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We have recently demonstrated various quasi-2D disclination networks in blue phases
confined to thin layers, ranging from rings, skyrmions, to double helices, which can
provide arrays of trapping sites for an easy assembling of colloidal particles in complex
2D lattice structures. In this brief review, we summarize main findings of our phe-
nomenological modeling combined with topology. Effects of confinement, particle sizes
and anchoring are discussed. Quasi-2D colloidal crystals can be easily manipulated by
external stimuli via affecting liquid crystal or colloidal particles and offer means for
novel applications in photonics.
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1. Introduction

Self-assembled photonic crystals are of great interest for photonic and plasmonic appli-
cations [1]. By designing and optimizing the elementary building blocks—the colloidal
particles—one can imprint into the material the needed inter-particle interactions, which
lead to the assembly of the desired optical structures. The main challenge with the self-
assembly approach is to produce regular structures with minimal number of structural
defects.

A rather recent idea is to self-assemble optical structures by using colloids based
on liquid crystalline solvents, which generate strong inter-particle potentials of multiple
symmetries. Numerous structures can be assembled in nematic liquid crystals already with
simple spherical particles where interactions are mediated either by localized nematic
defects [2–4] or by nematic braids where entangling of particles by disclinations stabilizes
the structures [5,6]. A special situation occurs when defects are used as traps for small
colloidal particles [7]. Defects can be stabilized either by the confining geometry [8] or by
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108/[540] S. Žumer et al.

Figure 1. (A) Disclinations in BP II visualized as iso-surfaces of degree of order S = 0.17. (B) The
same structure decorated by four colloidal particles per unit cell with 70 nm radius. 2 × 2 × 2 unit
cells with a 360 nm cubic cell are shown.

the complex chiral ordering like in blue phases [9]. In such phases strongly chiral nematic
fluid exhibits periodic 3D modulation of the average molecular orientation [9]. These
structures have a cubic network of orthogonal double-twist cylinders intercalated by −1/2
disclination lines [9]. These phases with a regular internal structure of the orientational order
are the blue phase I (BP I) with a body centered cubic unit cell and the blue phase II (BP
II) with a simple cubic cell (see Fig. 1(A)). Electrically controlled lasing was demonstrated
in blue phase II by using the the periodicity of the blue phase lattice [10]. The use of
the polymer stabilized BPs [11] was demonstrated for display applications [12,13]. Until
recently very limited (∼1 K) temperature stability region hindered further applications.
However, recent developments that introduce blue phases with an extended stability range
[14–16] regenerated a wide and new intrest in these advanced optical materials. These
advances stimulated us to explore by numerical modelling and simulations the use of blue
phases as templates for the self-assembliy of 3D colloidal crystals. The result for 3D BP II
colloidal crystals is illustrated in Fig. 1(B) [17,18]. Blue phases confined to thin layers offer
further possibilities for quasi 2D lattice structures ranging from helical disclinations to rings
and skyrmions [19–21], that strongly depend on confinement. In this paper we briefly review
our recent efforts to understand the organization of colloidal particles in such confined BP
structures. Notably, because of their layered origin, these confined BP colloidal structures
could be accessible in experiments by using the standard optical tweezers manipulation
techniques. For more details see Ref. [22].

2. Blue Phases Confined to Thin Layers

The distinct profiles of orientational order in blue phases form as a result of the frustra-
tion appearing when chiral molecules helically order in more than one spatial direction.
Effectively, this orienatational frustration gives rise to complex director profiles in the form
of double twist cylinders which are intercalated by a regular network of defect lines with
−1/2 winding number [9]. A delicate balance between the energetically favored regions
of local double twist order and the energetic cost of disclination lines leads to two distinct
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Confined Colloidal Blue Phases [541]/109

