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This study investigates the influence of Grandjean–Cano disclinations on the cholesteric-blue phase I (Ch-BPI) phase transition, revealing the
pivotal role of defects in the phase transition of liquid crystals (LCs). We prepared the disclinations by wedge cells or parallel cells with an
alignment pattern and demonstrated that the disclinations induce a phase transition in Ch-BPI. Furthermore, we demonstrated the control of the
BPI appearance areas by utilizing this property. This defect-induced transition technique not only provides a novel method for controlling BPI
orientation, but also offers insights into soft material crystal growth, suggesting potential applications in new BPLC-based device development.
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V
arious phase states of matter are known, such as solid,
liquid, gas, plasma, and liquid crystals (LCs), each of
which have further different phases. In solid and LC

states, the freedom of the atom or molecule arrangement
generates a diverse array of phases. Each phase exhibits
specific physical and chemical properties. Therefore, phase
transitions naturally allow the properties of materials to be
tuned, and the thermodynamics and kinetics of phase transi-
tions have attracted enormous research interest. Traditionally,
studies on phase transitions have mainly focused on defect-
free and homogeneous orientation states. However, in most
real systems, defects are present in the material. In recent
years, significant advances in theory and experimental
techniques have enabled the understanding of the effects of
defects on phase transitions.1)

Generally, the term defect is used in crystalline solids to
denote any interruption of the periodic atomic positional
arrangement. Several types of defects are present in crystals,
including point defects in zero-dimension, dislocation in one
dimension, and grain boundary or stacking fault in two
dimensions. However, defects in LCs mean interruptions in
the positional or directional order of the molecules. Owing to
their self-organization, LCs are classified into several phases
based on their positional order, including nematic phases
with no positional order, smectic phases with a layered order,
and cholesteric (Ch) phases with a helical order. Moreover, in
each of these LC phases, defects of various directional orders
are formed.
Defects in LC devices, such as displays, have been known

to diminish performance. Consequently, efforts have been
made to uniformly control LC orientation to minimize
defects. However, recent studies have shown useful proper-
ties of defects, such as trapping of particles2,3) and generating
optical vortex beams.4) Several types of defects have been
controlled in their presence and configuration by LC orienta-
tion techniques such as surface patterning,5–8) confinement in
geometrically designed cells,9,10) and applying electric
field.11) The ability to control the presence of defects is
valuable in exploring their effect on LC phase transitions.
Since the first experimental demonstration of defect-mediated
phase transitions using lyotropic LC by Allain,12) the effect

of defects on the LC phase transitions has primarily been
observed in smectic-nematic13) and nematic-isotropic (Iso)14)

phase transitions. However, the body of literature on this
subject remains limited, both in the number of reports and the
variety of LC phases explored.
The Ch phase appears in materials with chirality in the LC

molecules or in materials in which non-chiral LC molecules
are doped with chiral agents, and the LC directors form a
uniaxial helical structure. The helical structure leads to the
generation of various defects such as dislocations and
disclinations, which are line defects. The most common
defect in ChLC is the Grandjean–Cano disclination induced
in wedge cells with a uniaxial horizontal alignment
surface.15) The disclination is formed owing to a discontin-
uous change in the number of helix layers in the cell
thickness direction.
ChLC materials with strong helical twisting power, doped

with a large number of chiral agents, appear with blue phases
(BPs) between the Ch and Iso phases.16) In BPs, the
arrangement of LC molecules is biaxially twisted to form
double-twisted cylinders (DTCs), which is a 2D quarter-
skyrmion structure.17) BPs are classified into three phases
based on the arrangement of their DTCs: BPI with body-
centered cubic symmetry, BPII with simple cubic symmetry,
and BPIII with amorphous symmetry, in order of decreasing
temperature of appearance.18) BPs have unique properties,
including selective reflection of circularly polarized light,19) a
fast electro-optical response of sub-milliseconds,20,21) and a
large electro-optical Kerr effect.22,23) While the temperature
range for the appearance of BPs is inherently narrow (only a
few degrees Celsius), the discovery of polymer-stabilized
BPs (PSBPs) by Kikuchi et al. has significantly extended this
temperature range to several tens of degrees Celsius.24) This
has enabled the use of BPs at room temperature, leading to
their study for applications such as displays,25–27) polariza-
tion-independent phase modulators,28–30) tunable lasers,31,32)

