
LETTERS

Self-assembly route for photonic crystals
with a bandgap in the visible region
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Three-dimensional photonic crystals, or periodic materials, that
do not allow the propagation of photons in all directions with
a wavelength in the visible region have not been experimentally
fabricated, despite there being several potential structures and
the interesting applications and physics that this would lead
to1. We show using computer simulations that two structures
that would enable a bandgap in the visible region, diamond
and pyrochlore, can be self-assembled in one crystal structure
from a binary colloidal dispersion. In our approach, these two
structures are obtained as the large (Mg) and small (Cu) sphere
components of the colloidal analogue of the MgCu2 Laves phase2,
whose growth can be selected and directed using appropriate
wall patterning. The method requires that the particles consist of
different materials, so that one of them can be removed selectively
after drying (for example, by burning or dissolution). Photonic
calculations show that gaps appear at relatively low frequencies
indicating that they are robust and open for modest contrast,
enabling fabrication from more materials.

The currently known clear champion structures, both for
opening up a bandgap at the lowest refractive-index contrast
ratio (around 2) and the largest bandgap width-to-frequency
ratio, are dielectric diamond3,4 and pyrochlore (also known as
‘tetrastack’)5,6 structures. Both of these structures also give rise
to gaps at low-lying bands, which makes them more stable
against disorder7. Conventional methods such as lithography, and
less conventional ones such as three-dimensional holographic
interference lithography and two-photon lithography, have not
realized these structures for a bandgap in the visible region
as this requires three-dimensional feature sizes of just a few
hundred nanometres. This size range is easily achieved with
colloidal particles. Many other possible structures, such as inverse
face-centred cubic (f.c.c.) structures, require a contrast that
is too high for materials that are non-lossy in the visible
region. Therefore, recently, several methods to realize structures
with diamond symmetry by self-organization of colloids have
been proposed. However, they require complicated8 and/or non-
spherical potentials9 that are yet to be realized experimentally.
Although it has been proposed6,10 to use four spheres combined
in the form of tetrahedrons to arrive at diamond and pyrochlore
structures, the fabrication process is not described. Garcia-Adeva5

proposed making pyrochlore lattices using a layer-by-layer growth
procedure11, which is a laborious route. Here, we show how both
the pyrochlore and diamond structures can be obtained from a
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Figure 1 Binary Laves crystal structures. Large spheres are red and small
spheres are yellow. a, MgCu2. b, MgZn2. c, MgNi2. d–f, The MgCu2 structure (d) is a
combination of a diamond structure of large spheres (e) and a pyrochlore structure
of small spheres (f).

binary mixture of colloidal spheres with easily realizable interaction
potentials. The removal of the large or small spheres from the
so-called Laves phase2 MgCu2 can be done using well-established
procedures, such as dissolution12 or burning11.

MgCu2 is one of three binary Laves structures2 shown in Fig. 1.
In the MgCu2 structure, shown in Fig. 1a, the large spheres form
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Figure 2 Phase diagram of binary hard spheres with a small-to-large size ratio
of 0.82. The phase diagram is shown in the composition x, reduced pressure p,
representation, where x= NS/ (NS +NL ) is the number fraction of small spheres.
The labels ‘f.c.c.L’ and ‘f.c.c.S’ denote the f.c.c. crystals of large and small
particles, respectively. The phase coexistence regions are labelled ‘f.c.c.L +Laves’,
‘Laves+ f.c.c.S’ and so on.

two interpenetrating f.c.c. lattices, whereas the small spheres sit at
the vertices of a tetrahedron. As indicated in Fig. 1a, the stacking
of large sphere pairs in MgCu2 is AABBCC. In MgZn2, shown in
Fig. 1b, the stacking of large spheres is AABB, and in MgNi2, shown
in Fig. 1c, the stacking is AABBAACC. The diamond structure,
shown in Fig. 1e, is obtained from MgCu2 (Fig. 1d) by removing the
small spheres, whereas the pyrochlore structure, shown in Fig. 1f,
is obtained by removing the large spheres. The maximum packing
fraction of MgCu2 (and other Laves) phases η ≈ 0.710 is achieved
at the small-to-large sphere diameter ratio σS/σL = √

2/3 ≈ 0.82.
At the maximum packing, both the diamond and the pyrochlore
component crystals are at their maximum packing fractions of 34%
and 37%, respectively, and are thus self-supporting.

