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A novel nanocomposite system has been prepared by dispersing multiferroic bismuth ferrite
nanoparticles (BiFeOs) in a bent-core nematic liquid crystal (8-F-OH) that exhibits cybotactic clus-
ters. Transition temperature, optical textures, order parameter (Sn.), and dielectric spectroscopy
experiments are performed in the doped system, and the results are compared with the pure one.
The main experimental outcome is that the doped system has increased orientational order param-
eters, even though the cybotactic cluster size is reduced due to the incorporation of multiferroic
BiFeOs nanoparticles. The transition temperature, as observed under a polarising optical micro-
scope, clearly indicates a reduction of 1 — 2 °C in the doped system compared to the pure one, and
we conjecture this is due to the disordering of the cybotactic cluster in the doped system. Based
on the experimental findings, a Landau-de Gennes-type free energy model is developed. The model
qualitatively explains the increased mean order parameter and the disordering of cybotactic clusters
with increasing polarization value of nanoparticles. This is corroborated by experimental findings.

I. INTRODUCTION

Nematic liquid crystals (LCs) are anisotropic materials
of nature, combining fluidity with the long-range orien-
tational ordering of solid crystals. The nematic phase
naturally has distinguished material directions, referred
to as directors, yielding direction-dependent optical and
physical properties [1]. Consequently, nematics have
been hugely successful working materials for modern-day
electro-optic and display devices [1, 2]. Bent-core liquid
crystals are a new addition to the family of thermotropic
liquid crystals; bent-core liquid crystals have less transla-
tional freedom owing to the bent shape of the molecules
and the aromatic interactions, resulting in steric hin-
drance [3, 4]. Due to the bent shape of the molecules
and transverse dipole moment, some of the molecules
stack together in smectic-like ordered clusters, called cy-
botactic clusters, observed in the nematic and isotropic
phases [5]. The locally polar cybotactic clusters are re-
sponsible for some interesting properties, such as biaxi-
ality, macroscopic polarization, and ferroelectric-like fast
switching [6-9] of the bent-core nematic phase, usually
not found in the calamitic nematic phase. There have
been relatively few studies on the effects of nanodoping
and external fields on the locally polar cybotactic clusters
of bent-core nematic liquid crystals [10-12]. Such studies
can be promising for manipulating cybotactic clusters for
novel technological applications.

Nano-doping is a well-known method for tailoring the
physical properties of a liquid crystal matrix in a non-
synthetic way. Ferroelectric nanoparticles exhibit spon-
taneous electric polarization (dipole moment per unit vol-
ume) and switching behaviour under an applied electric
field. The dipole moment of the ferroelectric nanopar-
ticle creates a local anisotropic electric field around the

nanoparticle. The large local electric field produced by
the ferroelectric nanoparticle polarises the nearby ne-
matic molecules, inducing local dipoles, and this effec-
tive interaction is proportional to the square of the ori-
entational order parameter [13]. There is a local or-
der parameter associated with the molecules surround-
ing the ferroelectric nanoparticle, and this can enhance
the overall order parameter and increase the isotropic
to a nematic transition temperature [14]. Multiferroic
nanoparticles have received recent attention due to their
unique properties. Multiferroic materials, such as poly-
crystalline bismuth ferrite, exhibit ferroelectric and long-
range antiferromagnetic ordering simultaneously [15, 16].
It has been reported that the incorporation of multifer-
roic BiFeO3 nanoparticles in a liquid crystal can improve
the electro-optic response of calamitic nematic and ferro-
electric liquid crystals [17-19]. In [11], a low concentra-
tion of BaTiO3 nanoparticles are dispersed in a bent-core
nematic liquid crystal and the dielectric and elastic prop-
erties of the pure and doped system are compared [11].
The authors report that the doped system has positive
elastic anisotropy whereas the pure system has negative
elastic anisotropy [11]. In [20], dispersion of ferroelectric
LiNbOg3 nanoparticles in the cybotactic nematic phase
suppresses the polarization of the nematic phase due to
anti-parallel dipole configuration.

In this article, we synthesize bismuth ferrite (BiFeOs)
nanoparticles with size of 30 nm and estimate ferroelec-
tric polarization of about 48 uC/cm?, with a very weak
surface ferromagnetic moment [21-24]. Without an ex-
ternally applied magnetic field, the inherent magnetic
field generated by the magnetic dipoles of the nanoparti-
cles is weak. Therefore, the magnetic moment of the mul-
tiferroic BiFeOgs nanoparticle cannot affect the properties
of the liquid crystal matrix notably [25-27]. We discard



the magnetic moment of the nanoparticle for our work.
It is assumed that within the nanoparticle, the electric
polarization vector of multiferroic BiFeO3 nanoparticles
is fixed in one direction [27]. The strong ferroelectric mo-
ment of the synthesized nanoparticle interacts with the
dipole moment of the liquid crystal and has the poten-
tial to alter the order parameter of the host liquid crys-
tal matrix through its local electric field. It is reported
that if the bent-core nematic liquid crystal molecule con-
tains an electronegative group as a terminal unit, then
the sample exhibits a large polarization value [28, 29].
The 8-F-OH compound also has electronegative fluorine
(—F) as one terminal moiety [30]. The studied bent-core
compound (8-F-OH) exhibits a nematic phase with cyb-
otactic clusters over a wide temperature range (> 80°C)
and has an electric field-induced polar response with a
macroscopic polarization ~185 nC/cm” [30, 31]. Such a
large value of polarization is surely an indication of the
strong local transverse dipole moment of cybotactic clus-
ters [4, 12, 32].

We prepare a suspension of 0.2 wt% multiferroic bis-
muth ferrite (BiFeO3) nanoparticle in a bent-core ne-
matic liquid crystal (8-F-OH) sample. The experimen-
tal observations/measurements of transition tempera-
tures, color textures, dielectric spectroscopy measure-
ments, birefringence measurements, and order param-
eter calculations are performed and compared, for the
pure and doped systems respectively, primarily to obtain
a better understanding of the temperature-dependent ef-
fects of nano-doping on cybotactic clusters. It is observed
that after nano-doping with multiferroic nanoparticles,
the doped system has increased birefringence and or-
der parameters compared to the pure system. Dielectric
spectroscopy is a powerful and versatile technique to un-
derstand the growth of cybotactic clusters with temper-
ature in the isotropic and the nematic phase of bent-core
liquid crystal [33]. Careful analysis of dielectric data in
this article indicates that the number of molecules in the
cybotactic cluster, or the cluster size, is significantly re-
duced in the doped system compared to the pure system.
The dielectric strength and activation energy (E,) of the
collective dielectric mode is also decreased in the doped
system. These observations can be explained by possi-
ble interactions between locally polar cybotactic clusters
and the multiferroic nanoparticles, specifically, the an-
tiparallel dipole-dipole interaction between clusters and
the nanoparticle domains. Collectively, the experiments
suggest that the doped system has increased order pa-
rameters and reduced cluster size, compared to the pure
sample.

