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ABSTRACT
We present a brief review on the effect of phase transitions on liquid crystal colloids. The paper
focuses on the evolution of dipolar, quadrupolar and boojum colloids and the ensuing elastic distor-
tions of the director field across phase transitions between various phases, including N, SmA, SmC
and N∗. The role of pre-transitional and post-transitional elasticity on the resulting defect structure
is discussed. Our review includes the results of structural transitions of two-dimensional colloidal
assemblies due to the transformation of the defects across the phase transitions. Finally, we discuss
some future perspectives on further studies.
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1. Introduction

Liquid crystals (LCs) are orientationally ordered fluids
composed of shape anisotropic organic molecules. For
rod-like molecules, the mean direction of the molec-
ular orientation is defined by n̂, a dimensionless unit
vector [1]. LCs exhibit mesomorphic transitions and dis-
play an increasing degree of orientational and/or posi-
tional order with decreasing temperature. Nematic (N)
phase is the least ordered and most fluid phase among
all the known mesophases [1,2]. It is characterised by
a long-range orientational order without any positional
order. Many compounds exhibit nematic to smectic-A
(N-SmA) phase transition, in which a one-dimensional
positional order emerges in addition to the orientational
order when the temperature is reduced to SmA phase.
Several compounds also exhibit SmA to smectic-C (SmC)
phase transition as the temperature is reduced in which
the director n̂ tilts at an angle with respect to the layer
normal. In cholesteric LCs (N∗), the director shows a
helical structure along with the long-range orientational
order. This phase is observed when the molecules are
inherently chiral or a chiral dopant is added to the ordi-
nary NLC [3].

Dispersion of foreign particles in nematic liquid crys-
tals (NLCs) creates elastic distortion of the director field
n̂ which results in a topological defect in the neigh-
bourhood of each particle [4–11]. When the particles
are treated for perpendicular or homeotropic alignment
of the director, they induce either a point-like hyper-
bolic hedgehog defect of strength −1 (Figure 1(a–c)) or
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a ring-like defect (Figure 1(d–f)), so-called the Saturn
ring defect of strength−1/2 in themedium. The particle-
defect pairs are called elastic dipoles or quadrupoles in
analogy with electric counterparts based on the similar-
ity of electric field lines and the transverse components of
the director field n̂ [7–9]. When the particles with planar
surface anchoring of LC molecules are introduced in a
planar cell, they create a pair of antipodal surface defects
known as boojums (Figure 1(g–i)) [8,12–16].

The interaction potential between two elastic dipoles
and quadrupoles are anisotropic and given by UDD(r, θ)

= C1K(1 − 3 cos3 θ)/r3 and UQQ(r, θ) = C2K(3 − 30
cos2 θ + 35 cos4 θ)/r5, respectively, where C1, C2 are
constants that depends on the particle size,K is the mean
elastic constant of the LC, r is the separation between
them and θ is the angle between the line connecting
the centres of particles and the far-field orientation of
the nematic director n̂ [8]. The long-range structural
forces experienced by nematic colloids due to the elastic
deformation obviously have no analogues in regular col-
loidal systems in an isotropic dispersivemedium [17–23].
Exploiting these anisotropic forces and defects 2D [7] and
3D [24] structures of dipolar crystals have been demon-
strated. Hence LC colloids are promising for creating new
assemblies with complex architecture depending on the
particles, surface anchoring and defects [25–30]. Here,
by ‘colloids’ wemean themicrometre-sized particles hav-
ing sedimentation length much larger than the isotropic
counter part due to the gradients of the director field that
pushes the particles away from the bottom [31].
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Figure 1. Polarising optical photomicrographs of (a) a dipolar, (d) quadrupolar and (g) a boojum colloid with the schematic director
field are shown in (c,f,i). Bright field images of the respective colloids without crossed polarisers are shown in (b,e,h). Particle diameter is
5.2µm.

In this review, we discuss the effect of phase transi-
tions on the topological defects induced by the colloidal
particles across the phase transitions in LCs.We focus on
elastic dipoles, quadrupoles and boojums in the nematic
phase and the ensuing structures in the SmA and SmC
phases. The experiments clearly bring out the role of
temperature-dependent elasticity and the effect of smec-
tic layering on the defects which has a strong influence
on the pairwise colloidal interaction. Finally, we discuss
the evolution of loopdefects across a photo-induced tran-
sition from the cholesteric (N∗) to N. This review is
based mainly on the results obtained in our laboratory
and also some results of other groups. In this review, we
discuss the present state of the experiments and try to
give a perspective of how this field could advance in the
future.