and biosensors.33) BPs, like other LC materials, are known to
improve device performance when the lattice orientation is
controlled in monodomains.34–37) However, the orientation
mechanism and phase transition of BPs have not been fully
understood. The phase transitions between BP and Ch, BP
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and Iso, and BPs are induced by temperature and electric
field. In these phase transitions, the orientation state of the
phase before the transition is known to affect the orientation
state of the phase after the transition.38,39) Nucleation of BPs
in the phase transition is epitaxial growth, and studies have
been reported on the fabrication of large single crystals using
this process.40) The BPI-BPII phase transition is also known
as a martensitic structural transition, which is interesting in
terms of its analogy to crystal-crystal phase transitions.41,42)

In this study, we demonstrated that the Ch-BPI phase
transition is induced by Grandjean–Cano disclinations in
wedge cells and that BPI nuclei grow from these disclina-
tions. We focused this study on investigating the effect of
disclinations on the phase transition and developed a
technique to pattern the disclinations by photoalignment in
cells with parallel substrates in order to eliminate the factor of
the tilt angle between substrates in wedge cells. We found
that the difference in the temperature of the Ch-BPI phase
transition between the areas with and without the disclination
is affected by the thickness of the cell, and that the smaller
the cell thickness, the larger the temperature difference.
Furthermore, we showed that densely patterned disclinations
selectively induce the Ch-BPI phase transition, causing the
appearance of BPI exclusively in the local area.
We fabricated two types of cells: wedge cells and cells

with substrates parallel to each other. In the wedge cell,
substrates were coated with a polyimide alignment agent
(AL1254, JSR) and rubbed to give a uniaxial orientation easy
axis. Two types of photo-curable adhesives with ball spacers
of 2 and 20 μm diameters were used to attach the substrates
with the easy axis direction matched. The dihedral angle of
the wedge cell was ∼0.057°, meaning that the cell thickness
varied by 1 μm per 1 mm in the inclined direction. In
contrast, for parallel cells, one substrate was coated with a
polyimide alignment agent and rubbed, and the other was
coated with an azobenzene-based photoalignment agent
(LIA-03, DIC) for photoalignment patterning. This parallel
cell was used for patterning the Grandjean disclinations.
Figure 1(a) shows a schematic of the disclination patterning
and the easy axis distribution applied by photoalignment.
Because one side had a uniaxial easy axis recorded by
rubbing, the number of cholesteric helical layers depended on
the direction of the easy axis patterned by the photoalignment
at the other side. Therefore, the helix shifted by one layer
when the easy axis direction changed by π, generating
disclinations as in wedge cells. Outside the patterned area,
a uniaxial easy axis was given, and areas with and without
disclination were fabricated in one cell. Figure 1(b) is a
schematic of the photoalignment system. In this system, a
designed alignment pattern was applied by controlling the
irradiation area using the projector, and the angle of the λ/2
plate was applied to control the linear polarization of the
irradiation light. The projector had 1,024 × 768 pixels and
the irradiated area was approximately 0.58 × 0.43 mm2. The
system was computer-controlled to sequentially project light
beams with different linear polarization angles. The linear
polarization angle was varied in increments of 5° and light
with intensity of 2.5 × 102 mW cm–2 was irradiated at each
angle for 20 s.
The BPLC material was prepared by mixing two nematic