thermodynamically stable blue phases. BP I and BP II exhibit a three-dimensional crys-
talline orientational order corresponding to the cubic space groups O8− and O2, respectively.
The lattice constants of blue phases are conditioned by the helicity (pitch) of the chiral
nematic material and appear typically in the range of several hundred nanometers. We use
phenomenological modeling to explore BPs based on the minimization of the Landau-de
Gennes free energy [9]. The Landau-de Gennes free energy is a phenomenological ex-
pansion in terms of the symmetry-allowed invariants of the tensorial order parameter field
Qij(r) and its first derivatives. The traceless tensor incorporate all needed orientational
degrees of freedom (director, degree of order S, and biaxiality). For details on the model-
ing approach see Refs. [9,18, and 19]. Our aim is the basic understanding of the phases,
elasticity, and chirality; therefore only minimal number of invariants and associate material
constants needed to construct the free energy are used. However, when relevant or needed
in more quantitative study, the model can be directly and easily expanded to include also,
e.g. the effects of different elastic constants and flexoelectricity. Elastic constant L = 2.5
× 10−11 N, phase constant A0 = 1.02 × 105 J/m3 and reduced temperature parameter
γ = 3.375 (A0 and γ qualitatively map the standard A, B, C material constants in the
Landau-de Gennes free energy, e.g see Ref. [18]), and the chiral parameter q0 = 2π /p0

corresponding to the intrinsic cholesteric pitch p0 = 0.556 µm yield a BP II phase with 360
nm unit cell. The confinement to a thin layer is imposed by two flat surfaces that enforce
homeotropic (perpendicular) surface anchoring of the liquid crystal, which is modeled as
a quadratic penalty potential for any deviation of Qij from the surface preferred value. The
strength of the potential characterized by the surface anchoring strength Wc ranges from
10−2 J/m2 (strong) to 10-4 J/m2 (effectively weak). The equilibrium BP order parameter
profiles are obtained by minimizing the total free energy using the Euler-Lagrange for-
malism. The formalism gives a set of six coupled partial differential equations, one for
each independent component of Qij, with an additional coupling condition Tr Qij = 0,
which accounts for the n → −n symmetry of the nematic director. To solve the set of
equations, the explicit Euler relaxation algorithm is used on a cubic mesh with the appro-
priate homeotropic boundary conditions at the top and bottom surfaces characterized by
the anchoring strength Wc. In the lateral x and y directions, we assume periodic boundary
conditions. The simulation box size is chosen to coincide with the size of one confined blue
phase unit cell. The structures of confined blue phases are initialized as explained in Ref.
[19], where the relaxation starts with a bulk blue phase I and is next confined by the top
and bottom surfaces. The equilibrium cell size is calculated via the minimum in free energy
at constant volumes. Note that this requires appropriate rescaling of the order parameter
profiles.

To examine the stability of colloidal assemblies in confined blue phases, we select two
topologically distinct and energetically most favorable confined blue phase structures: the
undulating-disclinations structure with bulk disclination lines extending in two orthogonal
directions and the double-helix structure (see Fig. 2) with bulk disclinations winding around
a single direction in the form of a double helix. The undulating-discliantions structure is
stable in a relatively thicker cells with weaker surface anchoring (we used cell thickness 0.7
µm and Wc = 10−4 J/m2), whereas the double-helix structure is stable in thinner cells with
stronger surface anchoring (we used cell thickness 0.5 µm and Wc = 10−2 J/m2). These
structures are in more detail described in Ref.[19], where a slightly different set of free
energy parameters was used. Notably, in a thin cell with homeotropic anchoring and for
materials with weaker twisting power, i.e. longer cholesteric pitches, the stable structures
that emerge are a uniform lying helix (finger-print texture) or an untwisted uniform nematic
profile.
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Figure 2. Confined blue phase structure: double-helix structure. Disclination lines are shown in gray
as iso-surfaces of the degree of order S = 0.25 (bulk degree of order Seq = 0.41).

Confinement and absence of a four-fold symmetry axis make the general unit cell of the
confined blue phases a rectangle [19]. The equilibrium lattice constants are easily obtained
from the free energy density profiles. Interestingly, the undulating disclinations structure
close to the equilibrium behaves as almost an isotropic elastic medium, and its optimum
shape is a square. On the other hand, the equilibrium unit cell size of the double-helix
structure deviate significantly from the square, and its elastic response on e.g stretching in
the lateral x and y directions is highly anisotropic.