The manipulation of particles by laser tweezers in
LCs is treated as a special case, which contradicts one
of the basic requirements, namely, the refractive index of

the particle should be greater than that of the medium.
Musevic et al. explained different mechanisms behind
the trapping and manipulation of colloids with lower
refractive index [32]. When the laser power is lower than
the optical Freedericksz transition, the surface-induced
distortion of the birefringent medium surrounding the
particle creates a region of enhanced refractive index
for a given polarisation of the laser beam. Hence, the
particle behaves effectively as a high-index particle and
thus meet the requirement of stable trap. The second
trapping mechanism is the creation of a ‘ghost’ particle
by optically induced elastic distortion or local decrease
(or even melting) of the order parameter of the liq-
uid crystals [32,33]. Figure 2 shows the trapping event
of a particle in a homeotropic cell by creating a ghost
particle. The particles can also be trapped by thermally
creating a gradient of order parameter with the help of
the laser tweezers. The particle is attracted to towards
the region of lower order as the elastic energy of that
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Figure 2. (Colour Online) Laser trapping of a particle in a indium-tin-oxide (ITO) coated homeotropic cell filled with 5CB LC. Particle
diameter: 5.2µm. Red circles represent laser trapping sites.

Figure 3. Laser trapping of a dipolar particle in 5CB LC in indium-tin-oxide coated (ITO) planar cell. The laser heating melts the sample
locally creating isotropic bubble (big circles).

Figure 4. Conversion from a quadrupolar to dipolar particle in 5CB LC using the laser tweezer in a ITO coated planar cell. This
transformation is possible in cells with a critical thickness where the gap is comparable to twice the diameter of the particles.

region is lower [34]. Figure 3 shows a trapping event at
large laser power in a planar cell made of indium-tin-
oxide (ITO) coated glass plates. The laser light creates an
isotropic bubble which pulls the particle allowingmanip-
ulation at will. The laser tweezers setup is also useful
in converting a quadrupolar particle to dipolar parti-
cle and vice versa as shown in Figure 4. In this case,
the laser light is used to melt the surrounding medium
and the defect rewires the particle when the light is
switched off.

1.1. Effect of N-SmA transition on dipolar colloids

We begin with the discussion on the effect of N-SmA
phase transition on dipolar colloids. Zuhail et al. have
studied the evolution of elastic dipoles across the N to
SmA phase transition [35]. Figure 5(a,c,e) shows three
different stages of the evolution of the defect accompa-
nied by a particle across the N-SmA phase transition in
a planar cell of 4′-n-octyl-4-cyano-biphenyl (8CB) liquid
crystal. As the temperature is reduced, the point defect
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Figure 5. (Colour Online) (a,c,e) Polarising optical photomicrographs of a dipolar particle across the nematic to SmA phase transition in
8CB LC. (a) Just before the N-SmA transition (c) at the transition and (e) after the transition. (b,d) Simulated micrographs in the N phase
for (b) equal Frank elastic constants, namely K33 = K11 and for (d) increased bend elastic constant (K33 = 8K11). (f ) The sketch of layer
deformation in the SmA phase is based on the λ-plate image observed in Figure 6(c). Reproduced with permission from [35].

near the particle is forced to move towards the surface
and eventually disappears at the surface and a high con-
trast tail is originated from the same point (compare
Figures 5(a) and (e)). The overall texture of the SmA
colloid is distinctly different than that of the nematic col-
loid. It is apparent that the textural change is linked to
the change of the relevant elastic constants with tempera-
ture. In particular, the bend elastic constant (K33) tends to
diverge as the N-SmA transition is approached as a result
the bend-splay anisotropy (�K = K33 − K11) increases
rapidly. This significantly increases the bend stress, con-
sequently the director is compelled to rearrange to relax
the the stress into splay and thereby creating a sort of
‘splay soliton’ which extends along the rubbing direction.

