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Designed self-assembly of metamaterial split-ring col-

loidal particles in nematic liquid crystals

Jure Aplinc,a Anja Pusovnik,a,∗ and Miha Ravnika,b

The fabrication of orientationally and positionally ordered colloidal clusters is of interest to several

fields from material science to photonics. An interesting possibility to obtain such colloidal crys-

talline structures is by the self-assembly of the colloidal particles in a liquid crystal matrix. This

work demonstrates the self-assembly in nematic liquid crystal of a specific type of colloidal parti-

cles – the split ring resonators (SRR), which are well known in the field of photonic metamaterials

and chosen for their ability to obtain resonances in the response of magnetic field. Using free

energy minimisation calculations, distinctly, we optimise the specific geometrical parameters of

the SRR particles to reduce and prevent formation of irregular metastable colloidal states, more

generally, using concepts of pre-designed self-assembly. Using the pre-designed particles, we

then show self-assembly into two- and three-dimensional nematic colloidal crystals of split-ring

particles. Our work is a contribution to the development of designed large-scale colloidal crystals,

the properties of which could be finely tuned with external parameters, and are of high interest for

photonic applications, specifically as tunable metamaterials.

1 Introduction

Liquid crystals are capable materials for the orientational and po-
sitional ordering of colloidal particles, i.e. the self-assembly1–5.
For a colloidal particle of some general shape introduced in the
nematic, a rise in the free energy of the system appears due to
the elastic deformation of the nematic field surrounding the par-
ticle, as caused by the orientational profile imposed at the par-
ticle surface. It has been shown6,7 that the preffered orienta-
tion of the particle, together with the defects that form around
the particle, can induce not only orientational but also positional
self-assembly of the particles, leading to particle chains8–10, two-
dimensional11,12 and three-dimensional colloidal crystals and as-
semblies13–17. Recent research points in the direction of discov-
ering the role of the geometry of colloidal particles18–20, also
studying the multipolar nature of the elastic interaction between
colloidal particles in liquid crystals21–23 and coarse-grained treat-
ment of nematic colloids24.

The three-dimensional, large-scale colloidal crystals with long-
range order are, amongst other, interesting in the field of photonic
applications25–28. The periodic structures on the scale smaller
than wavelength can be used to efficiently alter the properties of
the propagating light wave – performing as metamaterials29–31 –,
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in particular the transmission and polarization properties26,32–35.
By using liquid crystals, the birefringence of the material can be
used to exhibit control over the flow-of-light at the wavelength
scale. Additionally, by applying external fields on the liquid crys-
tal or changing the temperature, one can control the effective
refractive index of the composite36,37.

A distinct geometry of interest in view of photonic metama-
terial applications is the split-ring-resonator (SRR) shape. This
specific shape is appealing due to the significance of the SRR par-
ticle: the circular shape of the SRR produces a magnetic dipole
when illuminated with light of the appropriate frequency, and is
thus capable of generating a resonance in the effective magnetic
response µe f f of the structure30. In combination with long con-
ductive rods, which produce a resonance in the effective electric
reponse38, so that for a certain region of incoming wavelengths
both the effective permittivity εe f f and permeability µe f f were
negative, the SRRs were the first particle shape with which neg-
ative refractive index was realized39. A self-assembled SRR ma-
terial would make a capable tool in controlling the flow-of-light.
Additionally, such materials could be made photonically well tun-
able if using optically tunable surrounding medium, such as ne-
matic liquid crystals40.

In this article, we demonstrate the designed self-assembly of
split ring colloidal particles in nematic into 2D and 3D colloidal
crystals, for potential use as optical metamaterials. Firstly, we
design a single SRR horseshoe particle, where we focus on the
approach to avoid formation of (irregular) metastable states –
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be interesting to develop/implement automated algorithms or
methodologies for such geometrically optimised approach to the
pre-designed self-assembly in complex fluids.