We develop a mathematical model to complement the
experiments. The nematic phase of bent-core liquid crys-
tal is described by a two-state model, i.e., by two order
parameters; the first order parameter, Sy, describes the
state of ordering outside the cybotactic clusters, and the
second order parameter, S, corresponds to the ordering
within the cybotactic clusters with a coupling term be-
tween the ambient molecules and the clusters, captured

by a phenomenological parameter v [34]. In Ref. [35],
the authors generalize the model in [34] to account for
the effects of spatial inhomogeneities and confinement on
the order parameter profiles. In [36], the free energy in
[35] is embellished to incorporate the effects of dispersed
quantum dots (QDs), and the model captures the experi-
mentally observed trends of reduced order parameter and
cluster size on QD-doping [36]. In this study, we build
on the work in [34] and [35] to account for the effect of
nano-doping on S, and S.. Following previous work in
the literature, we describe the effects of the dispersed
nanoparticles in terms of a nanoparticle order parame-
ter, Syp, and there are additional interaction terms in
the free energy between Syp,S, and S.. The mathe-
matical model qualitatively captures the experimentally
observed increment in the mean order parameter along
with reduced cybotactic cluster order parameters (S.)
effectively, induced by large polarization values of the
suspended nanoparticles. Our model is far from com-
prehensive but works at a grass-root level, and could be
foundational for further rigorous work on the study of
prototype order-disordered systems.

There have been very successful theories of dispersion
of ferroelectric nanoparticles in calamitic nematic liquid
crystal [14]. However, the existing literature on ferroelec-
tric nano-doped bent-core systems has not given a clear
foundation of what happens to the cybotactic cluster or-
der and out-of-cluster order upon dispersion of ferroelec-
tric nanoparticles in the cybotactic nematic phase. Here
in our manuscript, we are giving a systematic experimen-
tal and theoretical foundation for some types of ferroelec-
tric nano-doped bent core systems and the experimental
and theoretical results are in tandem. The outcome of
the present work (simultaneous ordering of out-of-cluster
order and disordering of cybotactic cluster order upon
ferroelectric nanoparticle dispersion in bent-core nematic
liquid crystals) surely adds to the understanding of the
ferroelectric nanoparticle dispersed two-state cybotactic
nematic phase. Here, lies the novelty of the presented
work.

II. EXPERIMENTS
A. Preparation of nanocomposites

The nanocomposite is prepared with the bent-core ne-
matic liquid crystal 8-F-OH and multiferroic bismuth fer-
rite (BiFeOg3) nanoparticle. The molecular structure and
dipole moment of the 8-F-OH molecule is given in Ref.
[30]. Synthesis, phase confirmation, particle size, and
polarization value of prepared BiFeO3 nanoparticle are
given in Ref. [22]. Initially, a suitable amount of LC
compound is taken, and with this appropriate amount of
BiFeO3; NP is added such that the concentration of NP
in the nanocomposites is 0.2 wt%. Chloroform is used
as a solvent. The mixture is ultrasonicated and shaken
well for homogeneous dispersion of NPs. The prepared



composite is kept at a higher temperature to evaporate
the extra solvent and kept overnight at room tempera-
ture for complete evaporation of the solvent [12]. The
nanocomposite does not contain any visible signature of
aggregation of NP after the preparation procedures.

B. Performed experiments

The pure LC and the doped LC nanocomposites are
filled in two different ITO-coated planar Instec cells (In-
stec Inc.) of thickness 5 pm by capillary action in the
isotropic phase. The heating-cooling cycle of the sam-
ples is performed using Instec HCS302 hot stage and
MK1000 temperature controller (Instec). All measure-
ments are performed when the samples are cooled from
the isotropic to the nematic phase. The transition tem-
perature and optical textures are recorded using a po-
larizing optical microscope (OLYMPUS BX-51P) with
crossed polarizer analyzer configuration. The temper-
ature controller (Instec. MK1000) has an accuracy of
+0.01 °C. So, the experimental error in transition tem-
perature is estimated to be +0.01 °C. The optical bire-
fringence and order parameters are calculated using the
optical transmission method. The transmission method
is performed by keeping the sample between two crossed
Glan-Thomson polarisers with the rubbing direction of
liquid crystal molecules, making an angle 45° with both
polariser’s pass axes for maximum output intensity [37].
The sample is illuminated with a He-Ne laser having a
wavelength of ~ 633 nm. The output power of the opti-
cal transmission experiment is measured using a Gentec
PH100-Si-HAOD1 photodetector attached to a Gentec
MAESTRO power meter. The sensitivity of the power
meter as given in the user manual is 0.37958 A/W at
wavelength 633 nm with a minimum range of 3.00 nW
and a maximum range of 1 W. Finally, dielectric mea-
surements are performed using an Agilent E4980A LCR
meter in the frequency range of 20 Hz-2 MHz with 0.1 V
applied RMS voltage.

III. RESULTS AND DISCUSSIONS
A. Optical textures and transition temperatures

The optical textures and the transition temperatures
of liquid crystal phases and its composites are recorded
while cooling the samples from the isotropic phase, us-
ing a polarizing optical microscope and temperature con-
troller [10-12]. The transition temperature and phase
sequences of the pure 8-F-OH [31] and doped 0.2 wt%
BiFeO3 nanoparticle dispersed 8-F-OH liquid crystal are
shown below:

e Pure (8-F-OH):

150.6°C 72°C 55.6°C
I ———— Ny Mx Cr

e Doped (0.2 wt% BiFeO3+8-F-OH):

149.3°C 58.2°C
Mx Cr

71.2°C
I —— N¢ysp

Here, "I" represents the isotropic phase, "N¢y3" refers to
the nematic phase with cybotactic clusters, "Mx" denotes
an unidentified liquid crystal phase comprising elongated
cybotactic clusters, and "Cr" represents the crystalline
phase.

The isotropic to nematic transition temperature in the
doped system (TiN_popea=149.3 °C) is decreased com-
pared to the pure (TiN_pure=150.6 °C) one. However,
the total temperature range of the nematic phase of the
doped system remains almost the same, but it is shifted
to a lower temperature by ~ 1°C — 2°C. Even though
there is an increment in the overall order parameter
and an expected increment in isotropic to the nematic
transition temperature [14], the observed decrement in
isotropic to nematic transition temperature in the doped
system compared to the pure one can be explained by the
fact that the phase stability of the nematic phase in the
doped system is decreased due to decreased coupling be-
tween nematic director fluctuation and disordered smec-
tic type cluster order [38].

To understand this well, the local electric field (E)
around the ferroelectric nanoparticle is [17, 39]:

- PR? R o
E= m@cos@r—i—sm%) (1)

Here P is the polarization of the nanoparticle, which is
the dipole moment per unit volume, R is the radius of
the nanoparticle, r is the magnitude of position vector at
which the electric field is calculated, and 6 is the angle
between the polarization vector (P) and position vec-
tor (7). The dipole moment of the nanoparticle is p =
(4/3)mR3P. The electric field value at a few nano-meters
from the surface of the nanoparticle is about ~ 1019 V/m,
which is almost four orders of magnitude larger than the
average external electric field applied to a liquid crystal
cell [39]. The nanoparticle creates a local electric field,
and the molecular dipole moments align with the field,
thus, creating an anisotropic nanoparticle domain [12, 14]
as shown in Fig. 10 (b).

