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Observation of non-zero spontaneous polarization in paraelectric phase in multi-
walled carbon nanotubes doped deformed helix ferroelectric LC is reported.
Electro-optical response, spontaneous polarization, rotational viscosity, dielectric
permittivity, dielectric loss factor, and electrical resistance of pure and multiwalled
carbon nanotubes doped deformed helix ferroelectric LC have been measured.
Non-zero spontaneous polarization in paraelectric phase has been attributed to the
possible short range orientational order of deformed helix ferroelectric LC sur-
rounding the multiwalled carbon nanotubes through surface anchoring and ionic
impurities. The results presented will help to understand the basic mechanism of
interaction of multiwalled carbon nanotubes with deformed helix ferroelectric LC.

Keywords Carbon nanotubes; deformed helix ferroelectric liquid crystal; dielec-
tric properties; rotational viscosity; spontaneous polarization

1. Introduction

Carbon nanotubes (CNTs) have drawn a great deal of attention in fundamental and
applied research since their discovery by Iijima in 1991 [1]. Various important devices
such as field-effect transistors, memory storage devices, sensors and actuators, and
field emission sources have been employed using CNTs due to their fascinating elec-
trical, dielectric, thermal, mechanical, and electronic properties [2–6]. The doping of
CNTs in liquid crystals (LCs) has been pursued by various groups for improving
their electro-optical properties, dynamic response, and other physical parameters
[7–13]. However, much of the reported work based on CNTs=LC dispersions has
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been focused on nematic liquid crystals (NLCs) [8–10,13]. The doping of CNTs in
ferroelectric liquid crystals (FLCs) is rarely reported in literature. However, few stu-
dies based on CNTs=FLCs dispersions have been presented recently by different
research groups [14–17]. Lagerwall et al. have studied the effect of single walled
CNTs (SWCNTs) on antiferroelectric LCs by adding CNTs indirectly employing a
NLC and observed the changes in the phase sequences of the material [14].
The electro-optical studies based on FLCs=SWCNTs dispersion have revealed the
fastening of switching response due to the trapping of ions by SWCNTs [15,16].
The deformed helix FLCs (DHFLCs) have much applications in display devices
because of their low driving voltage, gray scale generation capability, easily achiev-
able alignment (even in thicker cells), fast response, etc. [18,19]. The effect of
MWCNTs on the electro-optical response of DHFLC material (FLC 6304) at room
temperature has been demonstrated by our group recently [20]. The fastening of
response in CNTs doped DHFLC material has been observed and attributed to
decrease in rotational viscosity and increase in anchoring energy.

In this article, we report the effect of MWCNTs on the behavior of spontaneous
polarization (PS) of DHFLC material, namely LAHS 18, with temperature. The
material LAHS 18 is a newly synthesized DHFLC. The molecular compositions
and characterization of this material has been presented elsewhere [21]. We observed
that the value of PS of MWCNTs doped LAHS 18 do not vanish at SmC�-SmA�

transition temperature (TC) and showed some remarkable contribution even in
SmA� and isotropic phases. The occurrence of this non zero PS in SmA� phase
has been analyzed by electro-optical, dielectric relaxation and resistance measure-
ments. It was attributed to short range orientational ordering of DHFLC molecules
around MWCNTs and ionic impurities present in the mixture.

2. Experimental

The MWCNTs were synthesized by chemical vapor deposition method. The diam-
eter of synthesized MWCNTs ranged 30–50 nm with typical length ranging from
0.3 mm to several mm. A small amount (�0.1wt%) of MWCNTs was doped into
LAHS 18 and the mixture was ultrasonicated for 3 h to reduce the agglomeration
tendency of CNTs. The sample cells for the present study were prepared using
indium tin oxide (ITO) coated glass plates. The desired (squared) pattern area was
0.45� 0.45 cm2. The thickness of the cell was maintained by using 4 mm thick Mylar
spacers. The material (pure and MWCNTs doped LAHS 18) was filled into these
cells by capillary action above isotropic temperature. For homogeneous alignment
of the FLC cells, spin coating of polyimide (nylon 6=6) followed by smooth rubbing
of the substrate has been carried out using buffing machine. The phase sequence of
DHFLC material used is as follows:

Cr: !1
�C

SmC�  !57:5�C
SmA�  !64

�C
I : ðLAHS18Þ

The various material parameters such as PS and rotational viscosity (g) of pure and
MWCNTs doped LAHS 18 material have been determined using automatic LC tes-
ter (ALCT-P, Instec, USA). For electrical response of the sample, the triangular
wave pulse (20VPP) generated from the function generator was applied to the sample
and studied by using a storage oscilloscope (HM 1507–3, HAMEG, Germany)

Spontaneous Polarization in Smectic A Phase 167=[405]

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
2:

10
 0

7 
A

ug
us

t 2
01

2 



interfaced with the computer via SP-107 software. The dielectric relaxation spec-
troscopy of pure and MWCNTs doped LAHS 18 material has been performed by
using an impedance analyzer (Wayne Kerr, 6540A, UK) in the frequency range
20Hz � 1MHz with measuring voltage of 0.5V.

