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Abstract
We investigated the physical properties of low concentration ferroelectric nematic colloids, using calorimetry, optical methods, infra-

red spectroscopy and capacitance studies. The resulting colloids normally remain homogeneous, but the nematic orientational coupling
is significantly amplified. In particular cases, the nematicorientation coupling increases by 10% for particle concentrations of 0.2%.
A manifestation of the increased orientational order is that the clearing temperature of a nematic colloid increases upto 40 Celsius
degrees compared to the pure LC host. A theoretical model is proposed in which the ferroelectric particles induce local dipoles whose
effective interaction is proportional to the square of the orientational order parameter.

PACS numbers: 64.70.Md, 82.70.Dd, 77.84.-s

Colloids in which the solute is liquid crystalline (LC) are
known to possess an extremely rich set of behaviors [1–5].
The anchoring between the LC and microcolloidal particles
(>1µm) can produce long-range orientational distortions
around the particles. This results in strong inter-particle
interactions – sometimes repulsive and sometimes attrac-
tive – in the mesophase. The interactions can give rise
to well-ordered structures of particles in the liquid crys-
tal matrix (both lattices and chains) [2, 3]. However, in
most cases a prerequisite for interesting LC colloidal be-
havior has been a high concentration dispersion, typically
with particle volume fractioncpart>30%. In such systems
aggregated particles produce director distortions extend-
ing over macroscopic scales. These suspensions scatter
light strongly, and possess unique structural, mechanical,
electro- and magneto-optical properties [5, 6].

Recently, we have shown that even at low concentra-
tions (cpart61%), LC colloids differ strongly from the pure
host material [7–10]. These colloids consist of submicron
ferroelectric particles suspended in the LC host. In these
systems, unlike in classic LC colloids, the suspension-
matrix interaction is insufficient to disturb the LC orien-
tation. This small concentration dramatically increases the
dielectric anisotropy, significantly decreases the Freeder-
icksz transition voltage, and significantly accelerates elec-
tric field-induced director reorientation.

In this letter, we report results which show that these
phenomena are general properties of liquid crystal sus-
pensions containing ferroelectric colloidal nanoparticles.
The addition of impurities normally decreases the nematic
clearing temperatureTNI [11]. However, our measure-
ments show massive increases inTNI , of the order of 40◦C,
for mass impurity concentrations of the order of 0.2%.
These results imply an increase in the effective nematic in-

teraction parameter. Measurements of the birefringence,
dielectric anisotropy and order parameter in the suspension
are consistent with this picture.

We have also constructed a theoretical model. The fer-
roelectric particles in the suspension produce large electric
fields in their neighborhood. These electric fields produce
induced dipoles on the nematic molecules, and the mean
magnitude of the induced dipoles is proportional to the av-
erage polarizability and hence the nematic order parameter.
The dipolar interaction between the induced dipoles is thus
proportional to the nematic order parameter, and provides
an additional component to the effective nematic interac-
tion. Order of magnitude estimates of the magnitude of
this quantity are consistent with our observations.

Most of our experiments utilized the nematic LC MLC-
6609 from Merck (TNI =91.5◦C), doped with BaTiO3
nanoparticles from Aldrich. The nanoparticle dimension
was 50–100nm (transmission electron microscopy). The
spontaneous polarization of the monodomain particles is
assumed the same as that of a BaTiO3 monocrystal, 0.26
C m−2 [12]. The detailed preparation process of the col-
loid was described recently (see Ref. [7]).

The clearing temperatureTNI was determined using
DSC at a rate of 5K min−1. The resulting DSC scans
for the pure MLC-6609 and for the colloid (cpart≈0.2%)
are shown in Fig. 1. When the BaTiO3 nanoparticles are
introduced, the clearing temperature increases by 38.7◦C.
A lower mass fraction (cpart≈0.05%) produced a reduced
shift∆TNI =23.1◦C. The changes inTNI were confirmed
using polarized optical microscope.

We also measured other LC properties in the colloidal
suspension, in order to check the hypothesis that the in-
crease inTNI is a consequence solely of an increased effec-
tive nematic interaction. Firstly we measured order param-
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FIG. 1: DSC-graphs for heating and cooling of the samples with
pure LC MLC-6609 (bottom pair of the curves) and colloids of
BaTiO3 in MLC-6609 (top pair of the curves),cpart≈0.2%.

eters, using FTIR spectroscopy and observing the dichro-
ism of the characteristic functional groups of the nematic
matrix components. We used the stretch vibration of C=C
groups of benzene rings (ν =1513 cm−1) because this
group is oriented along the long axis of the LC molecules.
The C=C band dichroism was measured using a Magna
550 FTIR (Nicolet) spectrometer in NaCl cells of16 µm
thickness. The LC and the colloid were homogeneously
aligned using a thin (<0.1µm) rubbed polyimide align-
ment layer. The order parameter was evaluated using the
formulaS = (D − 1)/(D + 2), whereD = A///A⊥ is
the dichroism of absorbance parallel (A//), and perpendic-
ular (A⊥) to the IR beam polarization. Fig. 2 shows the
temperature dependence of the resulting order parameters,
both in the pure MLC-6609 and in the ferroelectric colloid
(cpart≈0.2%). The clearing temperature increase is mir-
rored by an order parameter increase; at 30◦C the order
parameter gain,SCOL/SLC =1.2.