The nanoparticle domain will have different anisotropic
properties compared to the bulk, due to the strong lo-
cal electric field [39]. In our study, this effect will be
pronounced because of the large polarization value of
nanoparticles. We conjecture that there is anti-parallel
dipole-dipole coupling between the nanoparticle domains
and the cybotactic clusters, and this produces a certain
disordering effect and for large values of the polarization
of the nanoparticle or large nanoparticle-induced local
anisotropy, this disordering effect dominates the order-
ing effects of the nanoparticle and the isotropic-nematic
transition temperature decreases slightly. To support our
conjecture, it is reported that the dispersion of strong fer-
roelectric LiNbO3 nanoparticles with spontaneous polar-
ization 71 pC/em? decreases the transition temperature



FIG. 1. Birefringent color textures with temperature (reduced temperature T;y — T, T;n is isotropic to nematic transition
temperature, T is the temperature at which texture is recorded) variation for pure bent-core 8-F-OH in (a)-(f) and 0.2 wt%
BiFeOg dispersed 8-F-OH in (g)-(1), respectively, during the cooling process. Here, r represents the rubbing direction and the
scale bar at the lower left side of each textures indicates a distance of 400 pm.

of the cybotactic nematic phase by 0.6°C to 2.7°C de-
pending on the concentration of dispersed nanoparticles
[20]. To further support our claim, it is reported that
the dispersion of 0.01 wt% of BaTiO3 nanoparticle of
size ~ 22 nm in a bent-core nematic liquid crystal de-
creases the isotropic to nematic transition temperature
by nearly ~ 5°C [11].

The polarizing optical microscope (POM) textures of
the pure 8-F-OH and 0.2 wt% BiFeOg dispersed 8-F-OH
nanocomposites are shown in Fig. 1. When a birefrin-
gent liquid crystal sample is placed between the crossed
polarizer and the analyzer under a polarizing optical mi-
croscope (POM), the textural color of the sample indi-
cates the birefringence value at that temperature. While
recording the textures using POM, the rubbing direction
of the liquid crystal cell is placed at 45° with respect to
both the polarizer and analyzer of the POM. The birefrin-
gence value (An) of a liquid crystal sample can be qual-
itatively estimated from the colors of the Michel-Levy
chart [40]. The color of the POM textures changes in the
nematic phase, with the variation of temperature indi-
cating a temperature-dependent change in orientational
order parameters since birefringence is proportional to
the order parameter, An o« Sy, [41]. Trny denotes the
isotropic to the nematic transition temperature, and T is
the temperature at which the texture is taken. The tem-
perature is scaled with (T;x-T) to compare the textures
of the pure and doped systems and their order parame-
ters, since Ty is different for pure and doped systems.

Comparison of polarizing optical microscope texture
pairs (d)-(j), (e)-(k), and (f)-(1) of pure and doped com-
pounds respectively, indicates that a similar color se-
quence is obtained for the doped and pure system, but
the color sequence is shifted to a larger temperature gap
for the pure system, compared to its doped counterpart
(e.g., Try-T = 17 °C for the doped system and Tin-T
= 20°C for the pure system in (d)-(j) pair of texture).
Qualitatively, we deduce that for a given temperature

gap (T;n - T), the (mean) order parameter is higher for
a doped system compared to a pure system.

B. Dielectric Studies

One measures the complex dielectric permittivity of a
liquid crystal sample as a function of a wide range of fre-
quencies, using dielectric spectroscopy. If a sinusoidally
varying electric field in the frequency range of Hz to MHz
is applied to a dielectric material, several dielectric relax-
ation modes can appear depending on the different polar-
ization processes present in the sample [36]. To describe
the amplitude and phase properties of electric polariza-
tion of a sample with an applied electric field of frequency
f, we use relative permittivity such that there is a rela-
tive permittivity (¢/(f)) that describes the electric po-
larization variation which is in phase with the applied
electric field and a relative permittivity (¢”(f)) that de-
scribe the electric polarization variation that is out of
phase (shifted by 90°) with respect to the applied elec-
tric field. The complex dielectric permittivity is then
represented as *(f) = &'(f) - i€”’(f), where & and &”
are the real and imaginary parts of complex dielectric
permittivity respectively [42]. The relaxation processes
can be collective relaxation (collective response of some
molecules) or molecular relaxation (an individual molec-
ular response) observed in the spectrum of dielectric con-
stant (¢/ and €”). At high frequency (MHz), there can be
ITO (Indium Tin Oxide) electrode relaxation mode also
[36].

The dielectric spectroscopy measurement is performed
with the Agilent E4980A instrument with an applied
r.m.s voltage of 0.1 volts with varying frequencies from
20 Hz to 2 MHz. Fig.2 and Fig. 3 represent the real (¢’)
and imaginary (") part of dielectric permittivity, respec-
tively, in both pure and doped systems. The maximum
possible root mean square error in the dielectric measure-



ments lies within +1% of the experimental value.

It can be clearly seen from the dielectric absorption
graph that the pure compound contains four distinct di-
electric modes (M;, Ma, M3, and My). However, the
doped system has only three dielectric modes (M;, Ms,
and My). The origin of these modes can be described as
follows:

e M;: Collective relaxation of cybotactic clusters.
Since it is a collective process, the dielectric
strength is much higher. The relaxation frequency
varies from a few 10 Hz to a few 100 Hz. This mode
is widely reported in the nematic phase of bent-core
liquid crystal [4, 43-45].

e My: Debye type molecular relaxation mode due
to reorientation of short axis dipole moment. It
is a relaxation process that is due to the rotation
of transverse dipole moments about their long axis
[22, 46-48].

e Mj: Molecular relaxation mode due to charge flip-
flop around the short axis of the molecule or along
the long axis of the molecule [4, 49, 50].

e My: High-frequency ITO relaxation mode.

The molecular modes My and M3 can be distinguished
by looking at their relaxation frequencies/relaxation
times. My mode arises at around 10 kHz of frequencies,
and M3 mode arises in the MHz frequency range.

The Ms molecular mode is absent in the doped sys-
tem. We speculate that the absence is caused by the
strong coupling of the liquid crystal molecules with the
local electric field generated by the nanoparticles, which
makes reorientation of short axis dipole moment difficult.
To support our observation, it is reported that the relax-
ation mode observed at 8 kHz in the pure system is not
present in the ferroelectric nanoparticle doped cybotactic
nematic phase [20].