LC materials (5CB and MLC-6849-100, both from Merck)

and a chiral dopant (S-5011, HCCH) in a weight ratio of
48.5:48.5:3.0. The BPLC material underwent Ch, BPI,
BPII, and Isotropic phases with increasing temperature.
Specifically, for a non-alignment cell with a cell thickness
of 5 μm, the phase transition temperatures were 46.0, 46.8,
and 48.1 °C, upon temperature increase.
After filling the BPLC material into the cell, disclinations

were induced at room temperature, where the Ch phase
appeared. Using a thermal controller (TS350, Linkam), the
temperature was then gradually increased to 45.7 °C, just
before the Ch-BPI phase transition temperature. This tem-
perature was maintained for 10 min to allow the entire
system, including the temperature controller, to reach thermal
equilibrium. Subsequently, the temperature was slowly raised
at a rate of 0.01 °C min−1 until the Ch-BPI phase transi-
tioned. The LC cell textures were observed using a polarized
optical microscope (POM, Eclipse LV100-POL, Nikon) in
reflection mode.
Figure 2 shows POM images depicting the Ch-BPI phase

transition in the wedge cell. The temperature increased at a
rate of 0.01 °C min−1 from the Ch phase. The cell thickness
at the center of the observation area was ∼12 μm. As is well
known, Grandjean–Cano disclinations are generated in
ChLCs confined in wedge cells. At 46.06 °C, only the Ch
phase appeared, and disclinations were observed as a
discontinuous color change. The disclinations were observed
at intervals of ∼130 μm, corresponding to the region where
the cell thickness changed by half the pitch of ChLC. Thus,
the half pitch was calculated to be ∼130 nm, as the cell
thickness varied by 1 μm per 1 mm in the inclined direction.
At 46.08 °C, BPI nuclei were generated in the areas where
the disclinations existed before increasing temperature, in-
dicating that the Ch-BPI phase transition had occurred.
However, only a few BPI nuclei were generated in the
disclination-free areas. As the temperature was further
increased, BPI nuclei grew, and at 46.18 °C, BPI expanded
over the entire observation area.

(a)

(b)

Fig. 1. (a) Schematic of disclination patterning in a cell with substrates
attached in parallel. (b) Schematic of the photoalignment system.
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Observations of the Ch-BPI phase transition in the wedge
cell revealed a distinct difference in the phase transition
temperature between areas with and without disclinations. To
quantitatively evaluate this temperature difference, we devel-
oped a technique to control the cell thickness and location of
the disclination. This involved using cells with two substrates
attached in parallel and with the patterned easy axis, as
shown in Fig. 1(b). Figure 3 shows a POM image of the
patterned disclinations at 45.7 °C. The white arrows in the
image represent the easy axis, the direction of which changes
with going horizontally in the image. The color of the POM
image changed discontinuously from gray to purple in the
position where the orientation of the easy axis was vertical.
The gray area means that the reflection wavelength of Ch is
in the ultraviolet region, indicating that the helix pitch is
short. On the other hand, the purple area indicates that the
helix pitch has expanded. Therefore, the disclinations are
formed at intervals where the direction of the easy axis
changes by π, and the orientation state would be as shown in
Fig. 1(a). This result demonstrates that the disclinations,
which previously could only be generated in wedge cells, can
be controlled in cells with substrates attached parallel.
In Fig. 4(a), POM images show the Ch-BPI phase

transition in a patterned cell with a thickness of 4.1 μm.
Here, the period of the easy axis distribution was set to
∼41 μm. At 45.90 °C, when only the Ch phase appeared,
disclinations were intentionally generated with a width of
∼41 μm. At 45.91 °C, BPI nuclei formed in the area with
existing disclinations, and these nuclei grew with increasing
temperature. Contrarily, in the disclination-free area, BPI
nuclei did not emerge until 45.95 °C and phase transitions
occurred simultaneously from various positions at 45.96 °C.
This resulted in a phase transition temperature difference,
denoted as Tu−Tg, measuring 0.05 °C, where Tg and Tu

represent the phase transition temperatures in the areas with
and without disclination, respectively. The discrepancy in
phase transition temperatures between Figs. 2 and 4(a) was
attributed to the decrease in the phase transition temperature
caused by the reduction in cell thickness.43)