Figure 2 shows the phase diagram of binary hard spheres with a
size ratio of 0.82 in the reduced pressure p = Pσ3

L/kT , composition
x presentation, where x = NS/(NS + NL) is the number fraction
of small spheres, k is Boltzmann’s constant and T is the absolute
temperature. The phase diagram is obtained from Gibbs free-
energy data, where the free energies of the Laves phases are
calculated using Monte Carlo (MC) simulations13 and the free
energies of the fluid and f.c.c. phases are taken from analytical
results14,15. The phase diagram consists mainly of coexistence
regions where the tie lines are horizontal. For example, in the
region marked ‘f.c.c.L +Laves’, the stable system has an f.c.c. crystal
of large spheres at x = 0 in coexistence with Laves structures at
x = 2/3 = 0.667. The pure one-phase regions are at x = 0, x = 2/3,
x = 1 and in the fluid phase. The phase diagram can also be
drawn, for example, in the packing fraction η, composition x plane,
where the pressure region p = 22.8–59.6 of stable Laves structures
corresponds to packing fractions η = 0.59–0.66.

We found the Laves structures to be stable at size ratios in the
0.74–0.84 range. Thus, the main features of the phase diagram in
Fig. 2 are expected to hold in this size-ratio range. The addition
of soft repulsion (screened Coulomb) to the interparticle potential
shifted the stability range to lower size ratios. This is in agreement
with experiments on charged colloids, where indications for both
MgCu2 and MgZn2 structures were reported in the size-ratio
range 0.59–0.71 (refs 16–18). Recently, the Laves structures MgZn2
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Figure 3 Density profile and a snapshot of the simulation along the z direction.
Structure 1: Small (yellow) and large (red) spheres attached to a wall resembling the
(110) plane of the MgCu2 structure. Structure 2: Wall pattern plus the first plane of
mobile small spheres (dark blue) slightly above the wall.

and MgNi2 have also been observed in experiments with binary
nanoparticle suspensions19.

The relative stability of the three different Laves structures
was studied by calculating their Helmholtz free energies13 with
extrapolation to the infinite-system limit20. As all of the Laves
structures pack with the same volume fraction (η), it is not
surprising that the free-energy difference between them turned
out to be very small, of the order of 10−3 kT per particle (at
η = 0.6 and a size ratio of 0.82). Owing to the small free-energy
differences between the Laves structures, we expect to observe a
mix of all three structures in experiments, analogously to single-
sized hard spheres where, instead of a pure f.c.c. or hexagonal close-
packed, a random hexagonal close-packed crystal is observed21.
Fortunately, the MgCu2 crystal structure can be selected to grow
in pure form by, for instance, templating the wall using the pattern
shown in Fig. 3 (structure 1), which resembles the (110) plane of
the MgCu2 structure. The template is not exactly the (110) plane,
as the large and small spheres were placed touching the wall, as they
would be in an experimental situation where particles are placed
on the wall by, for example, optical tweezers22. The first layer of
mobile small particles is shown in Fig. 3 (structure 2) by the dark
blue spheres. The density was set to η = 0.555, which is below
MgCu2 bulk freezing density (η = 0.59). The particle distances
in the template correspond to η = 0.59. MC simulations were
done in the canonical ensemble in a system with 4,077 particles,
patterned walls at z = 0 and z = 35σL and periodic boundaries
in the other two directions. Figure 3 shows a snapshot of the
system and the equilibrium density profile along the z direction.
We observe that there are 8–7 crystalline layers close to both walls
and a homogeneous bulk-like fluid phase in the middle at a volume
fraction η = 0.533±0.005. For conditions above the MgCu2 bulk
freezing density, we expect larger crystals and no fluid phase. In
a similar way, for single hard-sphere dispersions, the growth of
metastable hexagonal close-packed crystals of millimetre size has
been demonstrated experimentally with a templated wall23.

Figure 4 shows the relative width of the photonic bandgap
between bands 2 and 3, as a function of the dielectric contrast, for
the direct diamond and pyrochlore structures (dielectric spheres
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Figure 4 Calculated relative width of the gap between bands 2 and 3 as a
function of the dielectric contrast. Four different structures are considered: direct
pyrochlore (η = 0.37), direct diamond (η = 0.34) (dielectric spheres in air), and
inverse pyrochlore and inverse diamond (air spheres in a dielectric background). The
relative gap width is defined as the gap width divided by the midgap frequency. The
solid lines are guides for the eye.

in air), and their inverse structures (air spheres in a dielectric
background), at the maximum sphere packing fraction. The
direct structures in particular possess large photonic bandgaps for
moderate dielectric contrasts. Their gap opens up at a dielectric
contrast of 5, which is much lower than the required contrast of
8.4 for an inverse f.c.c. structure24. At a contrast of 12 (silicon
spheres in air), the gap width has increased to approximately 7%
and 11% for the direct diamond and direct pyrochlore structures,
respectively. These gaps are much larger and open up at lower
contrasts than for the inverse structures. We did not find any
bandgaps for the binary Laves structures. Neither did we find
any significant gaps for the small/large particle components of the
MgZn2 and MgNi2 structures.