In the SmA phase, the pre-existing nematic order cre-
ates a geometrical constrain on the peripheral region
of the particle for the requirement of equally spaced
smectic layers. Consequently, the tail is converted to
a focal line with discontinuity in the layer orientation

angle that falls off slowly with the distance from the
particle (Figure 5(e,f)). The full-wave plate or λ-plate
(530 nm) images provide a direct evidence of this effect
(Figure 6(a–c)). The magenta colour corresponds to a
horizontal orientation of the director, whereas the bluish
and yellowish colours correspond to clockwise and anti-
clockwise rotation of the director from the rubbing direc-
tion, respectively. Thus the director is rotated clockwise
above and anti-clockwise below the colloid in the N
phase as well as in the SmA phase. Based on this analy-
sis, a schematic representation of SmA layers across the
focal line is presented in Figure 5(f). The presmectic
evolution of the hyperbolic hedgehog defect was inves-
tigated by Landau-de Gennes Q-tensor modelling in
the N phase [36]. Figures 5(b,d) show simulated optical
transmission micrographs for two elastic constant ratios,
namely, K33/K11 = 1 and K33/K11 = 8 in the N phase.
These ratios correspond to the temperatures far away
and very close to the N-SmA transition, respectively. The
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Figure 6. (Colour Online) Optical photomicrographs of a dipolar particle with a λ-plate inserted between the analyser and the sample
across the N to SmA phase transition in 8CB LC. (a) In the N phase, (b) at the N-Sm A transition and (c) in the SmA phase. Small particle
with diameter 2.3µm is chosen to avoid second-order retardation effect.

Figure 7. Structural transition of 2D dipolar colloidal crystal across the N-SmA phase transition in 8CB liquid crystal. (a) In the N phase,
(b) at the transition, (c) in the SmA phase. Reproduced with permission from [35].

simulated images qualitatively reproduce the experimen-
tal results in the nematic phase. A theory or simulation
involving the relevant elastic constants of the N and SmA
phases will be useful to shed light on the minute details
of the transformation.

The dipolar particles have a natural tendency to form
linear chains along the director. Such assembly can also
be created with the help of laser tweezers. Chains with
antiparallel configuration were assembled with the help
of the laser tweezers to create a small two-dimensional
(2D) colloidal crystal. Figure 7(a) shows a 2D crystal
with oblique lattice. The crystal is made of 64 particles
of diameter 5.2µm in a planar cell. The stability of the
structure is obtained by balancing the long-range attrac-
tive elastic forces with the short-range repulsive force.
The latter force arises due to the point defects between
the particles. An interesting effect was observed when the
sample was cooled across the N-SmA phase transition.
Figure 7 shows a sequence of bright field images of the
dipolar crystal across the N-SmA phase transition. Near
the transition temperature, the crystal tends to expand in
a direction perpendicular to the chains (Figure 7(b)). The
point defects disappear at the transition. The disappear-
ance of the defects causes the collapse of the crystal into

a hexagonal structure in the SmA phase (Figure 7(c)).
This effect is reversible across the phase transition. Thus
the colloidal crystals can be restructured from oblique
to hexagonal by going through the N to SmA phase
transition.

1.2. Effect of N-SmA transition on quadrupolar
colloids

Particles with homeotropic surface anchoring also sta-
bilises elastic quadrupoles (dressedwith Saturn ring) [38]
below a critical ratio of the diameter and the thick-
ness of the cell [39]. Zuhail et al. studied the effect of
N-SmA phase transition on quadrupolar colloids [37].
Figure 8(a–d) shows a few snapshots of a quadrupo-
lar particle across the phase transition. In the N phase,
four lobes with birefringent colour are observed. It shows
distortion around the particle which are extending as
the N-SmA transition point is approached (Figure 8(b)).
The lobes shrink to a narrow region showing a ring
type appearance on the surface of the particle just below
the N-SmA transition temperature (Figure 8(c)). The
ring almost disappears and two horizontal faint bands
appear at further reduced temperature in the SmA phase
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Figure 8. (Colour Online) (a)–(d) Polarising optical photomicro-
graphs of a quadrupolar particle in 8CB across the N-SmA phase
transition. (f–i) Corresponding images with the red wave-plate
(green linedenotes the slowaxis). Schematic representationof the
(e) director above the transition (j) SmA layers. Reproduced with
permission from [37].