We investigated the effect of cell thickness on the phase
transition temperature for both areas with and without
disclination in parallel cells. The dependence of the phase

transition temperature difference Tu−Tg on cell thickness is
shown in Fig. 4(b). Eighteen cells with varying cell thick-
nesses were used, and the Tu−Tg measured in each cell is
shown as red circles in the figure. The red line is an auxiliary
line fitted with an exponential function. The phase transition
temperature difference increases significantly with decreasing
cell thickness.
The structural transition from Ch to BPI requires breaking

the one-dimensional helical structure and forming disclina-
tion networks. As Ch attempts to maintain its helical structure
owing to the elasticity of the LC director, even when the most
stable phase in terms of free energy becomes BPI, Ch
maintains its structure without phase transition. Therefore,
the phase transition requires additional energy to overcome
the energy barrier to structural change. The disclinations,
which have locally large elastic energy, will be the starting
point of the phase transition because it gives the energy to
overcome the energy barrier. As the cell thickness decreases,
the rate of change in the number of Ch helical layers
increases around the disclination, leading to greater distor-
tions of Ch layer and an increase in the free energy. The
increase in free energy facilitates the overcoming of the
energy barrier, consequently leading to a larger phase
transition temperature difference between areas with and
without disclinations as the cell thickness decreases.
Finally, we demonstrated the control of BPI appearance

areas using the defect-induced phase transition. The period of
the easy axis distribution in the patterned cell shown in

Fig. 2. POM images of Ch-BPI phase transition in the wedge cell with a dihedral angle of ∼0.057°.

Fig. 3. POM image of patterned disclinations.
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Fig. 1(b) was decreased to generate the disclinations in
density. Figure 5 shows POM images of BPI selective
appearance in a cell with a cell thickness of 5.3 μm and
patterned disclinations with a period of ∼10 μm. The
temperature increase stopped at 45.95 °C, where the phase
transition started from the disclinations, and the temperature
was kept constant. As shown in Fig. 4(b), for a cell thickness
of 5 μm, the phase transition temperature difference was
∼0.05 °C. Therefore, the area without disclination did not
undergo a phase transition and remained in the Ch phase. In
contrast, the BPI nuclei generated in the disclination grew
such that the patterned area was covered with BPI at 15 min.
Therefore, the BPI appearance areas were controlled by
selective Ch-BPI phase transitions in cells with densely
patterned disclinations.
In conclusion, we demonstrated that the Ch-BPI phase

transition is induced by the Grandjean–Cano disclinations in
the Ch phase. In the Ch-BPI phase transition, an energy

barrier is present to overcoming the structural change in the
LC director arrangement from a one-dimensional to a three-
dimensional helical structure. Disclinations, characterized by
locally high free energy, effectively overcome this energy
barrier at lower temperatures compared to disclination-free
areas. Notably, in cells with smaller thicknesses, the energy
around the disclination was greater, resulting in a more
substantial difference in the phase transition temperature
between areas with and without disclination. Furthermore,
by segregating regions with densely patterned disclinations
from disclination-free area within a single cell, we selectively
induced the Ch-BPI phase transition, demonstrating control
over the BPI appearance area. The technique of simulta-
neously maintaining two phases, Ch and BPI, which have
different properties in terms of refractive index, electric field
response, and selective reflection wavelengths, will contri-
bute to the development of devices with new functions. The
defect-induced phase transition in the BP provides an

(a)

(b)

Fig. 4. (a) POM images of the Ch-BPI phase transition in a 4.1 μm thick cell with patterned disclinations. (b) Dependence of the phase transition temperature
difference between areas with and without disclination, Tu−Tg, on the cell thickness in parallel cells.

Fig. 5. POM images of selective phase transitions induced by densely patterned disclinations.
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opportunity to study the effect of the defect on phase
transitions and crystal growth on much longer length scales
than in crystalline solids. The disclination patterning provides
a platform for this purpose. This is expected to offer
important insights into the crystal growth of soft materials,
while also offering analogies to crystalline solids.
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