But, the M3 molecular mode, which is due to charge
fluctuation along the long molecular axis, is also strongly
affected by the local electric field of the nanoparticle. The
local electric field of the nanoparticle will create a dielec-
tric hindrance to the M3 molecular mode. Hence, in the
doped system, the relaxation time for the M3 molecular
mode increases (relaxation frequency decreases). This
kind of increment in the relaxation time of the molecular
mode of ferroelectric nanoparticle dispersed liquid crystal
is reported in Ref. [51].

The fitting of dielectric data can give information on
dielectric strength (dielectric increment e, in k" relax-
ation process) and relaxation frequency for each collec-
tive and molecular dielectric mode. Proper analysis of
these can help us to find out the cybotactic cluster size
in both pure and doped systems. For this, the dielectric
absorption data are fitted with the well-known Havrilliak-
Negami equation [52-54], the form of which is given be-
low:
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FIG. 2. Frequency-dependent real part of dielectric permittiv-
ity (¢(f)) of pure 8-F-OH (upper graph) and doped 8-F-OH
+ 0.2 wt% BiFeOs (lower graph) sample with variation of
temperature

oo a der sin(Br0)
= eo(2mf)® +; [14+ (27 f7i)22k + 2(27 f71) % cos (T /2)]
(2)
where
0 — tan-1 (27 f 73 )** sin (ay7/2) 3)

1+ 27 fr)x cos (agm/2)

Here 0( and ¢y are DC conductivity and free space per-
mittivity, respectively, k is the number of relaxation
modes present in the sample, 75 is relaxation time for
a particular k**dielectric relaxation mode, oy, and 8y, are
asymmetry and broadening parameters. The initial value
of relaxation time is estimated by 74,=1/27 fi, here, fi
is the relaxation frequency at which dielectric mode has
maxima in the absorption peak (Fig.4). aj and (3 are
fitting parameters that decide the nature of the dielectric
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FIG. 3. Frequency-dependent imaginary part of dielectric per-
mittivity (¢”(f)) of pure 8-F-OH (upper graph) and doped
8-F-OH + 0.2 wt% BiFeOs (lower graph) sample a with the
variation of temperature

process [42]. For a perfectly Debye type dielectric process
ar = 1 and B =1 [54].

The relative cybotactic cluster size can be calculated
by the ratio of relaxation frequencies of collective cybo-
tactic mode in the pure and doped systems respectively
and taking the average with respect to temperature [36].
The relative cluster size (R.) is

R, = < M > — 093 — cluster size of doped system
T

cluster size of pure syztem for the My mode to higher temperatures (since dielectric

fMl—Doped

In Ref. [33], it is reported that the absolute values
of cybotactic cluster size, at a given temperature, in the
pure bent-core nematic liquid crystal can be estimated as
the ratio of relaxation frequency of the molecular mode
(M3) to the relaxation frequency of collective cybotactic
cluster mode (M) at a fixed temperature.
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FIG. 4. Fitting of imaginary part of dielectric permittivity
(€"(f)) at 90°C temperature for both pure 8-F-OH (upper
graph) and doped 8-F-OH + 0.2 wt% BiFeOs (lower graph)
sample by Havrilliak-Negami equation. The fitted value of
reduced x? and R? is given so that reduced x? ~ 0 and R?
~ 1 represent a good fit.

_ fMg —Pure (T)

Nc_pure (T) - vy —pure(T)

(5)

The M5 molecular mode is not present throughout the
nematic phase of the pure system. To estimate the value
of relaxation frequency of My mode for all relevant tem-
perature ranges, we have extrapolated the Arrhenius plot

relaxation mode in liquid crystal follows Arrhenius law)
where the mode is not present, and have obtained a value
for the relaxation frequency of the Ms mode.

—Pure T extrapolate
Nc—Pure(T) = fM2 ?M (P) ETI)) fated (6)
1—Pure



Then the cybotactic cluster size in the doped system,
as a function of temperature, can be written as:

chDopcd(T) = RC(T) X chPurc(T) (7)

where R.(T) is the temperature-dependent relative
cluster size [36]. At each temperature, R.(T') is calcu-
lated by taking the ratio of relaxation frequencies of the
M; mode, for the pure and doped sample respectively. By
calculating these values, we get temperature-dependent
N¢_pure and N¢_popeq values, which define the cybotac-
tic cluster sizes for the pure and doped systems respec-
tively.
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FIG. 5. Temperature-dependent estimated values of the num-
ber of molecules in cybotactic clusters in pure 8-F-OH (black
square) and doped 8-F-OH + 0.2 wt% BiFeOs (red circle).

Fig. (5) indicates that the cluster size is significantly
reduced in the doped system, and with decreasing tem-
perature, the growth of the cybotactic cluster (no. of
molecules present in a cluster) is higher in the pure sam-
ple compared to the doped sample. The reduction in
the I-N transition temperature for the doped system, as
compared to its pure counterpart, serves as additional ev-
idence of the presence of disordered cybotactic clusters.
Similar indications are gleaned from small-angle X-ray
scattering (SAXS) measurements conducted on both the
pure 8-F-OH and the doped 8-F-OH + 0.2 wt% BiFeO3
system. A comprehensive analysis of the SAXS data is
elaborated in the Supplementary data. The dielectric
contribution (de;) of reduced cluster size in the doped
system is less compared to the pure one, as indicated by
the upper graph of Fig. 6.

Next, to find the activation energy of cybotactic clus-
ters, we use an Arrhenius type equation, i.e., fr =
foexp ;B—Eq‘:, where fg is the relaxation frequency of col-
lective cybotactic mode, extracted from the Havrilliak-
Negami fitting of dielectric absorption data, (FE,) is the
activation energy and 7 is the absolute temperature and
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FIG. 6. Temperature variation of dielectric strength (upper
graph) and relaxation frequency (lower graph) of collective
cybotactic mode (M) in both pure and doped sample

fo is a constant [42]. Activation energy is the amount of
energy that is required to activate a dielectric relaxation
process [42]. We can compute the activation energy of
the cybotactic cluster mode, for the pure and doped sam-
ples, by plotting In(fg) vs. 1/T plot and fitting it with
the Arrhenius type plot. For a pure system, the activa-
tion energy (E,) = 45.91 kJ/mol, and for the doped sys-
tem, the activation energy becomes (E,) = 40.96 kJ/mol
as obtained from Fig. 7. A reduced activation energy
in the doped system compared to the pure implies that
lower hindrance to the collective relaxation process. It
is expected that a smaller cluster size would ordinarily
increase the activation energy in the doped system [36],
but the opposite effect is observed here, potentially due
to the coupling between ferroelectric nanoparticles and
cybotactic clusters. It’s has been reported that disper-
sion of ferroelectric BaTiO3 nanoparticle in ferroelectric
liquid crystal decreases the activation energy of collective
mode in the doped system compared to the pure one [55].
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C. Measurements of the Orientational Order
Parameter

The optical birefringence of a nematic liquid crystal
sample can be written in terms of phase retardation (9)
or output intensity when the laser light passes through a
birefringent sample placed in between crossed polariser-
analyser conditions. The optical birefringence (An) and
order parameter (S,,) of the pure and doped liquid crys-
tal can be calculated by the well-known optical transmis-
sion method [56], given by

