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loids and their self–assembly into larger structures (Boles
et al., 2016) (see Sec. IV.C). Early work in the same
size range used microemulsions, which are thermodynam-
ically stable droplets of nanometer dimensions (despite
their name).

C. Interactions in real hard-sphere-like systems

Central to identifying the state point of a hard-sphere-
like system is determining the (e↵ective) volume fraction
�e↵ , as reviewed in (Poon et al., 2012; Royall et al., 2013).
The notion of e↵ective hard-sphere diameter will be prop-
erly discussed in Sec. III.D, but we here first discuss in-
teractions commonly used in experiments to mimic hard
spheres. We consider two sizes, � = 200 nm and � = 2000
nm, which roughly reflects the range of colloid sizes used
in the work discussed here. We note the impact of the
colloid size upon the system dynamics (Sec. IV.C) and
their applicability for particular experimental techniques
(see Sec. IV).

While we have discussed the origins of some hard-
sphere experimental systems, we should assess how close
to hard spheres these truly are (Poon et al., 2012; Roy-
all et al., 2013). Here, we provide a summary for the
purposes of this review. Practical hard-sphere–like sys-
tems fall into three broad categories, as illustrated in
Fig. 4. Colloidal stabilisation can be achieved either via
(a) steric stabilization or (b) charge stabilization. Be-
cause (c) microgel particles consist of densely crosslinked
polymers in a swelling solvent, they do not explicitly
need stabilization (Lyon and Fernandez-Nieves, 2012;
Schneider et al., 2017). The hardness of microgel col-
loids depends on the quality of the solvent and the de-
gree of crosslinking and can be density dependent (Roy-
all et al., 2013). Emulsion droplets are an intermediate
case. They use a molecularly thin layer of surfactant for
stabilization. Although these particles are liquid, even
a microscopic (. 1nm2) change in surface area leads to
an interfacial free energy cost of order kBT . The soft-
ness of mesoscopic-scale droplets is, therefore, very lim-
ited (Dong et al., 2022; Lacasse et al., 1996; Morse and
Witten, 1993).

Softness due to stabilization. – A sterically stabilized
particle is shown schematically in Fig. 4(a). One of
us (Royall et al., 2013) has previously reviewed ways to
obtain an e↵ective hard-sphere diameter for these par-
ticles via mapping various hard-sphere properties (see
Sec. III.D). A mapping is also possible via direct measure-
ment of colloidal interactions. This procedure has been
applied to poly-hydroxy-steric acid-stabilized PMMA
particles, whose interactions were measured with the sur-
face force apparatus and were found to be quite well de-
scribed by an inverse power law potential with energy
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FIG. 4 Schematic representation of various models for hard-
sphere colloids. (a) A sterically-stabilized particle has surface
“hairs” (not to scale) of average thickness �̄, resulting in core-
stabilizer diameter �cs = �c+2�̄. (b) A charged colloid has an
electrical double layer (shaded) that gives rise to an e↵ective
diameter �e↵ . (c) A microgel particle is a heavily cross-linked
polymer. Figure reproduced from (Royall et al., 2013).

scale ✏ipl (Bryant et al., 2002)6:

us(r) ⇡ ✏ipl

⇣�
r

⌘n
, (3)

where � denotes the particle diameter and r the interpar-
ticle distance. The relative range of us depends on the
particle size. For example, n = 170 was determined for
particles with a diameter of � = 200 nm. Likewise, the
strength of the interactions also depends on the particle
size, with us(�) = 146 kBT was reported for � = 200
nm, as shown by the pink line in Fig. 5(a). For larger
particles (� = 2000 nm), n = 1800 and us(�) ⇡ 1800
kBT , were determined (Bryant et al., 2002) [Fig. 5(b),
pink line]. The results of Bryant et al. (Bryant et al.,
2002) quantify what is intuitively obvious, namely, that
for a fixed length of stabilizing “hairs”, larger particles
are relatively harder. Similar conclusions were obtained
in the rheological study of Mewis et al. (1989), which
varied the thickness of the stabilizing layer.

6 While an inverse power law of course is long-ranged, unlike the
steric stablization, here we follow the work of Bryant et al.
(2002).
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Figure 1. Phase behaviour of hard-sphere colloids. This compilation is formatted more coherently
than the limited selection of Pusey & van Megen (1986) and the black and white pictures of
Pusey & van Megen (1987a); to avoid confusion, we retain the original numbering of the samples.
(a) Immediately after mixing; sample 2 is equilibrium fluid state, while others are in metastable
fluid/glassy states. (b) After 1 day. (c) After 4 days. See text for further description.

Table 1. Concentrations of samples in figure 1: φ, nominal concentration; φcor, corrected
concentration; φcor − φF, supersaturation.

sample 2 3 4 5 6 7 8 9 10

φ 0.478 0.503 0.511 0.527 0.553 0.577 0.595 0.620 0.637
φcor 0.491 0.517 0.525 0.542 0.568 0.593 0.611 0.637 0.654
φcor − φF 0.009 0.017 0.034 0.060 0.085 0.103 0.129 0.146

and lower polycrystalline phases. Samples 6 and 7 are filled with small compact
crystallites. Sample 8 shows a different kind of crystallization that leads to much
larger, irregularly shaped, crystallites. After 1 day, no crystallization is seen in
the two most concentrated samples, samples 9 and 10.

After 4 days (figure 1c), a small amount of crystal has formed through
sedimentation at the bottom of the equilibrium fluid sample 2. Sedimentation is
also evident at the bottom of samples 3–7, where the compressed crystallites show
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Radial distribution function of a highly ordered solid
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Coordination numbers in face-centered cubic unit cell
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