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Here we report an electrically tunable refractive index observed in an isotropic liquid crystal phase
known as the dark conglomerate (DC) phase. This unusual change in the refractive index which has
not been reported before in the DC phase of other bent-core liquid crystals occurs because of a series
of electric-field-driven transformations that take place in the DC phase of the studied bent-core liquid
crystal. These transformations give rise to a decrease in the refractive index of the system, when an
electric field is applied across the device, and no change in the birefringence is seen during such
behavior. The electro-optic phenomenon is described in detail and the possibility of exploiting this
for a number of liquid crystal based device applications is discussed. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4861837]

Liquid crystals are widely accepted as one of the best
opto-electronic materials. The method of controlling the ori-
entation of nematic liquid crystal director by an external
electric field and thereby tuning the effective refractive index
has found profound applications for liquid crystals in optical
devices.'™ However, due to the very nature of the nematic
phase, this liquid crystal phase is not ideal for all photonic
device applications. Some of the major limitations associated
with using liquid crystals in their nematic phase in photonic
devices include, first, difficulty in obtaining control over the
surface anchoring, second, in the nematic phase the director
fluctuations result in strong scattering effect. Therefore,
damping of the light beam travelling through the liquid crys-
tal is large. Polarization-related sensitivity of the material is
another issue in the preparation of some of the nematic liquid
crystal based electro-optical devices. These difficulties could
be overcome if the nematic media is substituted by an opti-
cally isotropic medium, whose refractive index can still be
tuned by external fields. One such class of liquid crystal
phase known at present encompasses the blue phases.®™®

In this Letter, we report an interesting phenomenon
where the average refractive index of an isotropic liquid
crystal phase can be tuned over a remarkably wide range by
an external electric field applied across the device. The iso-
tropic phase under study is known as the dark conglomerate
phase or the DC phase. The electro-optic phenomenon
reported here could be exploited for number applications,
where the applied electric field modulates the refractive
index of the liquid crystal phase which in turn changes the
nature of the propagating light wave. As the DC phase is
optically isotropic (or exhibits very low birefringence in
some cases) the advantages of the devices based on the DC
phase mainly include no power loss due to scattering, no
requirement of an alignment layer therefore ease of fabrica-
tion, and no polarization sensitive effects.
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We have further investigated the behavior of the DC
phase under an electric field by polarizing optical micros-
copy. This Letter also presents remarkable textural transfor-
mations that occur during the refractive index change and
suggests the physical mechanism behind it. The temperature
dependency of the average refractive index across the DC
phase temperature range has also been measured and surpris-
ingly a decrease in the refractive index on decreasing the
temperature is noted.

The dark conglomerate phase or the DC phase is an
optically isotropic phase observed in bent-core liquid
crystals.”™"% Tt is usually found to occur below the isotropic
phase. Under polarizing microscopy, when the polarizers are
crossed, the texture of this phase appears completely dark or
exhibits very low birefringence. However on uncrossing the
polarizers, usually chiral domains of opposite handedness
are seen. Several studies have been carried out to understand
the structure of the DC phase and it has been established that
the phase consists of tilted polar smectic layers (SmCP type)
with relatively short interlayer correlation length. There are
four distinct structures possible in SmCP: SmCPg, SmCP4,
SmC,Pg, and SmC,P,, where the orientation of the tilt and
the polar direction between adjacent layers are syn/anti-par-
allel and are represented by the letters s/S or a/A (Fig. 1). In
the DC phase, the layers curve continuously due to the spon-
taneous saddle-splay (negative saddle-splay elastic constant,
K>4) and three-dimensionally form a sponge-like structure. It
is this spatial organization of the layers that makes the tex-
ture to appear dark under crossed polarizers. The origin of
the optical activity in the DC phase formed by achiral meso-
gens has been discussed in detail in the literature and is
attributed to the layer chirality or to the coupling of layer
chirality with molecular conformational chirality.'®"°

The liquid crystal material under investigation is an
oxadiazole-based achiral bent-core mesogen, OCI12-Ph-
ODBP-Ph-C5 (Fig. 2). The DC phase in this material exists
below a nematic phase for ~60 K temperature range. It is to
be noted that the nematic phase of this material exhibits low
splay (K;p), twist (K35), and bend (K33) elastic constants

© 2014 AIP Publishing LLC
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FIG. 1. Cartoon representation of (a) bent-core molecule with it major
molecular director, n, and the arrow direction, b; (b) In-layer molecular
arrangement in a SmCP phase and its mirror image constituting a chiral
system; and (c) molecular arrangement in adjacent layers in four possible
SmCP phases.