Figure 2a shows the free energy of nematic cell containing par-
ticle in shape of a square, a square with a hole and a horseshoe
for different relative angle ϕ between the particle and undistorted
far-field nematic director (as imposed by top and bottom cell sur-
faces. Angle ϕ is defined in the inset of Fig. 2d). The square
particle and square particle with hole are mirror-symmetric with
respect to the particle diagonal. Therefore, the free energy is also
symmetric and minimal when the particle is oriented at an an-
gle 45

◦ with respect to the far-field director. This configuration
minimises the regions of reduced nematic degree of order (de-
fect regions), which are the main contributors to the free energy.
The square hole in the particle causes additional defects to appear
within the hole and thus raises the free energy. With additional
opening in the wall – i.e. creation of the slit – the horseshoe
particle accommodates even a further distortion region, which
increases the free energy even further. More importantly, intro-
ducing the slit breaks the diagonal mirror symmetry of the parti-
cle with respect to the far-field director, which causes the shift of
the minimum in free energy to angles around 30

◦, which is direct
indication that in any self-assembly of multiple particles multiple
structures are likely to emerge.

Varying the geometrical parameters of the horseshoe affects the
position of the minimum of free energy. Figure 2b shows the de-
pendence of the free energy on the frame thickness d, for all other
geometrical parameters of the horseshoe kept constant. For large
thickness of the frame d the minimum shifts towards smaller an-
gles ϕ, while smaller d shifts the minimum towards 45

◦. By de-
creasing the height c of the horseshoe (Fig. 2c), the local mini-
mum shifts towards 45

◦, however decrease of the height also in-
troduces the global minimum at 0

◦ when height c < 0.11 µm. The
opening in the horseshoe o effectively represents the degree of
asymmetry, therefore the minimum shifts away from the symmet-
ric case at 45

◦ when the opening is increased (Fig. 2d). According
to minimisation curves for individual particles shown in Fig. 2,
we choose two particle designs that have symmetric alignement
with respect to far field for consideration for self-assembly. Type-1
particle preferentially aligns at angle ϕ = 45

◦ and type-2 particle
aligns along the far-field direction. The specific ratios of the ge-
ometrical parameters are: a : c : d : o = 5 : 1 : 0.5 : 0.33 for type-1
particles and a : c : d : o = 3 : 1 : 1 : 0.33 for type-2 particles. Topo-
logically, the nematic profiles of both type-1 and type-2 particles
exhibit surface defect regions -i.e. regions of reduced nematic de-
gree of order-, which are generalisation of surface boojums, that
generally emerge at surfaces with planar anchoring20,55,56. The
topological invariants (such as charge) of nematic defects are de-
termined by the topology of the particles where strictly topologi-
cally, the horseshoe-particles are genus 0 objects, i.e. equivalent
of spheres. However, as the slit only very locally distorts the ne-
matic profile, one might also consider the emergent nematic de-
fects from the perspective of torus (handlebody) geometry18,57.

The aligning properties of particles 1 and 2 are investigated
further with free energy analysis of the single particle free energy
for arbitrary direction of the particle relative to the far field ne-

matic director given by particle orientation angles ϕ and θ (see
Fig. 3a; black arrow indicates the direction of the undistorted far-
field nematic director). Figures 3b and c show the free energy
of single type-1 and type-2 particles immersed in nematic liquid
crystal and positioned in the centre of the simulation box; the
far-field homogeneous alignment is set by fixed boundary condi-
tions at the walls of the simulation box. The free energy of type-1
particle experiences a strong minimum when ϕ = 45

◦, θ = 90
◦

(Fig. 3b) which means that the far-field director field lies in the
plane of the particle, diagonally to the edges as shown in Fig-
ure 3d. The topological defects form at the edges of the horseshoe
and in the slit. The defects in the slit are shown with the zoom-in
in the inset. The director field in the slit is asymmetric because
of the tilted alignment of the horseshoe regarding the far-field
director within the xy plane. The isosurfaces showing regions of
reduced degree of order (red) are drawn for nematic degree of
order S = 0.39 (Fig. 3d). The free energy of the type-2 particle
has a strong minimum at ϕ = 0

◦, θ = 90
◦ (Fig. 3c), which means

that the far-field director lies in plane of the particle, such that
it is aligned with the slit (Fig. 3e). The surface nematic defects
form in the vicinity of the surfaces where the planar alignment
is in conflict with the surrounding director field orientation. The
zoom in of the director field in the slit is shown in the inset and is
mirror-symmetric regarding the y axis. To generalise, this analysis
of full angular dependence of the free energy of the two type par-
ticles has shown that each particle type has only one stable and
no metastable equilibrium configurations, which is positive (and
generally needed) for realisation of single multiparticle structures
(colloidal crystals).

