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Ferroelectric nematic suspension
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We report on the development of a dilute suspension of ferroelectric particles in a nematic
liquid-crystal~LC! host. We found that the submicron particles do not disturb the LC alignment and
the suspension macroscopically appears similar to a pure LC with no readily apparent evidence of
dissolved particles. The suspension possesses enhanced dielectric anisotropy, and is sensitive to the
sign of an applied electric field. ©2003 American Institute of Physics.
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Long-range forces between ultrafine particles embed
in liquid-crystal ~LC! matrices produce intriguing
colloids.1–10 For example, dispersed ferromagnetic partic
greatly enhance the magnetic properties of the LC.1–5 Large
~@mm! colloidal particles form defects in LC matrices pr
ducing large director deformations. Ensembles of these
ticles and defects can form complex structures.6–8 High con-
centrations~.2%–3% by weight! of submicron particles can
create almost rigid LC suspensions.9,10 Here, we show that a
low concentrations, LC colloids behave as a pure LC with
evidence of dissolved particles, but have enhanced pro
ties. These dilute suspensions are stable because the nan
ticles do not significantly perturb the director field in the L
and interaction between the particles is weak. Importan
the nanoparticles share their intrinsic properties with the
matrix due to the alignment with the LC. In particular, do
ing a nematic LC matrix with ferroelectric nanoparticles pr
duces enhanced dielectric anisotropy and introduces
ferroelectric properties inherent to the nanoparticles.

We used particles of the ferroelectric thiohypodipho
phate (Sn2P2S6) for the suspension. At room temperatur
Sn2P2S6 has a spontaneous polarization of 14mC cm22 par-
allel to the@101# direction of the monoclinic cell.11 The value
of the dielectric constant of the Sn2P2S6 along the main axis
strongly depends on the quality of the samples and va
from 200 for ceramic samples to 9000 for monodom
crystals.12 We selected Sn2P2S6 for its low Curie tempera-
ture,TCurie'66 °C, which is below the clearing temperatur
Tc , of many nematic LC mixtures. For example, we used
nematic LC mixture ZLI-4801 ~Merck! having a Tc

593 °C, and a low dielectric anisotropy («a
ZLI53.2), high-

lighting the contribution from the ferroparticles. In some e
periments, we used a model nematic LC 5CB.

We obtained small ferroelectric particles by milling larg
particles~>1 mm size! as opposed to chemical fabricatio
because milling can be used to produce smaller~10 nm!
ferroelectric particles.13 The resulting ferroelectric particle
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were mixed with a solution of oleic acid~surfactant! in hep-
tane in a weight ratio of 1:2:10, respectively. The partic
were ultrasonically dispersed and ground in a vibration m
for 120 h. The resulting ferroelectric particle suspension w
mixed with the LC. The heptane was then evaporated and
mixture was ultrasonically dispersed for 5 min. The relati
concentrations of components were adjusted to give a fi
suspension with about 0.3% by volume of ferroparticles.

Planar cells were filled with the LC suspension or pu
LC at an elevated temperatureT.Tc . The cells consisted o
two indium tin oxide~ITO! coated glass substrates with
rubbed polyimide layer assembled for parallel alignme
Calibrated rodlike 5mm polymer spacers controlled ce
spacing.

Cells with the suspension or pure LC had identical alig
ment quality. Within experimental error, we measured
same value of the pretilt angle53.5°60.5° for both cells.
Also, the clear pointsTc of the suspensions and the LC
were essentially the same (Tc,LC592.3 °C, Tc,susp592.6 °C
for ZLI 4801; Tc,LC5Tc,susp35.4 for 5CB!. Cells made with
the particle suspension were stable for at least six month

It is difficult to directly characterize the morphology o
the suspended particles particularly dispersed in the an
tropic LC host. We used scanning electron microsco
~SEM! to image particles precipitated on a substrate from
matrix. The precipitated particles were<200 nm in diameter
and the distance between particles is more than 1mm. The
particles were clearly separated and did not form clust
This large distance between particles and the stability of
suspension means interparticle interaction can be neglec

We know that Sn2P2S6 crystals are monoclinic before
milling with a platelike shape. Our SEM analysis of th
milled microparticles suggests they also have an anisotro
shape. Their orientation in the LC matrix will be determin
by the orientational elastic energy of the LC, and by t
anchoring energy of the LC at the particle surface. Howev
an anisotropic shape is not required to produce alignmen
the particles. The permanent dipole moments of the parti
will couple with the LC dielectric anisotropy and align wit
the director.

