
Dielectric hysteresis, relaxation dynamics, and nonvolatile memory effect
in carbon nanotube dispersed liquid crystal

Rajratan Basua� and Germano S. Iannacchioneb�

Department of Physics, Order-Disorder Phenomena Laboratory, Worcester Polytechnic Institute, Worcester,
Massachusetts 01609, USA

�Received 7 May 2009; accepted 12 November 2009; published online 23 December 2009�

Self-organizing nematic liquid crystals �LCs� impart their orientational order onto dispersed carbon
nanotubes �CNTs� and obtain CNT-self-assembly on a macroscopic dimension. The nanotube-long
axis, being coupled to the nematic director, enables orientational manipulation via the LC nematic
reorientation. Electric-field-induced director rotation of a nematic LC+CNT system is of potential
interest due to its possible application as a nanoelectromechanical system. Electric field and
temperature dependence of dielectric properties of a LC+CNT composite system have been
investigated to understand the principles governing CNT assembly mediated by the LC. In the
LC+CNT nematic phase, the dielectric relaxation on removing the applied field follows a
single-exponential decay, exhibiting a faster decay response than the pure LC above a threshold
field. The observed dielectric behaviors on field cycling in the nematic phase for the composite
indicates an electromechanical hysteresis effect of the director field due to the LC-CNT anchoring
mechanism. Observations in the isotropic phase coherently combine to confirm the presence of
anisotropic pseudonematic domains stabilized by the LC-CNT anchoring energy. These polarized
domains maintain local directors and respond to external fields, but do not relax back to the original
state on switching the field off, showing nonvolatile memory effect. © 2009 American Institute of
Physics. �doi:10.1063/1.3272080�

I. INTRODUCTION

Self-organizing nematic liquid crystal �LC� has gained
interest in recent years for transferring orientational order
onto suspended nanoparticles.1–8 It has been demonstrated
that inside a nematic LC matrix, the long axes of carbon
nanotubes �CNTs� orient parallel to the director field �aver-
age direction of LC molecules� with an orientational order
parameter S between 0.6 and 0.9,1,2,7 while bulk nematic LCs
themselves have orientational order of S�0.6. Recent theo-
retical work shows that a strong interaction, mainly due to
surface anchoring with a binding energy of about �2 eV for
�-� stacking between LC-CNT,4,9 is associated with the
CNT alignment mechanism in the nematic state. It has also
been known theoretically for some time that the distribution
of orientations of the nanosize anisotropic guest particles in
an anisotropic and ordered solution is along the symmetry
axis of the solution.10 An anisotropic nematic LC shows cy-
lindrical symmetry along the director field.10,11 Thus, the an-
choring energy favors the dispersed CNT long axis parallel
to the director field, minimizing the elastic distortion of the
nematic matrix, which is essential a minimization of ex-
cluded volume.10 This is shown schematically in Fig. 1.

As the CNTs are much thinner than the elastic penetra-
tion length, the alignment is driven by the coupling of the
unperturbed director field to the anisotropic interfacial ten-
sion of the CNTs in the nematic LC matrix.12 Thus, the con-
centration of CNTs in LC is a very important parameter for
this alignment process as monodispersion without any ag-

glomerates is needed. The dilute suspensions are stable be-
cause well dispersed CNTs individually �not in bundles� do
not perturb the director field significantly. Consequently, the
nanotubes share their intrinsic properties with the LC matrix,
such as electrical conductivity2 due to the alignment with the
LC molecules. Thus, comprehensive understanding of the in-
teraction of CNTs with a LC and the principles governing
their self-assembly through LC mediated interactions is an
important and active area of research. Exploiting the nematic
LC for nanotemplating purposes and controlling the director
by applying fields make the LC+CNT mixture an attractive
anisotropic physical system to study the Fréedericksz switch-
ing through an electromechanical response at the nanoscale
level. After a field-induced director rotation of the nematic in
a LC+CNT �Refs. 1–3� contained in a planar LC cell,13 the
LC molecules, as well as the CNTs, dynamically reorient
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FIG. 1. �Color online� Schematic of symmetry matching; the dotted cylinder
shows the cylindrical symmetry of uniaxial nematic phase; the small cylin-
der shows the cylindrical confinement of a CNT.
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back into their original orientation on the immediate removal
of the electric field, exhibiting the intrinsic relaxation dy-
namics. The LC media, such as nematic phase or isotropic
phase, strongly influence the reorientation and relaxation
mechanisms of the CNTs.