compared to other structurally similar materials.?*" It also
has much lower twist and bend elastic constants compared to
calamitics.?! The material exhibits negative dielectric anisot-
ropy throughout the nematic mesophase temperature range.
All the experiments mentioned in this Letter are carried out
on 5 um thick planar sandwich cells (30 mm? indium tin ox-
ide (ITO) electrode area, SE-130 high temperature polymer
alignment layer with antiparallel rubbing). However, the
phenomena seen are independent of the alignment conditions
or device thickness. The temperature of the LC sample is
controlled to an accuracy of *0.1K using a Linkam
THMS600 hot-stage connected to T95 temperature control-
ler. The devices are capillary filled in the nematic phase of
the material. Experiments are carried out on slow cooling
(<0.5 K/min) of the sample from the isotropic phase.

For the refractive index measurements the thickness of
the empty device, averaged over a 2 mm? field of view, is
measured to an accuracy of =0.002 um (by fitting the whole
visible spectrum). The apparatus used to measure the refrac-
tive indices comprises a reflective polarizing microscope
linked to a UV-Vis spectrometer.”? An objective with nu-
merical aperture of 0.25 is used for effective normal inci-
dence. The reflection spectra are recorded between 400 nm
to 700 nm with an accuracy of =0.1 nm.

The refractive indices are determined by analysing the
reflection spectra by Berreman method.”** The refractive
index values obtained here are for the wavelength of 589 nm.
An Agilent 33220A signal generator connected to home-
built amplifier is used to apply an alternating electric field
(of frequency f= 550 Hz) across the sample.

The average refractive index, 1, (= +/(n2 +2n2)/3,
where n. and n, are the extraordinary and the ordinary re-
fractive indices of the material in an anisotropic phase) has

o
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Iso 503 KN 440 K DC 373 K Cr

FIG. 2. Molecular structure, phase sequence, and phase transition tempera-
tures of OC12-Ph-ODBP-Ph-C5 bent-core liquid crystal; Iso: isotropic; N:
nematic; DC: dark conglomerate; and Cr: crystalline phase.
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been measured across the DC phase regime and also under
an alternating electric field applied perpendicular to the sub-
strate of the device. The temperature dependence of the 7,,,
in the DC phase shows an unusual behavior (Fig. 3). As the
temperature is lowered below the nematic to DC phase tran-
sition temperature, the n,,, decreases from 1.656 at
T-Tn_pc=—-1K to 1.632 at T—-TN_pc = —48 K. The coef-

ficients of the Sellmeier’s equation, (n =1+ ( 7 Bz)) A

varies from 1.56 to 1.48 and B remains almost constant
(180 = 1 nm) over this temperature range. Based on Vuks
equation®® the relationship between the average refractive
index, n,y,, the average molecular polarizability, o,,, and
the molecular packing density, N, can be written as

2,10
5 7IN0(‘,\)3

Navg = 2710+1 LT The term %nNocm,g is much smaller
than 1, therefore, can be neglected. Thus, a decrease in the
Nave as the temperature decreases in the DC phase indicates
that there is a decrease in either the molecular density (V)
or/and in the average molecular polarizability () of the
system on reducing the temperature. The decrease in N
or/and o,,, on reducing the temperature is not an obvious
phenomenon and there is no straight forward explanation of
such behavior. One of the possibilities that could explain
such a behavior is that some form of molecular association
(into small units) analogous to that observed in the B4 phase,
occurs in the DC phase, and a decrease in the density or/and
polarizability of such associated units occurs on decreasing
the temperature.”> However, the X-ray investigations carried
out to date do not indicate any such molecular association in
the DC phase.?® The other possibility is that a spectral blue
shift occurs on reducing the temperature, instigating a
decrease in the average refractive index. In the latter case,
we expect a strong change in the Sellmeier coefficient, B,
but, as mentioned, no significant change in B is observed as
the n,,, decreases. Further from the above equation it can be
deduced that the na\,g2 is approximately linearly proportional
{0 NMayg according to ngue? + 2 &2 /10 * ngye — 0.5.7 Our ex-
perimental data is in very good agreement with this relation
(Fig. 3 inset).
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FIG. 3. Plot of temperature dependence of the average refractive index,
determined by analyzing the reflection spectra. A decrease in the average
refractive index of the DC phase on reducing the sample temperature is
observed. Inset: Plot of /1avg2 VETSUS Ny, fitted to a straight line.
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Generally, when an electric field is applied across a de-
vice containing a liquid crystal material in the DC phase, the
optically isotropic structure is seen to transform to a syn-
clinic (s) synpolar (S) structure (SmCiPs) with long range
correlations leading to the removal of the sponge-like struc-
ture. This results in a very high birefringence texture observ-
able under crossed polarizers. However in our material, the
behavior of the DC phase is completely different. There is
no field induced birefringence observed even under suffi-
ciently strong electric field (22 V/um). Figure 4 shows the
electric field dependence of the average refractive index at
T-Tn_pc=-3K.