The LC matrix and the particles are both dielectrica
il:
7 © 2003 American Institute of Physics
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anisotropic, both rotate in an applied electric field to mi
mize the total free energy. The resulting dielectric torques
the LC matrix and the particles are proportional to«a

LCEac
2

and«a
particleEac

2 , respectively, where«a is the dielectric anisot-
ropy. Since«a

particles@«a
LC , the particles give the main contr

bution to the torque even at their low concentration. Anch
ing aligns the LC with the particles. The suspension c
therefore, be characterized by an effective dielectric ani
ropy «a

suspas if the particles acted as a molecular additive.
noted herein, we neglect interaction between the parti
and, therefore, in the zero-order approximation,«a

susp is
equal:

«a
susp5~12 f n!«a

LC1 f n«a
particles, ~1!

where f n is the volume fraction of the particles. For reas
values of«a

particles'103 ~Ref. 12! and «a
LC53 ~Ref. 14!, the

suspension (f n50.003) has a greatly enhanced dielectric a
isotropy of«a

susp'6.
We verified the increase in the dielectric anisotropy

the suspension by comparing the electro-optical respons
the planar cell filled with the pure LC ZLI-4801 and th
particle suspension. The dependence of the effective die
tric constant«eff of the LC on the applied field is shown i
Fig. 1. Below the Freedericksz transition,Vth , the director
aligns with the pretilt angle 3.5° on the surface and«eff

'«' . At high enough voltages, the LC aligns with the fie
and«eff'«II . The threshold voltage of the Freedericksz tra
sition for the suspension isVth

susp50.91 V; just half that for
the pure LC,Vth

LC51.87 V. This difference in the threshol
can be estimated by the expression for the Freederic
transition:14

Vth}AK/«a. ~2!

Because the tilt angle and elastic constants are the s
for both cells, the difference in the threshold is totally t
result of differences in the dielectric anisotropy and, the
fore,

Vth
LC/Vth

susp'A«a
susp/«a

LC ~3!

From Fig. 1, one can see that« II
LC'7, « II

susp'15.7, «'
LC

'3, and«'
susp'4.6. This means thatVth

LC/Vth
susp'1.7, which is

close to the experimental valuesVth
LC/Vth

susp51.9. From the
experimental data,«'

susp, and formula~1!, one can estimate
the value of dielectric anisotropy of the particles«aparticles

FIG. 1. The dependence of the effective dielectric constant«eff on the ap-
plied field.
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'2400. This value is in the range of the report values
«a

particles for Sn2P2S6 .12

The influence of the particles is clearly revealed by t
change in the electro-optic response with temperature.
expected, the pure LC threshold voltage gradually decrea
with temperature because of the weak temperature de
dence ofK/«LC(T). The threshold for the suspension al
decreases with temperature because of the weak temper
dependence ofK/«LC(T). However, the unique dielectric
properties of the ferroelectric suspensions become appa
at the Curie temperature of the Sn2P2S6 where the threshold
voltage for the suspension changes abruptly~Fig. 2!. This is
the result of the critical behavior of the dielectric anisotro
at this temperature.15,16 While we do not understand all th
details of this abrupt change, we can obtain an experime
value of the Curie temperature from Fig. 2 of 66 °C, exac
the same as determined for the bulk Sn2P2S6 crystals.

The permanent dipoles in the LC/particle suspension
randomly aligned in a head-to-tail fashion@Fig. 3~a!#. There-
fore, in order to realize the ferroelectric properties of t
particles, we applied a large dc-electric field, sufficient
break the symmetry and align the particle dipoles along
field @Fig. 3~b!#. A low-frequency ac field applied perpen
dicular to the dc field rotates the particles to the right

FIG. 2. The threshold voltage as a function of temperature for cells fi
with the suspension and the pure LC.

FIG. 3. Schematic representation of the ferroelectric particles in an LC~a!
The permanent dipoles of the particles are equally distributed in the plus
minus directions.~b! dc-electric field aligns the particle dipoles along th
field, breaking the plus–minus symmetry.
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left-hand side depending on the sign of the applied field. T
resulting linear component of the electro-optic response
the suspension will be proportional to both the polarizing
and the deflecting ac fields.

To prove the unusual linear response of a nematic
an electricvectorE, we carried out the experiment inspire
by the work of Kang and Rosenblatt17 on the surface-induced
linear electro-optic effect in nematic LC. We studied t
electro-optic response of an LC cell composed of one s
strate with a continuous ITO conducting surface and o
with interdigitated ITO electrodes with a mm distance b
tween lines allowing the application of an in-plane fie
Both substrates were identically treated for homeotro
alignment of 5CB. An ac fieldEac(0 – 100 V, 1 kHz) was
applied in the plane of the cell and the dc fieldEdc(0 – 30 V)
was applied perpendicular to the plane of the cell~along the
director of the suspension!. The voltage of the ac fields wa
below the voltage of the Freedericksz transition.

Light from a He–Ne laser passed through a polarizer,
cell, a crossed analyzer, and then into a photodiode dete
The beam was narrow enough to pass through the 1
interelectrode gap in the cell. The cell was tilted at 45° w
respect to the beam and the interdigitated electrodes
aligned 45° to the beam polarization direction. The detec
output, proportional to the total light intensityI, was fed into
a lock-in amplifier referenced to the ac driving volta
Uac(v). The key to this experiment is the 45° of the ce
relative to the beam, producing a different optical retardat
for the right-or left-hand side rotation of the suspension
sulting from opposite signs of the ac field.