A further measurement compares the optical birefrin-
gence of the colloid to that of the pure nematic. We as-
sume the ferroelectric nanoparticles act as effective molec-
ular dopants. The birefringence of the colloid can then be
written as [13]:

nCOL
a =

4πFNLCγCOL
a

nCOL
e + nCOL

o

SCOL (1)

whereF is the local field factor,γCOL
a = (1−cpart)γ

LC
a +

cpart(γ
part
a ) with γLC

a is the LC molecular polarizability
anisotropy andγpart

a is the polarizability anisotropy of the
ferroelectric particles. The birefringence gain with respect
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FIG. 2: Temperature dependences of the order parameter of
MLC-6609 and the ferroelectric colloid (cpart≈0.2%).

The birefringence gain in the colloid involves three sep-
arate components. The first is the statistical mechanics-
induced order parameter increase. The second depends
also on the effective anisotropy of both the ferroelectric
particles and LC molecules, the values of which are not
known. Finally, the gain depends on the ratio of the refrac-
tive indices of the LC and the colloid. We measured these
refractive indices and find that the ratio is essentially unity.

Experimentally we obtainedna(T ) using an Abbé re-
fractometer. An independent set of experiments used a re-
tardation technique measuring the phase shift between e-
and o-wavesϕ = πdna/λ in planar cells (d = 12µm). The
results of the two sets of measurements were in agreement.
In Fig. 3, we show the temperature dependence of the
birefringence in the pure LC and in one colloidal sample
(cpart ≈0.05%). At 32◦C the predictednCOL

a /nLC
a =1.2

agrees with the experimental valueSCOL/SLC =1.2.
Thus, the birefringence increase in the ferroelectric colloid
is consistent with the order parameter increase. We find
that at 32◦C, εCOL

a /εLC
a = 1.54. This result is close to, but

not identical to(nCOL
a )2/(nLC

a )2 ≈ S2

COL/S2

LC= 1.44.
We speculate that this discrepancy may be due to an extra
contribution from the ferroelectric colloidal particles to the
effective dielectric function of the colloid [14].

We speculate that the birefringence gain is a conse-
quence only of the increase in the nematic ordering. If
this is the case, then the ratio of the colloidal low fre-
quency (i.e.ν ≈1 kHz) dielectric constant to that in the
pure LC should be the same as that at optical frequencies:
εCOL

a /εLC
a = (nCOL

a )2/(nLC
a )2 ≈ S2

COL/S2

LC . We used
a Hewlett-Packard 4194A impedance analyzer to measure
the LC cell capacitance. The cells were 15µm thick, and
the dielectric anisotropy was determined by comparing re-
sults with planar and homeotropic orientation. In Fig. 4,
we present results for the temperature dependence of the
dielectric anisotropyεa(T ).
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FIG. 3: Temperature dependence of the birefringence of MLC-
6609 and the ferroelectric colloid (cpart≈0.05%).
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FIG. 4: Temperature dependences of the dielectric anisotropy of
MLC-6609 and the ferroelectric colloid (cpart≈0.2%).

Smaller increase in the clearing point have been ob-
served for other LC host systems (for example, Zli-2248,
ZLI-4801 and 5CB), doped with both Sn2P2S6 and BaTiO3

nanoparticles. The increases are always accompanied by
increases in the dielectric anisotropy and birefringence.

All our experiments are consistent with an increase in
the effective orientational interaction,U . According to
the Maier-Saupe theory [15], for our principal sample
UCOL/ULC = T COL

NI /T LC
NI ≈1.1. In order to make fur-

ther progress, we consider the additional terms in the free
energy of the doped nematic LC resulting from the pres-
ence of the colloidal particles. We assume for simplicity
that the ferroelectric particles are spherical in shape. A fer-
roelectric particle possesses a large permanent polarization,
P, which creates an electric field in its neighborhood [16]:

Epart =
R3

3ε0

(

3
(P · r) r

r5
−

P

r3

)

(3)

whereR is the particle radius. This electric field induces
a dipole moment in the host LC molecules,µind = ε0β ·
EP ∼ 1/r3, whereβ is the tensor of molecular polarizabil-
ity at low frequency. The interaction between the electric
field EP and the induced dipoleµind in LC molecules is
given byULC−P ∼