On increasing the applied electric field, initially 7.,
increases slightly from 1.655 to 1.660 between E=0 to
E~14V/um (=E;). For E>14V/um, the n,,, starts to
decrease and surprisingly reduces to 1.61 (~n, at the nematic
to the DC phase transition) at E ~ 21 V/um.

We see no significant change in the Sellmeier coefficient
B (=180 = 1 nm) and A follows the refractive index behav-
ior under electric field. The unusual behavior of the average
refractive index can be investigated by analyzing the textural
transformations that occur during these changes.
Interestingly, unlike the DC phase commonly known in the
literature, the DC phase of OC12-Ph-ODBP-Ph-C5 possesses
no spontaneous chiral domains of opposite handedness at
E =0. However, a constant increase in the electric field
yields a set of field induced states which have not been seen
in the DC phase of other bent-core materials. These changes
involve a set of threshold electric fields which are tempera-
ture and frequency dependent.

The polarizing optical microscope textures of the DC
phase under electric field are given in Fig. 5. In all these pho-
tographs, there is a small area on the left hand side where
there is no ITO coating and this is presented to show that the
transformations that occur are due to the applied electric field
and not because of temperature induced effects such as super
cooling. For a particular temperature (T—Txn_pc = —3 K) and
for a particular frequency (550 Hz) of the applied waveform,
on increasing the magnitude of the electric field, initially, no
change in the texture occurs for E < 8 V/um. At E ~ 8 V/um,

1.67
1.66

1.65- i

1.62- ’D%Q

U3
1.61+ -
0 3 6 9 12 15 18 21 24

E (V/um)

FIG. 4. Electric field dependence of the average refractive index in the DC
phase. 8 V/um < E < 11 V/um corresponds to an optically uniform very low
birefringent state, E > 14 V/um corresponds to domains of opposite handed-
ness and E > 18 V/um corresponds to an achiral state.
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FIG. 5. Polarizing optical microscope textures in the DC phase at
T—Tn_pc = —3K under various electric fields. (a) and (b) Under crossed
polarizers at E=0 and E=8V/um, respectively. (c) and (d) Under
uncrossed polarizers at E =14 V/um—small chiral domains of opposite
handedness are visible. (d) Inset: Under crossed polarizers at E =14 V/um.
(e), (f) at E =17 V/um—disappearance of the chiral domains and (g), (h) at
E = 18 V/um—an achiral uniform texture is seen. White arrows indicate the
polarizer and the analyzer directions. The red arrow drawn on (b) indicates
the area up to which the ITO electrodes extend. Beyond that arrow on the
left hand side has no ITO or no electrodes. This is applicable to all
photographs.

under crossed polarizers, the initial texture with low birefrin-
gence domains [Fig. 5(a)] changes to a uniform texture which
also has a very low birefringence [Fig. 5(b)]. On further
increasing the applied electric field to ~14 V/um, the texture
remains uniform with low birefringence, however, uncrossing
the polarizers reveals domains of opposite handedness [Figs.
5(c) and 5(d)] (from the refractive index data, E ~ 14 V/um
corresponds to a point where the 7,,, starts to decrease. See
Fig. 4). Further increase in the magnitude of the electric field
assists the growth of the chiral domains, in other words, the
chiral domains grow as the field increases. At E ~ 18 V/um
(Ep), the texture of domains of opposite handedness slowly
transforms to a uniform texture or the chiral domains disap-
pear [Figs. 5(e)-5(h)]. These field induced states occur irre-
spective of the type of the waveform applied (sine, square,
and triangular), the sample thickness (1.6 um to 15 ym) and
the geometry of the device (planar and twisted cells) used.

A more detailed description of these transformations
and the physical phenomenon responsible for the field
induced behavior in the DC phase will be given elsewhere.”®
In short, the above mentioned electric field driven transfor-
mations indicate that in the ground state the DC phase of
OC12-Ph-ODBP Ph-C5 bent-core liquid crystal has SmC,P



021903-4 Nagaraj et al.