The dependence of the linear component of the elec
optic response of the suspension and the pure LC as a f
tion of the applied ac voltage (n5200 Hz) ~Ref. 18! for
different values of the polarizing dc field is shown in Fig.
As expected, the pure LC responds only to the magnit
and not the sign of the field for the whole dc field range a
therefore, shows no response in our experimental se
There was also no linear response of the suspension whe
dc field was applied. Application of the dc field resulted
the appearance of the sign-sensitive component of
electro-optical response, which increased proportionally
both the magnitude of the dc and the ac fields. Switching
of the dc field resulted in the fast disappearance of the lin
response (tdecay<2 ms), and is caused by the disordering
the ferroelectric particles by thermal fluctuation. The char
teristic time of rotation of a rodlike particle in a liquid wit
viscosity g can be estimated by the formulatdecay

5gL3/kBT,19 which gives for reasonable values ofg
50.1 P, L5100 nm and T5300 K a value of tdecay

'2.5 ms.
In conclusion, we observed that dispersing low conc

trations of submicron ferroelectric particles in a nematic
enhances the dielectric response and induces a linea
sponse to the electric vectorE in a nematic. In contrast to
molecular additives, these particle dispersions substant
lower the operating voltage of LC displays and related
vices.
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tric constant measurements and useful discussions and t
A. Jakli for the careful reading of the manuscript and use
Downloaded 19 Mar 2003 to 131.123.17.176. Redistribution subject to A
e
f

c

o

b-
e
-
.
c

e
or.
m

re
r

n
-

o-
c-

e
,
p.
no

e
o
ff
ar
f
-

-

re-

lly
-

-
Dr.
l

suggestions. They also appreciate Dr. A. Grabar for inform
tion about the properties of Sn2P2S6 and valued advice. This
work was partially supported by INTAS Grant No. 99-031
INCO Copernicus Concerted Action ‘‘Photocom’’~EC Con-
tract No. ERB IC15 CT98 0806!, and by the project ‘‘Com-
posite liquid crystal and polymer materials for informatio
technologies’’ of the National Academy of Science
Ukraine.

1F. Brochard and P. G. de Gennes, J. Phys.~Paris! 31, 691 ~1970!.
2C. F. Hayes, Mol. Cryst. Liq. Cryst.36, 245 ~1976!.
3S.-H. Chen and M. Nabil, Phys. Rev. Lett.51, 2298~1983!.
4B. J. Liang and S.-H. Chen, Phys. Rev. A39, 1441~1989!.
5C. Y. Matuo and A. M. Figueriedo Neto, Phys. Rev. E60, 1815~1999!.
6O. V. Kuksenok, R. W. Ruhwandl, S. V. Shiyanovskii, and E. M. Terentj
Phys. Rev. E54, R5198~1996!.

7M. Zapoptockii, L. Ramos, P. Poulin, T. C. Lubensky, and D. Weitz, S
ence283, 209 ~1999!.

8V. G. Nazarenko, A. B. Nych, and B. I. Lev, Phys. Rev. Lett.8707, 5504
~2001!.

9S. P. Meeker, W. C. K. Poon, J. Crain, and E. M. Terentjev, Phys. Re
61, R6083~2000!.

10V. J. Anderson, E. M. Terentjev, S. P. Meeker, J. Crain, and W. C. K. Po
Eur. Phys. J. E4, 11 ~2001!.

11K. Moria, H. Kuniyoshi, K. Tashita, Y. Ozaki, S. Yano, and T. Marsuo,
Phys. Soc. Jpn.67, 3505~1998!.

12Y. W. Cho, S. K. Choi, and Y. M. Vysochanskii, J. Mater. Res.16, 3317
~2001!.

13A. Schurian and K. Barner, Ferroelectr. Lett. Sect.20, 169 ~1996!.
14P. G. De Gennes and J. Prost,The Physics of Liquid Crystals~Oxford

University Press, New York, 1994!.
15A. A. Molnar, Y. M. Vysochanskii, A. A. Horvat, and Y. S. Nakonechni

Ferroelectrics192, 137 ~1997!.
16K. Moria, J. Phys. Soc. Jpn.64, 1775~1995!.
17D. Kang and C. Rosenblatt, Phys. Rev. E53, 2976~1996!.
18The linear component of the electro-optic response monotonically

creased with the increase of the frequency of ac field.
19L. D. Landay and E. M. Lifshitz,Fluid Mechanics ~Butterworth-

Heinemann, Oxford, 1997!.

FIG. 4. Linear response of the suspension upon application of an ac-ele
field. ~a! The substrate with striped electrodes with an ac field in the plan
the cell and a dc field applied perpendicular to the plane of the cell~along
the director of the suspension!. ~b! The dependence of the linear compone
of the electro-optic response of the suspension and the pure LC as a fun
of the applied ac voltage for different values of the polarizing dc field.
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