In this paper, we report the dynamic response, the hys-
teresis effect, and the temperature dependence of the dielec-
tric constant ��̄� for multiwalled carbon nanotubes
�MWCNTs� dispersed in 4-cyano-4�-pentylbiphenyl �5CB�
LC in both the nematic and isotropic phases. The nematic
phase shows dielectric anisotropy due to the anisotropic na-
ture of the LC molecules where �� and �� are the compo-
nents parallel and perpendicular to the molecular long axis,
respectively. For a positive dielectric anisotropic LC, ��

���, and so, the director field reorients parallel to an ap-
plied electric field. In a uniform homogeneously aligned
parallel-plate cell configuration, the nematic director is
aligned perpendicular to the applied electric field due to sur-
face anchoring, but the director can reorient parallel to the
field if the field magnitude is above some critical threshold.
This is the essence of a Fréedericksz transition, and an ac-
capacitance measurement of the �̄ will reveal �� below and
�� above this switching, the exact values depending on fre-
quency. Having a very high aspect ratio, CNTs also exhibit
dielectric anisotropy.

Following this introduction, a description of the materi-
als, sample preparation, and ac-capacitance bridge technique
are given in Sec. II. Dielectric hysteresis, dynamic response
of �̄, and temperature dependence of �̄ are presented in Sec.
III, followed by conclusions in Sec. IV.

II. EXPERIMENTAL PROCEDURES

A. Materials and sample preparation

The MWCNT sample used for this experiment contains
nanotubes �8 nm in diameter and 0.5–2 �m in length with
purity of 95%, purchased from Nanostructured and Amor-
phous Materials, Inc. The well characterized LC 5CB used
for this experiments has a nematic to isotropic phase transi-
tion at temperature TNI=35 °C. A small amount �0.005
wt %� of MWCNT sample was dispersed in 5CB, and the
mixture was ultrasonicated for 5 h to reduce the bundling
tendency of CNTs. Soon after ultrasonication, the mixture
was degassed under vacuum at 40 °C for at least 2 h. The
mixture then was filled into a homogeneous LC cell �5
�5 mm2 indium tin oxide coated area and 20 �m spacing�
by capillary action, housed in a temperature controlled bath.
The typical amount of the LC filled into the cell is around 0.5
mg. The cell spacing filters out any nanotube aggregates
larger than the spacing dimension. Surface treatment inside
the LC cell induces the planar alignment to the nematic
director.13 Empty LC cells were measured separately first in
order to extract the �̄. The relaxation dynamics also depend
on cell configuration; for comparisons, the same type of cells
was used for both pure 5CB and 5CB+MWCNT.

B. ac-capacitance bridge technique and dielectric
spectrometer

The dielectric measurements were performed by the ac-
capacitance bridge technique,14–16 operating with a probing
field E at 100 kHz frequency. Comparison between the
empty capacitance �Co� and sample filled cell capacitance
�Cs� allows for a relative measurement of dielectric constant
�̄�=Cs /Co� with respect to the empty cell. The probing field
E �100 kHz�, in a capacitive measurement, is in phase and at
the same frequency as the measurement of the complex di-
electric constant �̄ �100 kHz�. Thus, in the complex rotating
frame of the measurement, the probing field E �100 kHz� can
be considered a “static” field.17 After the sample was freshly
loaded into the cell, dielectric hysteresis experiments were
performed by cycling the E �100 kHz� field magnitude rang-
ing from 25↔250 kV /m and monitoring �̄�E�. The field
annealing treatment trains the sample to improve the nematic
ordering controlling any defects in the nematic matrix. Tem-
perature annealing was also performed by heating the system
to isotropic phase and then cooling it down to the nematic
phase, but no thermal hysteresis was observed.