(Figure 8(d)). Figure 8(f–i) shows the corresponding λ-
plate images. The anchoring of the director on the sur-
face of the particle in the SmA phase is broken. Monte
Carlo simulation by Schlotthauer et al. also supports
this observation [40]. They showed that the effective
anchoring decreases as the nematic to SmA transition
is approached. They performed simulation with differ-
ent anchoring strength and computed local density and
nematic order parameter. In strong surface anchoring
regime, the ring defect does not vanish in the SmA phase

as observed in the experiment. In case of weaker surface
anchoring, the colloid is unable to bend the smectic lay-
ers around its equator and therefore the smectic layers
remain almost equidistant in the vicinity of the particle.
Consequently, no defects are formed [40]. Based on the
λ-plate images as shown in Figure 8(h–i), a schematic
representation of approximate layer orientation in the
SmA phase is shown in Figure 8(j). The pre-smectic evo-
lution of defect is originated from the temperature depen-
dent bend-splay elastic anisotropy which is confirmed by
numerical simulation using Landau-de-GennesQ-tensor
modelling. Figure 9(a–c) shows the experimental textu-
ral changes of a pair of quadrupolar colloids at different
temperatures as the N-SmA temperature is approached.
As this transition is approached, the ratio of K33/K11
increases. Figure 9(d–f) shows simulated images at three
different ratios of K33/K11 which agrees reasonably well
with the experimentally observed textures at different
temperatures.

Such particles usually stabilise straight or kinked
chains in uniform NLCs which can be directed by the
laser tweezer for assembling 2D colloidal crystals as
shown in Figure 10(a). It shows an oblique lattice in the
nematic phase. When the temperature is reduced across
the N-SmA phase transition, the crystal structure tends
to expand along the rubbing direction (Figure 10(b)) and
then in the SmA phase, it breaks apart into chains of
different lengths (Figure 10(c)). This transition is irre-
versible compared to the reversible transition in dipolar
crystals. This is expected as the quadrupolar crystals are
unstable due to much weaker binding energy per particle
than the dipolar crystals.

1.3. Effect of N-SmA transition on boojum colloids

When the particles with planar surface anchoring are
dispersed into an NLC, two antipodal defects known as
boojums are induced (see Figure 1(i)). They are a pair
of surface defects on the poles of the particle along the
far field director. There are a very few theoretical and
experimental studies on the effect of phase transition on
boojum colloids and their interactions [13–16].

Blanc and Kleman have studiedmicrodroplets of glyc-
erine in an aligned smectic phase of 8CB. They observed
that the spherical droplets provide planar anchoring
to SmA layers and induce two singular line defects
extending along the director (Figure 11(a,b)) [41]. They
calculated the curvature energy and showed that the
angular discontinuity of layers decreases continuously far
from the droplet interface. Based on the calculations,
they proposed schematic diagrams showing deforma-
tion of SmA layers for various radii of the microdroplets
(Figure 11(c)).
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Figure 9. (Colour Online) (a-c) Optical photomicrographs taken with with red wave-plate just before the N-SmA phase transition of a
pair of quadrupolar particles in 8CB. (d-f ) Simulated images with the λ-plate at various ratios of K33/K11. Reproduced with permission
from [37].

Figure 10. Bright field optical photomicrographs showing the structural change of 2D quadrupolar crystal across the N-SmA transition
in 8CB LC. Particle size is 5.2µm and cell thickness is 8mm. Reproduced with permission from [37].

Zuhail et al. studied the effect of N-SmA phase tran-
sition on boojum colloids [42]. The colloids are treated
with N-Trimethoxysilylpropyl- N,N,N-trimethylam-
monium chloride (MAP) for planar anchoring.
Figures 12(a–c) show the polarising optical microscope
images of a boojum particle and the transformation
of the defects across the N-SmA phase transition in
8CB LC. The elastic distortion increases along the rub-
bing direction as the N-SmA transition is approached
(Figure 12(b)). In the SmAphase, the distortion is further

extended and a high contrast tail with a straight dark-line
on both poles of the particle along the rubbing direc-
tion is observed. This is somewhat similar to the focal
line that was observed in the case of hyperbolic hedge-
hog defect in dipolar particles across the N-SmA tran-
sition (Figure 5(e)). One important difference is that,
the point defect moves toward the surface of the dipo-
lar particle just before the transition, whereas similar
movement is not observed in the case of boojum col-
loid as the points are always residing on the surface of
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Figure 11. Optical photomicrographs of a droplet of glycerine in SmA phase of 8CB LC (a) without and (b) with crossed polarisers. (c)
Schematic representation of layer deformation in the vicinity of the droplet. Reproduced with permission from [41].