An A 6:Lcos*1 {1-25} (8)

= ond 2rd

and

§=2mmr+cos” {1 -2}, m=0,1,2... (9)

Here A is the wavelength of incident laser light (~ 633
nm), d is the thickness of the LC cell, § is the phase re-
tardation of the light on passing through the thickness
of the LC sample, I; = I/l is the normalized intensity
with I being the intensity of the transmitted light and
Iy being the intensity of incident light, An = n. — ng
is the birefringence where n. is the extraordinary refrac-
tive index, and ng is the ordinary refractive index. The
bent-shaped 8-F-OH molecules form a uniaxial nematic
phase with the director along the average direction of
long molecular axes. With this molecule, the refractive
index along the long molecular axis is called extraordi-
nary refractive index (n.), and the refractive index along
the short or transverse molecular axis is called ordinary
refractive index (ng) and the difference between the two
(ne — ng) is called birefringence (An) [56].

The phase retardation ¢ is calculated from the normal-
ized output intensity by using equation (9). Now substi-
tuting the values of ¢ in equation (8), we calculate the
birefringence value (An) of the sample for a certain thick-
ness of sample and wavelength of laser light used. The
temperature-dependent birefringence plot is obtained by
calculating the birefringence value for different values
of temperature. The error estimation of experimentally
measured optical birefringence (An) is performed using
root mean square error. It is found that the error in An
lies with £2.1 % of experimentally calculated values.

The experimentally obtained variation of birefringence
with temperature for a pure and doped sample is shown
in Fig. 8. To estimate the orientational order parame-
ters (Sy,), we fit the experimental birefringence graphs
by Haller’s equation [57-59],

B
T
An = Ang <1 — T*) (10)

Here Ang, T*, and 8 are adjustable fitting parameters.
Anyg is the birefringence of the perfectly aligned sample.
An is the value of birefringence at the absolute temper-
ature T. (3 is a critical exponent with a value of around
0.2 [60]. T™* is slightly higher than the isotropic to the
nematic transition temperature [60].

The orientational order parameter can be defined to be
Sm = An/Ang [60]. The corresponding order parameter
plot for both the pure and 0.2 wt% BiFeO3 doped 8-F-
OH sample is shown in Fig. 9. The values of parameters
from the Hallers fitting are Ang = 0.20552, 5 = 0.23142
for the pure system, and Ang = 0.20994, 5 = 0.21514
for the doped system. The enhanced value of Ang in the
doped system signifies that the anisotropic liquid crystal
molecules get polarised by the local electric field of fer-
roelectric nanoparticle, and this effectively enhances the
birefringence value in the doped system. A comparative
order parameter plot for the pure and doped compound
suggests that the order parameter in the doped system is
higher than its pure counterpart.

Consider three regions of Fig. 9 to understand the be-
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havior of temperature-dependent orientational order pa-
rameters.

Region 1: Randomly oriented ferroelectric nanoparti-
cle domain in the isotropic and near I-N transition

In the isotropic phase, the order parameter is negli-
gible or small in magnitude. Near the isotropic to ne-
matic transition region, as the nematic domains start to
grow, the order parameter increases rapidly. Near the
phase transition region, the order parameter values are
almost the same for pure and doped compounds. In this
region, the random orientation of the molecules in the
nanoparticle domains does not contribute to the effective

order parameter due to the weak coupling between the
nanoparticle and liquid crystal order.

Region 2:  Strong Coupling between Ferroelectric
Nanoparticle Domains and Bent-Core Nematic Medium

As the temperature decreases, the order parameter in
the nematic phase of the pure system increases gradually,
and the molecules in the nanoparticle domain start to ori-
ent along the bulk nematic direction. We conjecture that
the average orientation of the molecules in the nanopar-
ticle domain is aligned with the bulk nematic director,
denoted by ng, for energetic reasons, and this contributes
to the enhanced mean order parameter in this region. In
particular, the experimental results in Figure 9 suggest
a sharp increment in the mean order parameter of the
doped system in this region, compared to the pure sam-
ple.

Cybotactic clusters are a nanometric size collection of
molecules arranged in SmC' type arrangement [33, 61].
The dipole moment (p’) of the cybotactic cluster is per-
pendicular to the long molecular axes [61]. In other
words, if n. denotes the cluster director, then the dipole
moment of the cybotactic clusters, denoted by p’, will
be orthogonal (or approximately orthogonal) to n.. We
conjecture that in Region 2 of Figure 9, for moderately
low temperatures below the isotropic-nematic transition
temperature, we have anti-parallel dipole-dipole coupling
between the dipole moment of ferroelectric nanoparti-
cle (p), and dipole moment of cybotactic clusters (p’)
[19, 20]. As a consequence, p’ is either parallel or anti-
parallel p, which in turn, is aligned with n, (see the
assumption in the preceding paragraph). Thus, n, and
n. are approximately orthogonal to each other. A possi-
ble scenario is that the cluster molecules lie in the plane
orthogonal to n. i.e. as p’ reorients to align with p,
n. aligns along the direction normal to the cluster and
the molecules lie randomly in the plane of the cluster as
shown in Fig. (10), creating a disordering effect within
the cluster. This is somewhat captured by the mathemat-
ical model in the next section, and is in qualitative agree-
ment with the dielectric spectroscopy measurements that
suggest reduced cluster size for the doped system, com-
pared to the pure system as represented by Fig. (5). This
also qualitatively explains the observation that the rate
of increase of the mean order parameter of the doped sys-
tem decreases with decreasing temperature in Figure 9,
and the gap between the (mean) order parameters of the
doped and pure systems decreases with decreasing tem-
perature i.e. as we move into the deep nematic phase.

Region 3: The Low Temperature Regime

As the temperature is further decreased below the
isotropic-nematic transition temperature, the rate of
growth of the mean order parameter of the doped sample
further decreases compared to the pure sample, and at
some point, the curves of the doped and the pure sample
overlap within the scope of our experimental measure-
ments. We conjecture that as the temperature decreases,
the number of cybotactic clusters increases as do the size
of clusters and the cluster-cluster interactions dominate
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all other effects. Hence, the effects of the nano-doping are
shielded by the cluster-cluster interactions or the inter-
actions between the clusters and the bulk nematic, and
there are no appreciable differences between the pure and
doped samples deep in the nematic phase.

For the Mx phase (enlarged or elongated cybotactic
clusters), where there are elongated clusters, the order
parameter value is decreased in the doped system com-
pared to the pure one because, in a sea of cybotactic
clusters, ferroelectric nanoparticles act as mere impuri-
ties.