Figure 1. Electrical response of MWCNTs doped DHFLC (LAHS 18) at (a) 45
�
C, (b) 54�C

and 58�C. Ch I shows driving triangular pulse voltage (20VPP) and Ch II shows its electrical
response. The time scale per division is on x-axis, which is same for both channels. (Figure
appears in color online.)
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3. Results and Discussion

Figure 1 shows the electrical response of MWCNTs doped LAHS 18 sample cell on
the application of triangular wave of amplitude 20Vpp. In the output response, a sin-
gle peak representing the coupling of molecular polarization with the applied electric
field has been observed in deep SmC� phase. When the temperature is increased, a
second peak of small amplitude along with the first peak has been observed

Figure 2. Electrical response of pure DHFLC (LAHS 18) at (a) 45
�
C, (b) 54�C and 58�C. Ch I

shows driving triangular voltage (20VPP) and Ch II shows its electrical response. The time
scale per division is on x-axis, which is same for both channels. (Figure appears in color
online.)
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(Fig. 1(a)). The amplitude of the second peak has increased as temperature
approached to SmC�–SmA� phase transition temperature (TC) and became compa-
rable with that of first peak at TC (Fig. 1(b)). The first peak has been vanished com-
pletely at TC due to transition from ferroelectric to paraelectric ordering of the
DHFLC molecules but, surprisingly, the second peak remained even in SmA� as well
as in isotropic phase (Fig. 1(c)). Figure 2 show the electrical response of pure LAHS
18 on the application of triangular wave pulse of amplitude 20VPP. It is clearly
reflected from figure that only a single polarization peak has been appeared which
almost disappeared in SmA�. The contribution of second peak to PS in MWCNTs
doped LAHS 18 has been analyzed by observing the behaviors of PS and g with tem-
perature. Figure 3 shows the behavior of PS and g with temperature in pure and
MWCNTs doped LAHS 18. From Figure 3(a), it can be seen that the value of PS

Figure 3. Behavior of (a) spontaneous polarization (PS) and (b) rotational viscosity (g) of pure
(squares) and MWCNTs doped (circles) LAHS 18 with temperature. The inset of (a) shows the
behavior of PS of MWCNTs doped LAHS 18 material close to TC. (Figure appears in color
online.)
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decreases gradually for MWCNTs doped LAHS 18 whereas it shows rapid decrease
in case of pure LAHS 18. Also, PS remains higher for MWCNTs doped LAHS 18
than that of pure LAHS 18 on increasing the temperature. The difference in the
PS values of MWCNTs doped and pure LAHS 18 is found to be more significant
near TC (inset of Fig. 2(a)). The retention of higher values of PS suggested the
increase in the strength of SmC� phase by dispersing MWCNTs into the LAHS 18
material. Lagerwall et al. observed the increase in the strength of SmC� phase of
CNTs doped Anti-FLCs and demonstrated the possibility of increase in PS or a
longer helical pitch [22]. The behavior of g of MWCNTs doped LAHS 18 with tem-
perature exhibited the same trend as PS. There is a substantial change in pure and
MWCNTs doped LAHS 18 which is clearly reflected from Figure 3(b).

We have also performed the dielectric measurements on pure and MWCNTs
doped LAHS 18 with temperature. Figure 4 exhibits the behavior of real part of
dielectric permittivity (e0) of MWCNTs doped and pure LAHS 18 at temperatures
(from below TC to isotropic phase). It is quite obvious from Figure 4 that value
of dielectric strength (De¼ e0� e1) of MWCNTs doped LAHS 18 is greater than
that of pure LAHS 18 as the value of e0 is slightly higher for MWCNTs doped LAHS
18 than that of pure LAHS 18 in the low frequency regime. It has been observed that
the incorporation of CNTs in the LCs shifted the TC of mixture to higher values.

Figure 4. Behavior of real part of dielectric permittivity (e0) of (a) MWCNTs doped LAHS 18
and (b) pure LAHS 18 material with frequency in SmA� and isotropic phase.
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Duran et al. have studied the effect of CNTs on the nematic-isotropic phase tran-
sition temperature (TNI) and found that TNI was enhanced for a certain range of con-
centration of CNTs [23]. We have also observed the same effect in MWCNTs doped
LAHS 18 material. However, the shift in TC in our case is very less (�1�C). Figure 5
shows the behavior of dielectric loss factor (tan d) of MWCNTs doped and pure
LAHS 18 with temperature. Usually by using impedance analyzers one measures
capacitance and tan d of the sample, where tan d is defined as the ratio of imaginary
and real part of the dielectric permittivity [24]. The value of tan d for MWCNTs
doped LAHS 18 is found to be almost one order higher than that of pure LAHS
18 at low frequencies (Figs. 5(a) and 5(b)). This increase in tan d is due to the
increase in electrical conductivity of LAHS 18 by MWCNTs [25]. Lebovko et al.
have also observed the sharp increase in the electrical conductivity of CNTs doped
LC due to the formation of continuous network of CNTs in LC matrix [26]. Figure 6
shows the behavior of resistance of pure and MWCNTs doped DHFLC (LAHS 18)
with frequency. It can be seen clearly from Figure 6(a) that the electrical resistance

