0.55. The length scale at which the slowing 
down takes place is connected to the so- 
called Lindemann length over which a parti- 
cle explores its cage, which becomes perma- 
nent at 4g (5, 8). The plateau gradually dis- 
appears as the short-range attraction is in- 
creased; concomitantly, the long-time 
diffusion coefficient (oc d(r2(t))/dt at long 
times) increases. This suggests that increas- 
ing the attraction at constant density takes us 
further away from the glass transition, which 
is consistent with the repulsion-driven glass 
transition line on Fig. 1 slanting to the right. 
Increasing the attraction further, however, in- 
troduces another incipient plateau into (r2(t)), 
suggesting that the system is again coming 
close to a glass boundary. This plateau occurs 
at (r2) - 10-2 R2 ~ t2. The particles become 

progressively more trapped in potential wells, 
until quasi-permanent bonds are formed at 
the attraction-driven glass transition. 

Besides giving the positions of the reentrant 
glass transition line, MCT also makes definite 
predictions about the form of S(q,t) (19); in 
particular, that (reP)(q,oo) is significantly small- 
er than S(tt)(q,oo), reflecting the weaker local- 
ization by the cage (rep, repulsion) than by 
interparticle bonds (att, attraction). The correla- 
tions in the intensity of singly scattered laser 
light from a suspension gives the normalized 
dynamic structure factor f(q,t) = S(q,t)/S(q). 
Because our samples are somewhat turbid, we 
used two-color dynamic light scattering to ac- 
cess the single-scattering intensity information, 
and thereforef(q,t) (21). Data collected at qR = 
2.93, corresponding to spatial correlations 
slightly longer than the average particle dis- 
tance, are shown in Fig. 3, for samples A 
through E in Fig. 1. 

Our data for sample A are consistent 
with previous results (22, 23). The point of 
inflection at t - 0.1 s is indicative of the 
glassy plateau, f(q,oo) - 0.7, that lies out- 
side our time window. The curve for sam- 
ple B has no inflection point, because a 
weak short-range attraction has melted the 
glass into a (metastable) ergodic fluid 
(which will eventually crystallize). A stron- 
ger attraction brings a dramatic change. 
The curve for sample C decays by < 7% in 
the time window shown, whereas the next 
two curves (for samples D and E) hardly 
decay at all (inset, Fig. 3). These results are 
consistent with the MCT prediction that 
(rep)(q,oo) is significantly smaller than 

S(att)(q,oo) (19, 24). 
The existence of multiple glassy states opens 

the possibility of glass-to-glass transitions and to 
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the appearance of endpoints on glass transitions 
lines where the difference between two glasses 
vanishes (19). Close to such points, the structur- 
al relaxation will exhibit an especially broad 
distribution of relaxation times, because the sys- 
tem anticipates arrest in either of two glassy 
structures. Sample C (inset, Fig. 3) displays 
rather anomalous, stretched-out dynamics over 
an appreciable range in time. The functional 
form of this dynamics is consistent with MCT 
predictions (25) as well as simulations (26). 

A model hard-sphere colloid with a 
short-range attraction induced by added 
polymer shows a reentrant glass transition 
at high densities. This system is sufficiently 
well characterized that we were able to 
compare our observations with MCT calcu- 
lations with no adjustable parameters. 
These calculations, molecular dynamics 
simulations, and light-scattering experi- 
ments all suggest that the reentrance is due 
to the existence of two qualitatively distinct 
kinds of glasses, dominated by repulsion 
and attraction, respectively (27). Sticky 
hard spheres are also predicted to show an 
isostructural crystal-crystal transition (28). 
If the stickiness is modeled by a square 
well, this transition vanishes when the well 
width is between 6 and 7% of the hard core 
(28), whereas the glass-glass transition dis- 
appears at -5% attraction width (19). The 
similarity is striking: The same mechanism, 
a competition between attraction and repul- 
sion, underlies both phenomena. 
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Layer-by-Layer Growth of 

Binary Colloidal Crystals 
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We report the growth of binary colloidal crystals with control over the crystal 
orientation through a simple layer-by-layer process. Well-ordered single binary 
colloidal crystals with a stoichiometry of large (L) and small (S) particles of LS2 
and LS were generated. In addition, we observed the formation of an LS3 
superstructure. The structures formed as a result of the templating effect of the 
first layer and the forces exerted by the surface tension of the drying liquid. By 
using spheres of different composition, one component can be selectively 
removed, as is demonstrated in the growth of a hexagonal non-close-packed 
colloidal crystal. 
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A mixture of submicrometer or colloidal par- 
ticles of two sizes can self-organize into two- 
dimensional (2D) (1) and 3D (2-6) binary 
crystals, which can have different stoichiom- 
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etries and crystal symmetries depending on 
the size ratio and concentration. Binary col- 
loidal crystals of large (L) and small (S) 
particles were first observed in nature. Two 
types of structures, with stoichiometry LS2 
(atomic analog AlB2) and LS13 (atomic ana- 
log NaZn13), were found in Brazilian opals 
(3). Later, binary crystals were observed in 
suspensions of charge-stabilized polystyrene 
(4) and of hard sphere-like PMMA (5) par- 
ticles. Formation of small 2D binary crystals 
was observed in a mixture of alkanethiol- 
derivatized Au nanoparticles although it is 
unclear whether the formation of these crys- 
tals was determined by thermodynamics 
alone (1). However, binary crystals have not 
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