IV. THEORETICAL EXPLANATION

In this section, we propose a simple phenomenolog-
ical Landau-de Gennes (LdG) type model to study the
dispersion of multiferroic nanoparticles in a bent-core ne-
matic (BC) system, building on the work in [35], which in
turn is inspired by the model in [34]. The BC system has
two types of molecules - the excited state (ES) molecules
in cybotactic clusters and the surrounding ground-state
(GS) molecules. In [35], the authors assume an LdG-type
free energy density for the two types of molecules with
relevant coupling terms, based on the assumption that
the ordering state of the GS and ES molecules can be de-
scribed by two different LdG order parameters, defined

by Qg and Q. respectively. More precisely, Q, and Q.
are symmetric, traceless 3 x 3 matrices that contain infor-
mation about the GS and ES ordering within their eigen-
values and eigenvectors, in the spirit of LdG order param-
eters [35]. Both Qg and Q. are uniaxial by assumption,
with two degenerate non-zero eigenvalues and one distin-
guished eigenvector corresponding to the non-degenerate
eigenvalue. The distinguished eigenvectors are referred
to as the GS and ES directors respectively.

3 1
Qy = \@Sg (ng®n931>,

3 1
Q.= \/;SC (nc®nc— 31).

Here, ng4, n. are unit-vectors and I is the 3 x 3 iden-
tity matrix. Here, ng is the GS director and it models
the preferred direction of averaged alignment of the GS
molecules, and similar comments apply to n. which is the
cluster director. S, and S. are the corresponding order
parameters associated with the GS and ES molecules re-
spectively, which are scalar measures of the degree of or-
dering about n, and n. respectively. In [35], the authors
assume that ng and n. are constant directors, and in the
absence of nano-particles, they propose a phenomenolog-
ical LdG-type energy for a confined BC sample as given

(11)
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(12)
The parameters a4, By, Cy4, ., and . are the material-
dependent parameters in the LdG free energy, and T
is the nematic supercooling temperature such that the
isotropic phase of the GS phase is unstable for T' < T™*.
The parameter v > 0 is the coupling parameter between
the GS molecules and the clusters [34]. N, is the num-
ber of ES molecules in each cluster, and a, is the mole
fraction of the ES molecules. J accounts for the shape
anisotropy of ES molecules. E.; = %EoAGEQ is the elec-
tric field energy where € is the free-space permittivity,
Ac is the dielectric anisotropy of the BC system, and
FE is the applied electric field. We note that there are
no cubic terms in S, above since there is no evidence
of first-order isotropic-nematic phase transitions within
cybotactic clusters to date. The energy (12) can be im-
proved, with more physical considerations, but works at
a grass-root level for capturing the effects of nano-doping
on BC systems.

To model the effects of the suspended ferroelectric
nanoparticles, we add additional terms to the free en-
ergy in (12), keeping ny and n. constant unit-vectors
as in [35]. In [14], the authors show that at a low con-
centration pyp of nanoparticles, the interaction between
the liquid crystal molecules and the nano-particles (or
anisotropic nano-particle domains in our case) can be
modeled by the following free energy density:

AGPNP]32 LC NP
Fopppt=——r—r : , 13
K 2707‘(’6062R3Q Q (13)
where
2 1
NP _
— -1 14
Q =3, 32PXP) =5 (14)

and A : B = A;;B;;. Here p is the electrostatic dipole
moment of a spherical nanoparticle, () denotes a spa-
tial average over the distribution of nanoparticles in the

nanoparticle domain, p = %TFR3P and P is the po-
larization. We assume that (p x p) is constant, i.e.,
(p X p) = nyp ® nyp for some constant unit-vector

nyp. Following [14], we model the energetic contribu-
tion of the ferroelectric nanoparticles to the BC system
by the interaction energy

Qg
ElocalScSNP - (]- - az) ElocangSNPa (15)

Fint:ﬁc

where
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Erocal = 180mege2 R3’
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and anp = 5kpTpnp [14]. Guided by the experimental
results, we assume that nyp and n, prefer to be parallel
to each other, and nyp and n. prefer to be perpendicular
to each other. The final form of free energy is then given
by

FlSy, S, Snp] = /Kg IVS,|” + K. |VS.|?

ag * Bg Cg
(1= a) {% (T =T 82— 5ot + G50 — EuS, |

+ g {— (1= ax)7S,S. + %52 + %53} — agJE4S.

+ (LNTPS]QVP + ?\TﬁElocalScSNP - (1 - az) ElocaISgSNP dx 5
(17)

where the term involving S%p is the internal ordering
energy of the nanoparticle domain. In (17), the coupling
between S, and Syp has the opposite sign to the cou-
pling between S and Sy p on the grounds of the assumed
relative orientations of ny, nyp and n..

As in [14], we further assume that Syp can reach its
equilibrium instantaneously, so the equilibrium value of
Snp can be computed explicitly. This gives

OF Ay
=anpSnp + — Fioca1Se — (1

(5SNP N ( az)ElocaISg = Oa

(18)
or equivalently, the equilibrium value of Syp is given by

EOCa
Syp = —=al ((1 —ay)Sy —

anp N,

“"”Sc) . (19)

Substituting (19) into (17), we obtain free energy solely
in terms of S, and Sy, as given below:

F[Sg,Sc] = /Kg VSl* + K. [VS|”
) (5 (0T + )5 - B+ s B,
4 {— (1= @) (v + €8y Se + (5 + B)SE + 52}
— azJEelSc dX,

(20)
where
E2 a E?
A/ —(1— ) (= local B/ _ 2x ¢ “local
(1= aa)( QCLNP) N.* 2anp”’ (21)
Cl — _E12oca1
anNp
Following [35], it is convenient to define
=(1—ay)(ay(T—T*)+24"), B=(1-a,)By,
=(1-a )Cgv D = a;(1 —az)(y+ Cl)/ch
(1 - aw)( el )v M = (a + 2B’ )az/Nca
N = Bcafx/Na H:axJEeH
(22)



and write the free energy as
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+ K, [VS,|* + K |VS.|” dx .

As in [35], we take the domain  to be a one-
dimensional domain of length 1 micron; assuming invari-
ance in two spatial directions so that order parameter
profiles only depend on one spatial coordinate. The free
energy can be non-dimensionalized by letting

27C2 qQ
Sys S =

X =x/1s, Sg =1/ 552

12B? 72B%a3

where 2, = 10~%m is a characteristic length scale and we
could have chosen a different characteristic length scale.
In the following, we drop all bars for convenience (so that
Sy and S, denote the scaled order parameters), and the
non-dimensionalized free energy is given by

t 1
F= /Q (253 -5+ 55;* — Cosg)

+ (—C18yS. + CaS7 + G351 — CuS.)  (24)

+ 5 2+ d5c 2d
EA e\ dz x
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This boundary condition is the minimizer of free en-
ergy without coupling (Cy = 0) and polarization (Cy =
Cy = 0). Recall that ¢t depends on the polarization
i.e. t depends on A’ = (1 — a,)(—F3.,)/2anp and the
polarization reduces the effective temperature ¢. This,
in turn, implies that the boundary conditions for the
doped systems with non-zero polarization are different
to the boundary conditions for the undoped (pure) sys-
tem. This is, of course, a modeling choice and one could
fix the boundary conditions to be independent of the po-
larization induced by the nanoparticle domains, but we
believe that our qualitative conclusions are independent
of the fixed boundary conditions.