Photonic band diagrams were calculated up to band 10 for
dielectric contrasts ranging from 2 to 20 using 32 × 32 × 32 grid
points to discretize the unit cell, using the MIT Photonic-Bands
(MPB) software package25. This software computes fully vectorial
eigenmodes of Maxwell’s equations with periodic boundary
conditions by preconditioned conjugate-gradient minimization of
the block Rayleigh quotient in a plane-wave basis25. We checked the
convergence of the MPB calculations for diamond and pyrochlore
using the photonic analogue of the Koringa–Kohn–Rostoker (KKR)
method4,26,27 and found that MPB and KKR agree on the midgap
frequency of the gap between bands 2 and 3, and on the dielectric
contrast at which the gap opens, but not always on the gap width.

We emphasize that the structures for which the large gaps
are calculated have not been optimized in any way. This
optimization might be achieved, for instance, by using incomplete
filling, which increases gaps for inverse f.c.c. structures28, or by
slightly sintering the structures29. Nevertheless, as shown in Fig. 4,
several low-dielectric-constant materials, such as titania30 and zinc
sulphide31, could open a gap in the visible region for close-
packed diamond and pyrochlore structures. Particles made of these
materials, which are non-lossy and have a high enough refractive
index, could be combined with polystyrene and poly(methyl
methacrylate) particles in binary colloidal crystals, similar to
what has already been demonstrated in combination with silica
particles11,32. Although we have focused here on pure dielectric

materials, interesting possibilities also exist for structures consisting
of metallodielectric spheres4.

In summary, we have proposed a method to fabricate photonic
crystals with a diamond or pyrochlore structure through self-
assembly of the MgCu2 structure using a binary mixture of colloidal
spheres. Our method requires standard techniques: the preparation
of two species of colloidal spheres (charged or hard sphere), surface
patterning and the removal of one of the species. Therefore, it
is a promising route for the experimental realization of photonic
crystals with a bandgap in the visible region.

METHODS

The phase diagram in Fig. 1 was constructed from Gibbs free-energy data
using the common tangent construction in the (Gibbs free energy G,
composition x)-plane. Gibbs free energies were obtained from the sum of the
Helmholtz free energy F and the equation of state as G = F +PV , where V is
volume. For the MgCu2 structure, Helmholtz free energies and the equation of
state were calculated numerically. The numerical calculations were done for a
system with NL = 64 and NS = 128 particles in a cubic box with periodic
boundary conditions. The free-energy calculations were done using the
harmonic coupling method and consisted of 10 integration steps selected
according to Gauss–Legendre quadrature13. At each step the system was first
equilibrated during 5×104 MC steps (trials to displace each particle) in the
canonical ensemble and then sampled during 105 MC steps. For the purpose of
extrapolation to the infinite-system-size limit, system sizes up to NL = 1,920
and NS = 3,840 particles were used. The equation of state of MgCu2 was
calculated in the isobaric–isothermal ensemble, where the average volume was
calculated using 2×105 equilibration steps and 4×105 sampling steps.
A smooth function for the equation of state was obtained by fitting the data
using a linear combination of the functions 1/γ(η), 1, γ(η), γ(η)2, . . . where
γ(η) = ηcp/η−1 and ηcp is the maximum packing of
MgCu2(ηcp ≈ 0.710 for σS/σL = 0.82). The density profile in Fig. 3 was
calculated for NL = 1,359 and NS = 2,718 particles in a box with dimensions
(8.52σL,9.05σL, 34.95σL) using 4.1×108 equilibration steps and
107 sampling steps.

Photonic band diagrams were calculated using the MPB package, version
1.4.2. In addition, an MPB patch file by Mischa Megens was installed for
calculating the effective dielectric constant by averaging over Wigner–Seitz cells
rather than over the parallelepipeds spanned by the lattice vectors. This patch
also ensures proper weighting of the dielectric constant at the edges of the unit
cell, and thus avoids double-counting.
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