After the completion of field and temperature annealing,
an external ac electric field pulse Eac �1 MHz� of 30 s dura-
tion was applied across the cell at magnitudes ranging from 0
to 250 kV/m. The field Eac �1 MHz� is independent of the
capacitance bridge and measurement technique. The reason
for applying the ac field �not dc� is to avoid the effect of ion
migration or ionic conduction on the dielectric relaxation
measurements. Once Eac was turned off �at t=0 s�, isother-
mal average dielectric �̄�t� measurements were carried in the
nematic �T=25 °C� and isotropic �T=37 °C� phases as a
function of time. The magnitude of the probing field E �5
kV/m, 100 kHz� was kept far below the Fréedericksz reori-
entation threshold field during this measurement. The LC
5CB does not exhibit any tumbling relaxation mode18 and
MWCNTs show no space charge or dipole orientation dy-
namics at this probing frequency, 100 kHz.16,19 Therefore,
the observed dielectric relaxation is caused mainly by a me-
chanical relaxation mechanism of the director on turning Eac

off. The temperature dependence of �̄ was studied in order to
understand the behavior of nematic and isotropic phases of
the LC in the presence of CNTs. The temperature depen-
dence of �̄ provides information about the isotropic to nem-
atic phase transition and the structural changes due to the
anchoring energy arising from the presence of CNTs.

III. RESULTS AND DISCUSSIONS

A. Dielectric hysteresis in the nematic phase

Figure 2�a� depicts the dielectric hysteresis effects for
5CB and 5CB+MWCNT in the nematic phase �T=25 °C�.
The area under the hysteresis loop, which is proportional to
the energy lost during the cycle, is shown in Fig. 2�b�. The
hysteresis area for bulk 5CB decreases by a considerable
amount after the first cycle and then remains constant for the
rest of the number of cycles performed. A vivid change in the
dielectric hysteresis has been observed for the composite sys-
tem. The first cycle shows the highest amount of hysteresis
loss, which gradually decreases through the second and third
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cycles, reaching saturation at the fourth cycle. After the
fourth cycle the hysteresis area remains the same throughout
the rest of the number of annealing cycles performed. It is
important to note that this dramatic change is observed due
to the presence of only 0.005 wt % of MWCNTs in the nem-
atic LC media. As an ac field is used for this annealing pro-
cess, ion migration or ionic conduction has no contribution
to the dielectric behavior observed, and so, the hysteresis
effects observed are not caused by the residual dc effect.

The structural changes due to the application of an ac
field in the LC-CNT nematic matrix result in the observed
electromechanical hysteresis of the director field. The LC-
CNT anchoring energy increases the elastic constant for bent
distortion in the nematic phase, increasing the elastic energy
in the LC molecules.20,21 The increase in the elastic constant
for bent distortion leads the director field to follow different
paths during field cycling up and down, hence the observed
electromechanical hysteresis in the LC-CNT hybrid system.

The hysteresis area has been found to be increasing with
increasing CNT concentration. Also, the multiple field an-
nealing controls LC defects22 and perhaps results in a reduc-
tion in the defects in the matrix inside the cell, hence, de-
creasing the hysteresis area with increasing cycle number for
the first few cycles.

B. Relaxation dynamics of ε̄ in the nematic phase

The planar rubbing direction on the surface of the elec-
trodes inside the LC cell acts as an anchoring field that in-
duces homogeneous alignment on the first few LC layers
touching the top and bottom electrodes. Then, the elastic
interaction between the LC molecules makes the homoge-
neous alignment propagate through the whole media, obtain-
ing a planar director profile inside the cell. Being embedded
in the nematic matrix CNT long axis also follows the planar
director field. Electric-field-induced director reorientation
occurs when the torques, due to the external electric field,
overcome the elastic interactions between LC molecules,
and, through surface coupling, the CNT long axis follows the
director rotation. Soon after the field goes off, these restoring
forces, between the planar surface state and the LC director,
drive the system back to the planar configuration through a
mechanical rotation.