3. Trapping Potentials in Thin Layers of Blue Phases

Nematic −1/2 disclination lines trap colloidal particles to reduce the effective volume
of their highly distorted cores, e.g as we reported for −1/2 nematic disclination loops
encircling large colloidal particles [8]. We have shown that this same concept can be
applied also for trapping of colloidal particles by the disclination arrays in bulk cholesteric
blue phases [17,18] and blue phased confined to thin layers [22]. In the regime of very
weak particle surface anchoring, the trapping potential at a given location for a particle
of distinct size can be calculated by integrating the free energy density of a particle-free
confined blue phase over the same volume as would be occupied by the particle [22].
Similarly, also stabilization of blue phases by polymer matrices can be addressed [23]. The
minima of the trapping potential (shown in dark gray in Fig. 3) for various particle sizes in
both confined blue phase structures (undulating discliantions and double helices) show an
increased localization of the trapping sites with an increasing size of the particles. At certain
particle radius ∼100 nm also a change in the location of the minima from dislination lines
to intermediate points is found. This means that particles small compared to the disclination
core can be trapped anywhere in the disclination line region, whereas larger particles are
more and more localized and trapped within trapping points, which can be even away
from the disclinations. The change in the location of the minima to the intermediate points
between two orthogonally-crossing lines happens when a single particle more optimally
covers two neighboring lines rather than just a single one. It should be stressed that for
particles with stronger anchoring, i.e. when nematic ordering around the particles is more
distorted, the particle assembly cannot be directly modeled by simply observing such a
potential. Figure 4 shows the profile of the trapping potential for a radius-100 nm particle
in the undulating-disclinations blue phase structure via the iso-surfaces of different values
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Confined Colloidal Blue Phases [543]/111

Figure 3. Minima of the trapping potential (in dark gray) for various particle sizes (left panel for
radius of 40 nm, center panel for 80 nm, right panel for 120 nm) in the undulating-disclinations
confined blue phase. Light gray shows the characteristic disclinations. 2 × 2 unit cells are drawn.

of the trapping potential. Interestingly, from the potential profile, one can extract also the
energy barrier for a particle (with radius ∼100 nm) to cross from a trapping site at one
disclination to the trapping site at another disclination to be in the range of 300 kT.

4. 2D and Quasi-2D Colloidal Crystals

Using the trapping potentials as determine above, the assembly of colloidal particles
in the confined blue phases can be explored by filling the individual trapping sites
with particles. Particles with radii from 40 nm to 140 nm and weak surface anchoring
Wp = 10−4 J/m2 are used. We perform our calculations within one unit cell, however for
clarity the structures are presented in 2×2 arrays of unit cells. Particles are initialized in
the pre-predicted trapping sites and then their positions are equilibrated by shifting them to
lower free energy positions after full equilibration of the liquid crystalline profile. Within
the relaxation procedure the fluid flow is not considered expecting that the nematic pro-
files of the equilibrium configurations are not affected by the flow. However, the fluid
flow may become of importance in the actual process of the structure formation—i.e. in

Figure 4. Iso-surfaces (in light gray ) of various values of the trapping potential for a 100 nm particle
in the undulating-disclinations confined blue phase. Dark gray shows the characteristic disclinations.
2 × 2 unit cells are drawn.
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Figure 5. The optimal quasi-two-dimensional and two-dimensional colloidal crystals in the undu-
latating disclinations confined blue phase for particle radii 60 nm (A) and 120 nm (B). Dark gray
shows the disclination regions. 2 × 2 colloidal unit cells are shown.

the dynamic trajectories how specific colloidal structures are assembled, by favoring or
disfavoring specific restructuring possibilities leading to possible different (meta-) stable
configuations.