Figure 12. (Colour Online) Polarising optical photomicrographs of a boojum colloid in a planar cell (a) in the N phase, (b) at the N-SmA
phase transition and (c) in the SmA phase of 8CB LC. Schematic diagram of (d) the nematic director orientation around the particle (e)
the SmA layers in the vicinity of the particle with focal conic line defects. Reproduced with permission from [42].

the particle. The brighter regions in the neighbourhood
of the particle in the SmA phase indicate that the lay-
ers are strongly bent. For investigating the molecular
orientation around the particle, a low birefringence LC
(CCN-47, �n = 0.03) was chosen for analysing λ-plate
images. In such samples, the second-order retardation
effect due to increased birefringence of the SmA phase
is easily avoided. It exhibits N-SmA phase transition at
28.2◦C. Figure 13 shows some snapshots across the N-
SmA phase transition. The bluish and yellowish colours
correspond to the clockwise and anti-clockwise rotation
of the director from the rubbing direction as mentioned
previously. By comparing Figure 13(a–c), a schematic
representations of LC director around the particle in the
N and SmA phases (with focal conic lines) are shown
in Figure 12(d,e), respectively. These focal conic lines

are parallel to the rubbing direction, being less and less
visible far from the microsphere. In the simulation, when
the surface anchoring is weak, two point-like defects
are observed in the SmA phase [40]. At high anchoring
strength, the defects in the SmA phase spread over a large
range and look similar to focal conic lines. Here the focal
lines are formed due to the angular discontinuity of the
SmA layer orientation.

Boojum colloids tend to form linear chains sponta-
neously. Usually are aligned at an angle 30◦ with respect
to the far-field director. These chains are directed to
assemble using laser tweezers and a small 2D crystal
is prepared in the N phase. When the temperature is
decreased across the N-SmA phase, these defects disap-
pear at the transition and the restructuring of the col-
loids takes place. Figure 14 shows a sequence of images
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Figure 13. (Colour Online) Optical photomicrograph of a boojum particle with a λ-plate across the N to SmA phase transition in CCN-47
LC. (a) In the N phase, (b) at the N-SmA transition and (c) in the SmA phase.

Figure 14. Bright field images showing a structural change in 2D boojum crystal across the N-SmA transition in 8CB LC. (a) N phase (b)
at the N-SmA transition (c) SmA phase. Reproduced with permission from [42].

Figure 15. (a–d) Sequence of images showing the formation of vortex-like defect by pushing two repealing dipolar particles using laser
tweezers in a ITO coated planar cell of 5CB LC. Arrows indicate the pushing direction. Big circles are isotropic bubble created by the laser
beam. Silica particle diameter: 5.2µm.

representing the structural changes of 2D colloidal crys-
tal with boojum defects across the N-SmA phase tran-
sition. The unit cell changes from the oblique in the N
phase to hexagonal close pack in the SmA phase.

1.4. Effect of N-SmA transition on colloids with
vortex-like defect

In what follows we discuss the effect of phase transi-
tions on nonsingular defects. Usually in planar cells two

collinear and parallel dipoles are attracted to each other
whereas the antiparallel dipoles are repelled. However, if
two anti-parallel dipoles are pushed together against their
elastic repulsion using the laser tweezers as illustrated in
Figure 15(a–d), it forms an escaped non-singular vortex-
like defect of strength−2, which is also popularly known
as the ‘bubblegum defect’ [43–46]. Basically it forms
a kind of elastically bonded dimer. Zuhail et al. stud-
ied the transformation of such particles across the N to
SmA phase transition [47]. Figure 16(a) shows a dimer
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Figure 16. (Colour Online) Polarising optical micrographs of a dimer with vortex-like defect across the N-SmA transition in 8CB LC. A
dimer (a) in the N phase, (b) at the N-SmA phase transition and (c) in the SmA phase. Schematic diagram of (d) the director orientation in
the N phase and (e) the SmA layer deformation surrounding the particle. The green colour indicates the regions where the homeotropic
anchoring is broken and the layer orientation can not be discerned clearly. Reproduced with permission from [47].