∑

ε0βi ·EP (ri)EP (ri). The induced
dipole moments in LC molecules also interact with each
other. If ε0βi · EP (ri) = Gi andri − rj = ∆ri,j, this
additional intermolecular interaction is given by:

Uadd
COL ∼

∑

i,j,j 6=i,
particles

Gi

4πε0

[

Gj

|∆ri,j |3
− 3

(Gj · ∆ri,j)∆ri,j

|∆ri,j|5

]

(4)
We now suppose the most important contributions come

from nearest neighbor molecules. Averaging eq.(4) over
LC molecule orientations yields:

Ua ∼
1

2
N

∑

i,
particles

(ε0βaSCOL)
2
(EP (ri))

2

4πε0L3
≡ −

1

2
eS2

COL

(5)
whereN is the number of nearest neighbor LC molecules,
βa is the anisotropy of LC molecule polarizability at low
frequencies andL is the nearest-neighbor distance. The
key parametere is the proportionality coefficient charac-
terizing the response of the intermolecular interaction to
the field due to the ferroelectric particle.

In the Maier-Saupe molecular field theory, the inter-
molecular interaction energy takes the formF1 = − 1

2
US2

[17]. The parameterU is related to the nematic-isotropic
phase transition temperature by the ratio,kBTNI =
0.22U . This corresponds to intermolecular interaction per
unit volumeUNLC ≈4.7×107 J m−3, whereNLC is the
LC molecular concentration. Therefore, we derive a re-
sult for the change in the transition temperature due to a
change in the molecular interaction parameter,∆TNI ≈
e·TNI · (UNLC)

−1. We now derive an explicit formula for
the quantitye. In eq. (5) the main contribution to the sum
comes from those molecules surrounding a given ferroelec-
tric particle. We calculate the sum explicitly, concentrating
on these LC molecules, giving rise to the following for-
mula:

e ≈
1

27
N ·NLC·Npart

β2

aP
2

ε0

(

R

L

)3

(6)

whereNpart is the volume concentration of particles. To
make quantitative estimates, we takeP =0.26 C m-2,
Npart =7×1019m−3, NLC =2×1027 m−3, N =6,
R =50 nm, andL =0.5 nm. UsingβaNLC ≈ εa [13]
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and εa ≈1, we finde ≈0.9×107 Jm−3. The resulting
shift ∆TNI ≈70◦C is in qualitative agreement with our
experimental observations. Our model does not consider
other possible contributions to the intermolecular interac-
tion. There may be image forces or quadrupole interactions
that remain important even above the Curie temperature.
These may be significant as a result of the high nanoparticle
dielectric constant, causing∆TNI to be underestimated.

The observed effect requirese as large as possible. From
eq.(6) this is governed by the large ratio(R/L)

3
≈106. For

molecular, as opposed to colloidal, dopants this ratio would
be of the order of unity, dramatically reducing the effect
e/a = ∆TNI ∼10−4 ◦C. It is the supramolecular size of
the impurity particles which causes the huge effect. In prin-
ciple, this is testable by varying the particle size. The effect
is proportional to the particle surface area, but should not
grow without limit. Large particles generate orientational
defects in their neighborhood, which destroy the colloidal
homogeneity and lower orientational order. We estimate
the critical particle sizeRmax = l ∼ K/W (K is a Frank
constant) [2]. For typical valuesK = 10−11 N andW =
10−4 J m−2, Rmax is predicted as 100nm.

In sufficiently large colloidal particles, the ferroelectric
material is expected to form a polydomain structure, which
will further reduce the effective interaction below the ideal
R2 dependence. In small systems, the ferroelectric mean
field will be insufficient to maintain a ferroelectric ground
state. Ferroelectricity usually vanishes for particles ofdi-
mensions smaller than∼10 nm. We therefore speculate
the optimal size of the ferroelectric particles in homoge-
neous LC colloids to be in the range (10–100)nm.

In conclusion, our results clearly show the unique prop-
erties of ferroelectric nanoparticles/LC colloids. Sincethe
particle size is much larger than the LC molecular dimen-
sion, the strong electric field from the particles influences
a large number of neighboring LC molecules (∼103). The
huge ferroelectric dipole moment of the nanoparticles pro-
duces a powerful field inducing dipolar intermolecular in-
teractions that compete with the spontaneous intermolec-
ular interaction. The additional interaction then leads to
a dramatic increase in the LC mean field interaction and
thence to a giant increase in the clearing temperature.This
also causes the homogeneous ferroelectric LC colloid to
have a higher birefringence, dielectric anisotropy and or-
der parameter than the pure LC material. These results
are not only true in the model systems which we have in-
vestigated in detail, but are a general feature of colloidal

suspensions made from ferroelectric colloidal particles dis-
persed in thermotropic liquid crystal matrices. As a result
ferroelectric nanoparticles/LC colloids offer a simple and
effective means to control the physical properties of liquid
crystalline materials.
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