The dielectric constant �̄ as a function of time and Eac,
after switching Eac off for the 5CB+MWCNT sample in the
nematic phase �T=25 °C�, is shown in Fig. 3. The relaxation
of �̄ follows a single-exponential decay, reaching its original
value. The field-saturated dielectric constant �̄max ��̄ at t=0,
from Fig. 3� for each relaxation is plotted as a function of Eac

in Fig. 4 and is directly associated with the director profile.
The value of �̄max starts to increase above Eac=20 kV /m for
both pure LC and LC+CNT samples, confirming the director
reorientation from planar to homeotropic, but �̄max saturates
at a higher field for the composite sample than pure 5CB; see
Fig. 4. This is probably due to the higher aspect ratio of
CNTs that require higher fields to fully reorient. As men-
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FIG. 2. �Color online� �a� Field annealing hysteresis cycles, �̄ vs E, for 5CB
�top two panels� and 5CB+MWCNT �bottom four panels� in the nematic
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FIG. 3. �Color online� Dynamic response of the average dielectric constant
�̄ for 5CB+MWCNT as a function of time and Eac �1 MHz� in the nematic
phase �T=25 °C� after Eac goes off.
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tioned earlier, because of having a very high aspect ratio,
CNTs also exhibit dielectric anisotropy23 and contribute their
�� or �� to the system depending on a particular orientation.
For the homogeneous director profile �Eac�20 kV /m in
Fig. 4�, individual CNTs being perpendicular to the measur-
ing field contribute their average �� to the average dielectric
constant of the system. Figure 4 shows that the average di-
electric constant of the composite system increases by an
amount ��1=0.34. After the saturation point, when the sys-
tem is fully reoriented parallel to the field, dispersed CNTs
also show homeotropic alignment, contributing their average
�� ����� to the system. Above the saturation �Eac

�80 kV /m� point, the dielectric increment is given by
��2=0.54. The significant dielectric difference ��=��2

−��1=0.2 due to the presence of only 0.005 wt % CNTs in
LC media confirms that the dispersed CNTs follow the field-
induced director rotation. If the CNTs were to stay in the LC
matrix in random orientation without following the nematic
director, one would expect ��1 to be equal to ��2. Thus,
parallelly organized CNTs in the nematic matrix can be ro-
tated �between 0° and 90°� mechanically by switching Eac on
and off, obtaining directed self-assembly of suspended
CNTs. This directed self-assembled system can be used as a
nanoelectromechanical system and a micro-/nanoswitch ex-
ploiting the high electrical conductivity of CNTs along the
long axis. It is important to point out that the Eac driven
director rotation is a much faster response than the relaxation
response �decay� on switching Eac off. On switching Eac on
and off this system acts as a nano-oscillator governing two
different characteristic frequencies.

Dielectric relaxation curves for 5CB and 5CB
+MWCNT were fitted according to a single-exponential de-
cay function f�t�= �̄1e�−t/	�+ �̄0 with a typical regression co-
efficient of R=0.9996. Here, 	 is the relaxation decay time,
�̄0 is the average base dielectric constant, and �̄1 is the field-
induced average dielectric constant. Thus, the field-saturated
average dielectric constant �̄max= �̄0+ �̄1. Figure 5�a� shows
the linear dependency of �̄ with a logarithmic time scale. The
values for the three fitting parameters, �̄1, 	, and �̄0 as a
function of Eac, are shown in Figs. 5�b�–5�d�, respectively. It
is obtained from Fig. 5�b� that the difference in field-induced
average dielectric constant �̄1 between 5CB and 5CB
+MWCNT after the saturation point is ��=0.19. As ex-

pected, this value of �� has been found to be very close to
the value of ��2−��1 from Fig. 4. It is observed that the
relaxation time decreases as Eac increases, and, for the com-
posite, saturates at a higher field than that of pure 5CB. This
is consistent with the behaviors of �̄max shown in Fig. 4.
Figure 5�c� depicts that the composite system for Eac larger
than the saturation point �Eac�80 kV /m� relaxes back
faster than pure 5CB. Possibly, dispersed CNTs attract free
ions present in the LC media.4 The presence of ions would
slow down the elastic-force driven mechanical relaxation of
the nematic domains. The presence of CNTs would lower the
free ion concentration allowing the composite system to re-
lax considerably faster. The reduction in the free ion concen-
tration results in a decrease in the rotational viscosity of the
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nematic media. Thus the improvement in the relaxation time
is attributed to the decrease in rotational viscosity.24 The av-
erage base dielectric constant �̄0, shown in Fig. 5�d�, does
not depend on Eac. Also, as expected, the increment in aver-
age base dielectric constant ��̄0 is found to be equal to ��1

from Fig. 4, indicating self-consistency.