formed by pushing two collinear antiparallel dipoles with
a laser tweezer in the nematic phase of 8CB liquid crys-
tal. The complex distortion of local director field between
the colloids is clearly observed in the POM micrographs
(Figure 16(a)). It has been reported that the director
field around the bubblegum is axially symmetric, mini-
mally distorted and continuous as shown schematically
in Figure 16(d). As the temperature is reduced towards
the N-SmA transition, the director distortion between
the colloids and in their surrounding tends to enhance
(Figure 16(b)). Below the transition, the deformation
shrinks to a narrow ring-like regions around the particles
(Figure 16(c)) and the interparticle distance is reduced
compared to the N phase.

To get a qualitative idea about the layer deformation in
the SmA phase, a low birefringent liquid crystal (CCN-
47) was used for analysing λ-plate images. Figure 17
shows the image of a dimer across the N-SmA phase
transition with a λ-plate. As mentioned previously, the
magenta colour corresponds to a horizontal orientation
of the director, whereas bluish and yellowish colours
correspond to clockwise and anti-clockwise rotation of
the director from the rubbing direction, respectively
(Figure 17(a–b)). In the SmA phase the narrow region
between the two particles looks uniformly magenta
colour, indicating the layer are uniform. In addition,
surrounding the particles, a ring-like highly confined
region with opposite colours are observed (Figure 17(c)).

Figure 17. (Colour Online) Optical micrograph of a dimer with
the λ-plate across the N-SmA transition in CCN-47 LC. A dimer in
(a) the N phase, (b) at the N-SmA phase transition and (c) in the
SmA phase. Green line denotes the slow axis. Reproduced with
permission from [47].

By analysing the far field region, the far field smectic
layer structure of the dimer is depicted schematically in
Figure 16(e). In the confined region the homeotropic
anchoring is broken and the director appears to be tilted
in opposite direction creating a complex layer deforma-
tion which can not be discerned easily (see green colour
region in Figure 16(e)). Figure 18 presents a sequence of
images showing a structural change of 2D colloidal crys-
tal across the N-SmA transition in 8CB liquid crystal. It
shows an oblique lattice. The lattice constants are reduced
nearly by 35% in the SmA phase compared to that of the
N-phase.

1.5. Effect of SmA-SmC transition ondipolar colloids

There are several studies on the colloidal dispersion in
smectic free standing films [48–51] and at the SmA-air



54 K. P. ZUHAIL ET AL.

Figure 18. Bright field images (without crossed polarisers) showing the structural transition of 2D colloidal crystal (with vortex-like
defects) across the N-SmA phase transition in 8CB LC. (a) N phase (b) at the N-SmA transition (c) SmA phase. Reproducedwith permission
from [47].

interface [52] but the number of experimental and the-
oretical studies are meagre on bulk systems although
some interesting effects has been predicted theoreti-
cally [39,53–57]. For example, Santangelo et al. theoret-
ically predicted that the nonlinear elasticity of the SmA
due to spherical inclusion could give rise to an attractive
interaction [54]. Tovkach et al. calculated the interac-
tion of small particles in SmA LCs and predicted that
the elastic distortion induced interaction is oscillatory
and can give rise to superstructures with finite inter-
particle distance [55]. Most of these predictions are far
from experimental verification. From the experimental
point of view, the main problem is that the particles are
expelled from the medium due to the one-dimensional
positional order and the large layer compressionmodulus
of smectic liquid crystals.

Patricio et al. calculated the effective interaction
between two circular disks immersed in smectic-C
films mediated by the topological defects using a two-
dimensional elastic-free energy [51]. They reported that
for a large disk separations (D), the elastic-free energy
scales as ≈ D−2, which confirms the dipolar character
of the long-range effective interaction. Colloidal inclu-
sions and formation of chains and clusters in oriented
smectic membranes have also been investigated experi-
mentally [49] and numerically [59]. Studies show that the
shape of small droplets embedded in smectic membranes
differ considerably from circular form to minimise
the free energy [60,61]. They observed elliptical, elon-
gated circles and spindle like shapes along with circular
shape. Muhammed et al. studied a pair of microparticles
with homeotropic and planar surface anchoring across
N-SmA-SmC phase transitions [58]. Figure 19(a–c)
shows morphological changes of a pair of dipolar par-
ticles across the N-SmA-SmC phase transitions. Some
snapshots taken at different phases with λ-plate are also

Figure 19. (Colour Online) Optical photomicrographs of a pair
of collinear dipolar particles across the N-SmA-SmC transitions.
Images are taken (a–c) with crossed polarisers, (d–f) with a λ-
plate. Reproduced with permission from [58].

shown in Figure 19(d–f). The transformation of the
defect structure acrossN-SmA transition is similar to that
was observed in Figure 5. In the SmC phase the structure,
however, becomes very complex. The surface anchoring
is mostly broken and the surrounding layer deformation
becomes highly nonuniform (Figure 19(c)) [58].