Figure 5 shows quasi-2D and 2D colloidal crystals that assemble in the undulating
disclination confined blue phase, depending on the size of the particles by filling the
trapping sites shown in Fig. 3. For small particles (∼40 nm, Fig. 3 left panel), there are no
distinct trapping sites in the undulating disclination structure and the particles can arrange
arbitrarily within the disclinations as long as inter-particle interactions are weak. Therefore
we focus on medium-sized (note Fig. 3 center panel) and large particles (Fig. 3 right panel).
In the case of undulating-disclinations for particles with r = 60 nm, the energetically most
preferred structure has 4 particles per unit cell (Fig. 5(A)). However, if the trapping sites
are only partially filled, metastable colloidal structures are formed. Typically, they have
their total free energies higher for ∼0.1%, corresponding to ∼100 kT, relative to the free
energy of the stable energetically most preferred structure. Large particles (r = 120 nm)
are trapped in the central mid-plane trapping sites linking two originally not connected
disclinations and forming roughly a square lattice (Fig. 5(B)). The above results show
that also more generally the trapping potential for particle sizes comparable to the cell
thickness – the larger particles- (Fig. 5(B)) dictates two-dimensional ordering of particles.
However, upon decreasing the size of the particles, they start to form layers yielding a
quasi-two-dimensional regime of particle ordering (Fig. 5(A)). This regime also provides
more freedom to form metastable structures with only partially filled trapping sites.

5. Conclusion

Two-dimensional and quasi-two-dimensional regular arrays of trapping sites are demon-
strated for colloidal particles in blue phases confined to thin layers. The specific array of
the trapping sites and its symmetry depend crucially on the size of the colloidal particles
and on the size of the confined blue phase unit cell. Three trapping regimes are identified
for particles with weak anchoring: (i) small particles get fully immersed in the strongly
distorted disclination cores, (ii) medium-sized particles get trapped by the disclinations but
they are affected also by the relative arrangements of the surrounfing double-twist cylinders
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Confined Colloidal Blue Phases [545]/113

and therefore the trapping sites become points in a regular quasi 2D periodic array rather
than lines, and (iii) large particles get not necessarily trapped within the disclinations, as
they maximize the coverage of disclinations and minimize the coverage of the double-twist
areas. Larger colloidal particles can also cause rewiring of disclinations. Depending on the
filling of the available trapping sites, either stable or metastable colloidal structures form.
Typically, for 100 nm particles with weak surface anchoring, the energy gain upon filling
one trapping site is 0.1% of the total free energy of one confined blue phase unit cell.

Experimentally, by confining the blue phase liquid crystals to thin layers allows for the
use of optical tweezers as an assembler tool. Such tweezers assisted assembly could avoid
trapping of particles into metastable states, which is expected to be the main limitation in
the self-assembly of regular colloidal structures in bulk blue phases. Notably, such study
would need to optimize the typically leading tweezing mechanisms [24] to achieve strong
enough effective coupling between the beam and the particles to be able to achieve efficient
control over the particles: (i) the interaction of tweezers’ laser beam with particles, which
can be attractive or repulsive, depending on the relative refractive indices, (ii) the dielectric
interaction of the laser beam with the LC distortion surrounding the colloidal particles,
which is typically strongly anisotopic, and (iii) the effective elastic interaction due to
laser-beam-induced distortion of the nematic order—both of the director and of the local
degree of order. Speculatively, a possible tweezing approach would also be to melt into the
isotropic phase locally the surrounding region of the particle using a high intensity beam,
and then the particle could be shifted within such an “isotropic bubble”. The (quasi) 2D
structures also open more possibilities for possible manipulation of the structures with the
external (electric or magnetic) fields via affecting the liquid crystal matrix and/or colloidal
particles. The confined blue phases could offer potent templates for the self-assembled
optical structures to be used in photonic and plasmonic applications.
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[17] Žumer, S., Ravnik, M., Porenta, T., Alexander, G. P., J., & Yeomans, J. M. (2010). Proc. SPIE,

7775, 77750H.
[18] Ravnik, M., Alexander, G. P. J., Yeomans, J. M., and Žumer, S. (2011). PNAS, 108, 5188.
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