C. Relaxation dynamics of ε̄ in the isotropic phase

The same experiment was repeated in the isotropic phase
�T=37 °C� to study the relaxation dynamics. A dramatic
change in the field-induced orientation mechanism has been
observed in this phase; see Fig. 6�a�. Due to the absence of
elastic interactions in the isotropic phase, the LC molecules
no longer maintain a long-range orientation order and act as
an isotropic liquid. The isotropic phase, as expected, does not
respond to an external field, as also experimentally con-
firmed in Fig. 6�b�. But, the composite shows an increment
in �̄ on application of electric field. Interestingly, �̄ does not
relax back over time on switching the field off, as observed
in Fig. 6�a�. The data of �̄ versus time were recorded for a
few hours �not shown in Fig. 6�a�� and no decays in �̄ were
observed during that period. This suggests that the hybrid
system goes through some permanent structural changes
each time on application of Eac.

Even though there are no long-range nematic interac-
tions in the isotropic phase, the interaction �surface anchor-
ing� between the LC and CNT surfaces4,7 still exists. Due to
this coupling, the CNT induces a local short-range orienta-
tion order of LC molecules surrounding the CNT. The pres-
ence of a few layers of LC molecules on CNT walls can be

visualized as the presence of isolated pseudonematic
domains21 in an isotropic media as described in Fig. 7. These
local anisotropic pseudonematic domains have polarization
and they interact with external electric fields. Thus, these
field-responsive domains can be rotated on application of Eac

without disturbing the isotropic media. But, after the field
goes off, there is no restoring force in the isotropic LC media
to mechanically torque these domains back into the original
state. Therefore, each time higher Eac is applied, the system
goes through some permanent local structural changes, ex-
hibiting a nonvolatile memory effect; thus, �̄ shown in Fig.
6�a� does not decay over time. It is important to note that it is
a structural memory on application of Eac. Figure 6�b� dis-
plays that there is no sharp threshold field to start the reori-
entation in the isotropic phase and �̄max does not seem to
saturate in the field range studied. The field-induced reorien-
tations of these anisotropic domains can only be erased by
slowly cooling the system down to the nematic phase and
then heating it up again to the isotropic phase.

D. Temperature dependence of ε̄ in the nematic and
isotropic phases

For a temperature dependent study a different cell was
used in order to maintain temperature stabilization of the
sample inside the cell. A droplet of each sample was sand-
wiched between parallel-plate capacitor configurations, 1 cm
diameter and 100 �m spacing, housed in a temperature con-
trolled bath. Dielectric measurements were performed at a
very low probing field �5 kV/m� and at 100 kHz frequency.
The normalized �̄ for 5CB and 5CB+MWCNT are shown in
Fig. 8 as a function of temperature shift �TNI. The tempera-
ture shift is defined as �TNI=T−TNI, where TNI is the nem-
atic �N� to isotropic �I� transition temperature for each
sample. The transition temperature is defined as the tempera-
ture where �̄ shows the first discontinuity while entering the
N+ I phase coexistence region from isotropic phase and was
determined from �̄ versus T graphs. For 5CB TNI=35.1 °C
and for 5CB+MWCNT TNI=34.67 °C. To compare the di-
electric behaviors properly for 5CB and 5CB+MWCNT, the
dielectric constants are normalized to the highest temperature
�42 °C� point studied. The bulk 5CB exhibits the classic
temperature dependence of the dielectric constant. Above the
transition temperature ��TNI�0� the dielectric constant �̄ for
5CB flattens out in the isotropic phase and shows no tem-
perature dependence at all. This indicates that the bulk 5CB,

0
1

2
3

4
5

50
100
150
200
2502.90

2.95

3.00

3.05

3.10

0 50 100 150 200 250
2.7

2.8

2.9

3.0

3.1

⎯ε
(1
00
kH
z)