1.6. Effect of N-N∗ transition on quadrupolar
colloids

There are some experimental and theoretical studies on
the topological defects induced by spherical particles in
cholesteric (N∗) liquid crystals. It has been reported that
the structure of the defects and interaction depends on
the relative size (R) of the particle and the helical pitch
P. For example, when R< <P, the particles experience
homogeneous nematic order and creates elastic dipoles
or quadrupoles. However, by shortening the helical pitch,
the point defect or the circular ring defect transforms into
a strongly deformed defect loop. Numerical calculations
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Figure 20. A defect ring is wound around the silica particle with
homeotropic surface anchoring in a cell filled with photosensitive
chiral mixture (left-handed cholesteric, LHC). Under continuous
UV irradiation, the mixture go from LHC to unwind and then
to right-handed cholesteric (RHC). (a–d) Irreversible unwinding
from LHC to N. (e–h) Irreversible UV light-induced winding from
N to right-handed cholesteric (RHC). Reproducedwith permission
from [62].

by Lintuvuori et al. [63,64] and experimental studies of
Senyuk et al. [65] showed that, particles with planar sur-
face anchoring in the bulk cholesteric LC are decorated by
defect loops. When R/P increases, a twisted set of discli-
nation lines of opposite chirality wraps the particle. Jam-
pani et al. systematically studied the defect structures and
entanglement of colloidal dimers in twisted cells. They
observed various entangled defect structures depending
upon the twist angle [66]. Gvozdovskyy et al. studied the
winding and unwinding of Saturn ring defects around sil-
ica microspheres with homeotropic surface anchoring in
a cholesteric LCwith a variable pitch (see Figure 20) [62].
They used mixtures of 5CB liquid crystal and various
photoresponsive chiral dopants to vary the helical pitch
by illuminating the mixtures with UV or visible light.
With increasing exposure time the helix changes from
left-handed cholesteric (LHC) to nematic (N) and then to
right-handed cholesteric (RHC) irreversibly. In particu-
lar, under UV irradiation, the cholesteric helix is grad-
ually unwound from the initial 3π winding across the
particle (Figure 20(a)) to 2π winding (Figure 20(b)) and
then to π winding (Figure 20(c)). The defect loop in the
π-structure is comparatively less twisted and a ‘figure

of eight’ loop is clearly seen. Upon further irradiation,
the defect loop unwinds irreversibly from LHC to N and
forms a Saturn ring (Figure 20(d)).With increasing expo-
sure time, the systemwent fromN to RHC, consequently,
(Figure 20(e–h)).

2. Conclusion

We have presented a brief overview on the recent devel-
opments on the particle induced defect morphogenesis
across the phase transitions of liquid crystals. We have
mostly discussed the dipolar, quadrupolar and boojum-
colloids and their transformation across the phase transi-
tion to SmA, SmC or cholesteric phases. Uniform surface
anchoring of the LC director on the particles is broken
in the SmA or SmC phases. As a result a strong defor-
mation of layers are observed surrounding the particles
along with focal conic lines. The defects associated with
the particles disappear at the N-SmA phase transition.
The pretransitional divergence of bend elastic constant
across the N-SmA transition is responsible for result-
ing deformation and defect structure in the SmA phase.
The phase transition also has a strong influence on the
colloidal pair interaction and is responsible for the struc-
tural transition of 2D colloidal assemblies. Studies so far
have focused on spherical particles with homeotropic or
planar surface anchoring, but a plethora of new particles
with controlled shape and anchoring available [67–70],
promise a wide range of interesting effects. A theory or
simulation involving the relevant elastic constants of the
phases which could provide insights into the evolution of
the defect structure across phase transitions is naturally a
theoretical challenge.
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