3 Results

3.1 Inter-particle potentials

The self-assembly of the colloidal particles depends crucially on
their pair interaction potentials. The potentials for different mu-
tual orientations and positions of type 1 and type 2 particles are
presented in Fig. 4. Pair interactions between two type-1 par-
ticles are attractive along x, y and also z direction, as evident
from Fig. 4a. The calculated interaction between particles can
be understood in view of the distortions in the sharp corners of
the particles, especially the emergent surface boojum defects (see
Fig. 3d and 3e). At particle surface to surface separations (dis-
placement in Fig. 4) or order of magnitude larger than nematic
correlation length the interaction is determined by the effective
elasticity of the nematic, where the direct head-to-head approach
between boojums leads to repulsion, whereas side approach leads
to attraction, in line with works on interaction potential between
e.g. spherical colloids with tangential anchoring. At separations
of the order of nematic correlation length, the inter-particle in-
teraction becomes determined by the nematic degree of order,
where cores of the boojum defects or regions of low degree of or-
der seek to fuse or overlap, in order to effectively reduce their
volume, characterised by the energetically costly strong defor-
mation. Indeed, this defect core-to-core interaction gives rise to
rather strong binding potentials at short distances, which can be
of the order of several 100kBT . Notably, the interaction poten-
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be rotated by multiples of 90
◦. Indeed, from photonics perspec-

tive, this degeneracy in the particle slit orientations would affect
the metamaterial response, especially to linearly polarised light,
generally resulting in an effectively averaged response for the two
slit orientations. For example, for individual particle, the opti-
cal response depends on the direction of the polarization of the
incoming light relative to the slit orientation (for more see44 ),
giving rise to different resonant behaviour. Therefore, having dis-
tributed orientations of the SRRs slits in 2D and 3D, would for
already linearly polarised incoming light yield a generalised reso-
nant behaviour with more possible excited resonant modes.

More generally, this work is part of a more general goal to be
able to assemble colloids based on complex fluids, that can per-
form specific functions or material responses. In our case, the
horseshoe particles – if metallic – can perform as effective LC
(i.e. inductance L and capacitance C) resonators which is of di-
rect relevance for light control with metamaterials31,44. Never-
theless, some principal distinct requirements for performance of
the colloidal material (in our case the horseshoe shape of the par-
ticle) may turn out to be incompatible with the routes for the
self-assembly. But the idea we demonstrate here is that – at least
in systems of complex nematic fluid colloids – appropriate pre-
design of colloidal objects may be used to affect and redesign the
self-assembly, by changing both stability/metastability of equilib-
rium structures as well as the interaction potentials.

4 Conclusions

In this work, we demonstrate designed self-assembly of horseshoe
colloidal crystals into 2D and 3D colloidal crystals, using numeri-
cal modelling based on Landau-de Gennes free energy minimisa-
tion. Distinctly, this work demonstrates the idea of geometrical
pre-design of complex shaped – horseshoe – particles in nematic
liquid crystal, to allow for assembly of 2D and 3D horseshoe ne-
matic colloidal crystals for use as optical metamaterials building
blocks. The key aims of the optimisation-design is to reduce pos-
sibilities (degrees of freedom) for the formation of various (irreg-
ular) strongly-bound metastable states, that commonly emerge in
colloids of complex fluids, but are widely non–desired in photonic
or optic applications. Using extensive computational optimisation
of the preferential orientation of a single horseshoe particle in
nematic liquid crystals based on its geometrical parameters, we
show selection of two particle candidates for self assembly: one
with relatively thin arms and small slit (type-1) which orients at
an angle of 45 with respect to the nematic director, and one with
relatively thick arms (type-2 particle), which aligns with the di-
rector. For these two particle candidates we then examine the
anisotropic interparticle pair interaction potentials, which is then
used to finalise the selection of the particle geometry for the as-
sembly. Indeed, using type-1 particles, we demonstrate formation
of stable 2D and 3D horseshoe nematic colloidal crystals. Inter-
estingly, the particles are mutually effectively glued (bound) by
shared regions of reduced degree of or order, i.e. cores of surface
induced topological defects. The potential of self-assembly makes
the demonstrated structures interesting for various applications,
most notably for photonic metamaterial applications, where ele-
ments with a slit are used to produce resonances in the magnetic

field.
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