E ac
(kV
/m
)time (second)

b
5CB+MWCNT
5CB

⎯ε
m
ax
(t
=
0)

Eac (kV/m, 1 MHz)

a

FIG. 6. �Color online� �a� Dynamic response of the average dielectric con-
stant �̄ for 5CB+MWCNT as a function of time and Eac �1 MHz� in the
isotropic phase �T=37 °C� after Eac goes off; �b� field-saturated dielectric
constant, �̄max ��̄ at t=0� as a function of Eac for 5CB and 5CB+MWCNT in
the isotropic phase �T=37 °C�. The lines represent a guide to the eyes.

A B C

Field off Field on Field off

FIG. 7. �Color online� Schematic of the presence of field-responsive aniso-
tropic pseudonematic domains in the isotropic media. The dashed rectangles
represent the LC-CNT pseudonematic domains.

124312-5 R. Basu and G. S. Iannacchione J. Appl. Phys. 106, 124312 �2009�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



for �TNI�0, reaches a complete disorder state having an
order parameter S�T�=0. The inset in Fig. 8 presents the
extracted d�̄ /dT in the isotropic temperature range. This
shows that d�̄ /dT=0 for 5CB in the isotropic phase, further
indicating the complete isotropic phase of 5CB above the
transition temperature.

The value of �̄ for the composite mixture shows a dra-
matic change both in nematic and isotropic phases, as shown
in Fig. 8. The presence of CNTs increases the dielectric an-
isotropy locally in the system due to the anchoring energy.
The larger the dielectric anisotropy, the smaller the field is
needed to make the system respond to it. The evolved wing
of �̄ in the nematic phase ��TNI�0� indicates that the LC
+CNT system is more responsive to the low probing field
than bulk 5CB, which is another evidence for a ferroelectric-
type behavior of 5CB+CNT. For this composite system, the
curvature in �̄ and the nonzero value for d�̄ /dT in the iso-
tropic phase ��TNI�0� imply that the system does not reach
a complete disorder state �order parameter, S�T��0�, indi-
cating the presence of pseudonematic domains discussed ear-
lier.

IV. CONCLUSIONS

We have demonstrated the dielectric hysteresis, relax-
ation response, and nematic to isotropic phase transition phe-
nomena for a LC-CNT hybrid composite by probing its di-
electric properties. The field annealing shows an
electromechanical hysteresis of the director field in the com-
posite system, indicating an increase in the elastic interaction
in the nematic matrix due to the strong anchoring energy
associated with the alignment mechanism. The dielectric re-
laxation dynamics reveal that incorporating CNTs in a nem-
atic platform results in an improvement in relaxation decay
time �for Eac�80 kV /m�, decreasing rotational viscosity.
The local anisotropic pseudonematic domains in the isotropic

phase demonstrate a field-induced nonvolatile memory ef-
fect. The dielectric constant as a function temperature repre-
sents N− I phase transition phenomena for the bulk and the
composite. A strong temperature dependent dielectric con-
stant for the LC+CNT system in the isotropic phase con-
firms the presence of pseudonematic domains. This versatile
nanoscale electromechanical system might reveal an interest-
ing hysteresis effect in the high frequency regime due to their
high frequency switching effect. Future work involves fre-
quency dependent dielectric hysteresis studies for different
CNT concentrations in LC media for both the nematic and
isotropic phases.

ACKNOWLEDGMENTS

The authors are grateful to Professor Rafael Garcia for
useful discussions. This work was supported by the Depart-
ment of Physics, WPI.

1M. D. Lynch and D. L. Patrick, Nano Lett. 2, 1197 �2002�.
2I. Dierking, G. Scalia, and P. Morales, J. Appl. Phys. 97, 044309 �2005�.
3R. Basu and G. Iannacchione, Appl. Phys. Lett. 93, 183105 �2008�.
4I.-S. Baik, S. Y. Jeon, S. H. Lee, K. A. Park, S. H. Jeong, K. H. An, and
Y. H. Lee, Appl. Phys. Lett. 87, 263110 �2005�.