(a-anticlinic and A-antipolar) structure. In SmC,P, the
layers are homochiral; therefore, any chiral domains in the
ground state must be smaller than the wavelength of the visi-
ble light. When an electric field is applied to the DC phase,
for fields between 8 V/um and 11 V/um it appears that the
distortion in the sponge structure is eliminated giving rise to
a uniform, very low birefringence texture under crossed
polarizers. The chiral domains which are initially smaller
than the wavelength of visible light continuously grow on
increasing the electric field and become visible for
E ~ 14 V/um. Once the chiral domains become visible, turn-
ing the field off does not cause any change in the size of
these domains. One of the possible explanations for the
growth of chiral domains under electric field is that the
applied electric field reduces the free energy of the system
by eliminating the distortion of the director at the boundary
between the right and left handed domains. However, as this
is commonly true for in-layer boundaries only the exact na-
ture of the free-energy-relevant mechanism responsible for
the effect of electric field on the boundaries between the chi-
ral domains needs further investigation.

Further, the process of growth of chiral domains does
not stop at 14 V/um; instead, they continue to grow for fur-
ther increase in the electric field and at E > 18 V/um, an
achiral state is achieved. The whole set of electric field
driven transformations observed in the DC phase could be
due to a switching from the ground state antiferroelectric
arrangement of the layers to the ferroelectric arrangement
(i.e., SmC,P, to SmC,Ps) at very high electric fields, taking
us through the intermediate states. This is different than the
electric-field-induced chirality flipping observed in smectic
liquid crystals.?® The above suggestion is supported because
the switching between SmC,P, to SmC,Pg occurs by the
rotation of the molecules around their molecular director.
This is in line with our experiments where we see no strong
birefringence induced during this processes. Also, the
SmC,Ps is a racemic structure, which explains the absence
of chirality for E > 18 V/um. During the field-induced trans-
formations, the average refractive index initially increases
slightly from 1.655 to 1.660 between E=0 and
E ~ 14 V/um. This could be due to the elimination of achiral
defects and/or the alignment of the in-layer polarization to
the electric field direction. Once the domains of opposite
handedness become visible and further grow under electric
field, the corresponding n,,, starts to decrease. On further
increasing the electric field, n,,, reduces to 1.61 (~n, at the
nematic to the DC phase transition) at E ~ 21 V/um. At this
point, one possible description that can explain this behavior
(Mavg ~ n,) 1s that the DC phase under very high electric field
transforms to a state, where the average molecular director is
perpendicular to the substrates and the secondary directors
form a twisted structure. A more detailed discussion is given
in Ref. 26.

In summary, our results show that in the DC phase an
electric field (Ey; =14 V/um < E <Ey; =21 V/um) could
be employed to tune the refractive index between the 71,y,
and the n, without inducing any birefringence in the system
and this happens due to a set of rare transformations that
occur in the DC phase of OC12-Ph-ODBP-Ph-C5 bent-core
liquid crystal. Even though the electric fields involved in

Appl. Phys. Lett. 104, 021903 (2014)

these transformations appear relatively higher, they are com-
parable to the magnitudes involved in the electro-optic
effects of other optically isotropic phases, for example the
Kerr effect in blue phases.

As discussed before, the electro-optic phenomenon cor-
responding to an unusual change in the refractive index with-
out changing the birefringence of an optically isotropic
phase could be exploited for number applications, where the
applied electric field, by modulating the refractive index of
the liquid crystal, changes the nature of the propagating light
wave. These mainly include integrated optical modulators
such as optical waveguides and for fibre-optic core, liquid
crystal phase gratings (in the in-plane switching mode) and
liquid crystal based tunable lenses. Unlike regularly used ne-
matic liquid crystal infiltrated devices, due to the optically
isotropic nature of the DC phase, the advantages of the devi-
ces based on the DC phase essentially are no power losses
due to scattering, no requirement of alignment layer there-
fore ease of fabrication, and no polarization sensitive effects.
Even though the change in the refractive index (~0.05)
achieved during the electro-optic effect in the DC phase is
relatively low compared to that achieved during the
Freedericks transition in very high birefringence nematic liq-
uid crystals (>0.1) proper molecular design could overcome
such limitations.

M.N. thanks the Royal Commission for the exhibition of
1851 for a research Fellowship and L. Tian for useful
discussions.
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