Next, we numerically solve the Euler-Lagrange equa-

21C2 g F 272C? 1 tions for S, and S., subject to the fixed boundary con-
) )

ditions, for different values of the absolute temperature
and polarization. The Euler-Lagrange equation is solved
by using a Chebyshev spectral method. The number of
basis functions is set to 128. The Dirichlet boundary con-
dition is enforced by an augmented Lagrangian method
[62]. We do not comment on the physical validity of
our parameter values in the numerical simulations, but
these values do capture certain qualitative trends com-
mensurate with the experimental observations, namely
increased order parameters and reduced /disordered clus-
ters with increasing polarization of the nanoparticle do-
mains. In the numerical calculations, we set R = 15nm,
pnp = ¢onp/(37R?), where pyp = 0.00031135317 is
the volume fraction of nano-particles. The remaining

where parameter values are: K, = K, = K = 15pN =
15 x 1072 N (under one constant approximation); a, =
271AC 271EC? 27CD 21CM pb » g
t= 6?, CO = W Cl = W’ CQ = W,O.O‘L,BQ = 177 Cg = 4.570{6 = 022,/80 = 407 and
v =50 (ag, By Cy,v,0ac, B in 105/4 Systéme Inter-
N 27THC? 271CK 21CK I s L
Oy = —, Cy = fog = 9 k= ¢ national units); T = 418.15 K, N. = 50, J = 1.2, E, =
2C 4B? 683 6B2x7 0 J/m? (so that Cy = Cy = 0).

The parameter t is a measure of the rescaled temperature
and the polarization, and C; is a measure of the GS-
cluster coupling.

The physically observable configurations or experimen-
tally relevant configurations are parameterized by min-
imizing pairs (S4,Sc) of (24), subject to the imposed
boundary conditions for S, and S.. The minimizing pair
are solution of the corresponding Euler-Lagrange equa-
tions, given by:

d259 3 2
/ig :25 —35 +th—015'C—CO
d$2 g g (25)
2
HCLSC = 40353 + 2058, — 0159 — O4.
dz?

Since we work with constant ng, n, (which is a strong
modeling assumption), we only consider boundary con-
ditions for S, and S, and by analogy with the work in
[35], we impose

g (B+V/9—=8)/4 t<1
g 0, t>1

S.=0 onz=0andx=100.

)

(26)

We focus on the effects of P, which manifests in ¢, Cy
and C5y in Eq. 25, for three different temperatures, T =
423.15 K (for the T' > T™* case), 413.15 K (for the T' < T*
case), and 393.15 K (for the T' <« T™* case). We conjec-
ture that the model cannot capture Region 3 of the exper-
imental orientational order parameter plot in Figure 9,
since there is no term that accounts for the temperature-
dependence of the cybotactic clusters in (24). To com-
pare with the experimental results, we define the bulk
mean order parameter .S, to be

Sm = (1 —ag)Sy + azSe, (27)

which is a weighted scalar order parameter. If S; # 0 on
the boundary, we scale the order parameters (S, S, and
Sy) by the fixed boundary value of Sy in (26). This is to
ensure that the order parameter values remain in some
physically sensible range, compared to the fixed bound-
ary conditions. Recall from [63] that LdG order parame-
ters can be greater than +1, or less than —1, since these
are phenomenological theories that are independent of
the definition of the LdG Q-tensor as the second moment
of a probability distribution function for the molecular
orientations. In fact, it is possible that these theories
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cease to be valid for low temperatures or large values of
polarization, and hence, the reader is requested to focus
on the trends in the numerical calculations as opposed to
the precise numerical values of Sy, S. and Sy,.

A. T =393.15K

This is a relatively low temperature, for which the
isotropic phase with S, = S. = 0 is energetically ex-
pensive. The values of ¢, C;,Cs depend on P, and we
consider four different values of P inspired by the ex-
perimental results. The values of t,C7,Cy have to be
calculated separately for each value of P.

For P = 0 C/m?, we have t = —7.00692,C; =

0.0700692,Cy = 0.00342561,C3 = 0.00395062. For
P = 0.04 C/m? (t = —7.02526,C; = 0.0700284,Cy =
0.00342551,C3 = 0.00395062), the S, and S. profiles
only change slightly compared to the case with P = 0.
Indeed, S,, only increases by about 272 in the bulk,
compared to the P = 0 case. For P = 0.25 C/m?
(t = —34.9954,C, = 0.0078725,Cy = 0.00328739,C5 =
0.00395062), S, increases sharply compared to the un-
doped case but S. decreases, consistent with the dis-
ordering of clusters with increasing polarization. How-
ever, S, remains non-negative in this case. Finally, for
P =048 C/m? (t = —387.358,C, = —0.775156,Cy =
0.00154733,C5 = 0.00395062), the effective temperature
is very low and although S, increases to its maximum
value almost everywhere and |S.| is large, S, is nega-



tive in the bulk, corroborating the experimental claim
of disordered cybotactic clusters for very high values of
the polarization used in this article. A negative value
of S, indicates that the cluster molecules lie in a plane
orthogonal to n., with no preferred direction in the or-
thogonal plane containing the cluster. We speculate that
disordered clusters correlate to smaller or reduced cluster
sizes, as suggested by the dielectric spectroscopy results.
Comparing the plots of S,,, the bulk values of S,,, (away
from z = 0 and = 100) do not change appreciably with
P and in fact, there is a slight decrease in the bulk value
of S, for P = 0.48 C/m?, compared to the undoped sys-
tem. Although not in perfect agreement with Region 2
and 3 of Figure 9, this indicates that the mean order pa-
rameters of the doped and undoped systems do not differ
appreciably for very low temperatures, as suggested by
Figure 9.

B. T =413.15K

The results are similar to the case with "= 393.15K.
For P = 0 C/m? we have t = —1.40138,C; =
0.0700692, Co = 0.00342561,C5 = 0.00395062. For
P = 0.04 C/m? (t = —1.41884,C; = 0.0700304,Cy =
0.00342552,C5 = 0.00395062), the order parameter of
Sy and S. only change slightly compared to the un-
doped case. For P = 0.25 C/m? (t = —28.035,C; =
0.0108834, C5 = 0.00329408,C3 = 0.00395062), we ob-
serve that S, and S, increase, S. decreases but remains
non-negative. For P = 0.48 C/m? (t = —363.34,0; =
—0.73424, Cy = 0.00163825, C5 = 0.00395062), although
Sy, increases and both |Sg| and |S.| increase in magni-
tude, but S, becomes negative, for which we propose the
same arguments as above. The qualitative trends remain
the same - S, increases with P, S. decreases and be-
comes negative with increasing P but for this value of T'
(higher than in Figure 11), S,, also increases with P and
the bulk value of S, for P = 0.48 is approximately 0.78,
compared to approximately S,, ~ 0.7 for P = 0. This
is in qualitative agreement with the trends recorded in
Region 2 of Figure 9.