Figure 5. Behavior of dielectric loss factor (tan d) of (a) MWCNTs doped LAHS 18 and (b)
pure LAHS 18 material with frequency in SmA� and isotropic phase.
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of MWCNTs doped LAHS 18 is almost one order lower than that of pure LAHS
18 (Fig. 6(b)). The lower values of electrical resistance inferred the increased
conductivity of MWCNTs doped LAHS 18 material. We have also performed the
measurements to observe the effect of MWCNTs on dielectric memory of LAHS
18 material with temperature. Figure 7(a) shows the variation of e0 on the application
of dc biases of 0V, 8V and 0V again at room temperature. In the absence of any dc
bias across cell (0 V state) the value of e0 comes out to be high due to the Goldstone
mode (GM) contribution. This GM contribution gets suppressed on the application
of certain dc bias and result in lower values of e0. If the value of e0 attains its original
value (0V state) on the removal of bias then it means material does not possess
dielectric memory. On the other hand, the retention of e0 values in switched state
even after removal of bias indicates the dielectric memory. Figure 7(a) shows the
behavior of dielectric memory of MWCNTs doped LAHS 18 at room temperature.
It is clear from figure that the CNTs doped material does not show memory at room
temperature. The dielectric memory of MWCNTs doped LAHS 18 material has been
enhanced on increasing the temperature and become more significant close to Tc.

Figure 6. Behavior of electrical resistance of (a) MWCNTs doped LAHS 18 and (b) pure
LAHS 18 material with frequency in SmA� and isotropic phase.
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Figure 7(b) reflects the occurrence of remarkable memory effect at 52.4�C which is
very close to Tc. The pure LAHS 18 material also shows the same behavior as
MWCNTs doped LAHS 18 with temperature that can be seen from Figs. 7(c) and
7(d). But, the behavior of e0 of memory state (0V again) has been found to show
remarkable change in case of MWCNTs doped LAHS 18. The behavior of memory
state (0V again curve) is somewhat different in MWCNTs doped LAHS 18 unlike
pure one at low frequency regime (Fig. 7(d)). The long axis of CNTs orients parallel
to the LC director with an orientational order parameter (S) between 0.6 and 0.9
which is higher than that of pure LC [27–29]. Baik et al. demonstrated the strong
interaction between LC-CNT to be a consequence of surface anchoring of LC
molecules on CNTs with a binding energy of �2 eV for p-p stacking [30]. The coup-
ling of LC molecules with CNTs through surface anchoring can induce local short
range orientational order of LC molecules surrounding the CNTs. Basu et al. have
demonstrated that this short range orientational order generates so called
‘‘Pseudo-nematic domains’’ having polarization and hence respond to applied elec-
tric field [31]. The occurrence of the second peak may be attributed to the coupling
between polarizations of DHFLC molecules anchored on CNT surfaces and applied
electric field. When the temperature increases, the value of PS decreases and hence
the coupling between electric field and PS of those molecules surrounding MWCNTs
become enough significant to appear as a second polarization peak in the output. At
temperatures just above TC, the polarization of DHFLC molecules (except those sur-
rounding MWCNTs) has been vanished. The molecules surrounding MWCNTs

Figure 7. Behavior of dielectric memory of (a), (b) MWCNTs doped LAHS 18 and (c), (d)
pure LAHS 18 material with temperature.
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surfaces retain some ordering such that they possess non-zero polarization which on
coupling with electric field produce second peak. However, the behaviors of tan d,
electrical resistance, and dielectric memory with temperature at low frequency
regime suggest the intense signature of ionic impurities in MWCNTs doped
DHFLC. The low frequency increase in e0 and tan d are classic signatures of ions,
their slow motion through the sample may give polarization processes longer relax-
ation times. The lower value of electrical resistance in case of MWCNTs doped
LAHS 18 suggested that all MWCNTs have not aligned along the director. Few
of them have formed aggregates and their short circuiting has given lower values
of resistance. The presence of ions gave rise to low relaxation processes that can
go from seconds or even minutes after removal of bias. This phenomenon has been
appeared clearly from the low frequency dielectric memory near TC. Thus, ionic con-
taminations may also result second polarization peak (which also appeared in iso-
tropic phase) in the electrical response of MWCNTs doped LAHS 18 material.

4. Conclusions

A finite value of PS in SmA� phase of MWCNTs doped LAHS 18 has been observed.
The occurrence of PS has been confirmed by means of electro-optical and dielectric
methods. It is found that the non-zero PS in SmA� may arise due to MWCNTs
induced short range ordering of DHFLC molecules as well as the introduction of
ionic impurities in DHFLC material while doping with MWCNTs. However, the
experimental results have been found favorable to the contribution of excess ionic
contaminations to produce non-zero PS in SmA� phase of MWCNTs doped LAHS
18 material.
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