C. T =423.15K

Since T' = 423.15K > T*, we have S; = 0
(t = 1.40138,C; = 0.0700692,C> = 0.00342561,C5 =
0.00395062) for P = 0 C/m? and P = 0.04 C/m?
(t = 1.38434,C7 = 0.0700313,C> = 0.00342552,C3 =
0.00395062). For P = 0.25 C/m? (t = —24.6028,C =
0.012282, Cy = 0.00329719, C5 = 0.00395062), the effec-
tive temperature, ¢, decreases and consequently, S, > 0,
S. > 0 and S, increases compared to the smaller val-
ues of P. For P = 048 C/m? (t = —351.984,C; =
—0.715232,Cy = 0.00168049, C's = 0.00395062), the ef-
fective temperature is low and we are essentially deep in
the nematic phase. This manifests in elevated values of
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S, |Sg] and | S| and S, becomes negative in the interior.
We also note that the boundary values of S, are non-zero
for P = 0.25 C/m? and P = 0.48 C/m?2. These numerical
results are not in agreement with Region 1 of Figure 9,
and this is again because there is no term in the free
energy that captures the temperature dependence of the
cybotactic clusters. We speculate that whilst the polar-
ization does reduce the effective temperature and hence
increase S, the coupling between the effective temper-
ature and the polarization depends on the actual tem-
perature i.e. for high temperatures, the polarization has
a weaker effect on the effective temperature and hence,
the order parameter plots of the doped and undoped sys-
tems do not differ much for relatively high temperatures
or just below the Trx in Figure 9. This is not accounted
for in the model at present.

Intuitively, it is clear that as the effective temperature
t decreases and the BC system is pushed deep into the
nematic phase, S, increases in the interior. It is per-
haps less clear as to why S. becomes negative in this
simplistic free energy model, with increasing ¢ and P.
The answer lies in relative values of C7 and C5 in these
simulations. Looking at (24), C; is negative for non-
zero P, so that the term —C15,S. favours negative S..
The values of Cy are at least two orders of magnitude
smaller than those of C7, and one can check that a neg-
ative value of S, (with large |S.|) minimizes the polyno-
mial, —C1545. + C5S? in (24). This is far from proof
but gives heuristic insights into the origin of the disor-
dering mechanisms of cybotactic clusters or reduced clus-
ter sizes induced by ferroelectric nanoparticle domains.
The numerical results also highlight several limitations
of the model, when compared to Figure 9 e.g., we spec-
ulate that the model only captures some features of Re-
gion 2 of Figure 9 and we also note that the bulk value
of S;, is approximately independent of temperature for
P = 0.25 C/m? and P = 0.48 C/m?. From a model-
ing perspective, this is simply because larger values of
P dominate the definition of the effective temperature
so that the actual value of T becomes less significant for
the value of S,,. This is however, inconsistent with Fig-
ure 9 where there is a temperature-dependence of the
order parameter plot, and again, this could imply that
our model breaks down for large values of P, comparable
to other phenomenological descriptions which can have
limited regions of validity.

V. CONCLUSION

We study an experimental suspension of multiferroic
nanoparticles in a bent-core nematic liquid crystal and
study the temperature dependence of the optical tex-
tures, birefringence, and perform dielectric spectroscopy
measurements. By extracting the order parameter plots
from the birefringence data, and combining them with
the results from the dielectric spectroscopy, we deduce
that these nanoparticles enhance the overall ordering of
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FIG. 13. Numerical results for undoped system and doped systems with 7" = 423.15K.

the system but shrink the cybotactic clusters. The spec-
troscopy data suggests that the cybotactic clusters shrink
or get smaller in the presence of the nanoparticles, com-
pared to the pure system, somewhat corroborated by the
order parameter plot in Figure 9. We develop a phe-
nomenological LdG free energy to qualitatively explain
the experimental data. The model has some merits - it
demonstrates how the polarization manifests in the ef-
fective temperature and suggests that nanoparticles with
large values of P effectively push the system to lower
temperatures, offering a heuristic explanation of the en-
hanced order parameter of the doped system compared
to the undoped system. The model also demonstrates
that the cybotactic clusters get disordered with increas-
ing polarization, which is one possible explanation for
the reduced cluster sizes for the doped system, com-
pared to the undoped case. The model only captures
the temperature-dependence of the mean order parame-
ter roughly, but we do not have reliable parameter values
for the phenomenological free energy and the free energy
also neglects multiple physical considerations - spatially
varying ng and n., the temperature-dependence of the
polarization itself, more accurate modeling of the sus-
pended nanoparticles and their interaction with the GS
and cluster molecules, etc. Future work can include the
development of more sophisticated mathematical mod-
els for such nano-doped systems that could guide new
experiments and applications.
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Small-angle X-ray scattering (SAXS) data

For conclusive proof disordered cybotactic cluster, X-ray measurements have now been performed for
the pure 8-F-OH and doped 8-F-OH + 0.2 wt% BiFeO3 systems, maintaining the experimental condition
exactly the same for both the systems, to check the disordered cybotactic clustering in doped systems.
The small-angle X-ray scattering (SAXS) patterns show that the intensity of the peak increases upon
lowering the temperature in both pure and doped 8-F-OH indicating the presence of ordered clusters in
the nematic phase (N, phase). However, the intensity of the doped 8-F-OH system is comparatively
less than that of the pure compound for the same X-ray exposure time i.e., 15 min and at the same
temperature. For instance, at 105 °C, the intensity of the doped system is 14 a.u. and the pure compound
is 34 a.u. suggesting that the cybotactic clustering is distorted upon dispersion of BiFeO3 nanoparticles
( Figure S1).

In both pure and doped 8-F-OH compounds, the layer spacing (d-value) and the correlation length
(§) gradually increases in the Ny, phase region (Figure S2) upon lowering the temperature. It is well
documented that the increase in the size of the smectic-type clusters results in relatively long correlation
lengths. Interestingly, the correlation length values are comparatively lower for the doped system. For
instance, at 135 °C, the & value for the doped 8-F-OH (¢ = 61.77 A) is less than the pure 8-F-OH (¢
=70.49 A) plausibly due to the deformation of the cybotactic clusters after the dispersion of BiFeO3
nanoparticles. From this SAXS experiments it is quite evident that the BiFeO3 nanoparticle at higher
temperature inevitably destroys the cybotactic clusters via interacting with the bent-core LC systems

while upon lowering the temperature some regrowth of clusters was observed
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Figure S1: Temperature-dependent XRD patterns in the small-angle region: Intensity vs. 26 plots of
the (a) pure compound 8-F-OH and (b) doped 8-F-OH + 0.2 wt% BiFeO3 system
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Figure S2: Variation of correlation length (£) and d-spacing with temperature of (c) pure 8-F-OH and
(d) doped 8-F-OH + 0.2 wt% BiFeOg3 system.
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