5P. V. Kamat, K. G. Thomas, S. Barazzouk, G. Girishkumar, K. Vinodgo-
pal, and D. Meisel, J. Am. Chem. Soc. 126, 10757 �2004�.

6J. M. Russell, S. Oh, I. LaRue, O. Zhou, and E. T. Samulski, Thin Solid
Films 509, 53 �2006�.

7J. Lagerwall, G. Scalia, M. Haluska, U. Dettlaff-Weglikowska, S. Roth,
and F. Giesselmann, Adv. Mater. 19, 359 �2007�.

8R. Basu and G. Iannacchione, Phys. Rev. E 80, 010701 �2009�.
9K. A. Park, S. M. Lee, S. H. Lee, and Y. H. Lee, J. Phys. Chem. C 111,
1620 �2007�.

10L. Onsager, Ann. N.Y. Acad. Sci. 51, 627 �1949�.
11P. G. de Gennes and J. Prost, The Physics of Liquid Crystals �Oxford

University Press, Oxford, 1974�.
12P. van der Schoot, V. Popa-Nita, and S. Kralj, J. Phys. Chem. B 112, 4512

�2008�.
13Empty LC cells �LC2-20.0, homogeneous antiparallel rubbed with 1°

pretilt� are commercially available from Instec Research Instrumentation
Technology.

14S. Pilla, J. A. Hamida, and N. S. Sullivan, Rev. Sci. Instrum. 70, 4055
�1999�.

15S. C. Bera and S. Chattopadhyay, Measurement 33, 3 �2003�.
16M. C. Foote and A. C. Anderson, Rev. Sci. Instrum. 58, 130 �1987�.
17R. Basu and G. Iannacchione, J. Appl. Phys. 104, 114107 �2008�.
18F. Kremer and A. Schonhals, Broadband Dielectric Spectroscopy

�Springer, Berlin, 2003�.
19R. Basu and G. Iannacchione, Appl. Phys. Lett. 92, 052906 �2008�.
20S. Y. Jeon, S. H. Shin, S. J. Jeong, S. H. Lee, S. H. Jeong, Y. H. Lee, H.

C. Choi, and K. J. Kim, Appl. Phys. Lett. 90, 121901 �2007�.
21R. Basu and G. Iannacchione, Appl. Phys. Lett. 95, 173113 �2009�.
22G. V. Prakash, M. Kaczmarek, A. Dyadyusha, J. J. Baumberg, and G.

D’Alessandro, Opt. Express 13, 2201 �2005�.
23J. A. Fagan, J. R. Simpson, B. J. Landi, L. Richter, I. Mandelbaum, J.

Obrzut, V. Bajpai, R. Raffaelle, B. J. Bauer, A. R. Hight Walker, and E. K.
Hobbie, Phys. Rev. Lett. 98, 147402 �2007�.

24J. Prakash, A. Choudhary, D. S. Mehta, and A. M. Biradar, Phys. Rev. E
80, 012701 �2009�.

-3 -2 -1 0 1 2 3 4
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4 5CB+MWCNT
5CB

Isotropic

⎯ε
(n
or
m
al
iz
ed
)

∆TNI (
oC)

Nematic

0 1 2 3

-4

-3

-2

-1

0

d⎯
ε
/d
T

∆TNI (
oC)

5 CB
5 CB+MWCNT

FIG. 8. �Color online� Normalized average dielectric constant �̄ for 5CB
and 5CB+MWCNT as a function of temperature shift �TNI=T−TNI.

124312-6 R. Basu and G. S. Iannacchione J. Appl. Phys. 106, 124312 �2009�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1021/nl025694j
http://dx.doi.org/10.1063/1.1850606
http://dx.doi.org/10.1063/1.3005590
http://dx.doi.org/10.1063/1.2158509
http://dx.doi.org/10.1021/ja0479888
http://dx.doi.org/10.1016/j.tsf.2005.09.099
http://dx.doi.org/10.1016/j.tsf.2005.09.099
http://dx.doi.org/10.1002/adma.200600889
http://dx.doi.org/10.1103/PhysRevE.80.010701
http://dx.doi.org/10.1021/jp0659960
http://dx.doi.org/10.1111/j.1749-6632.1949.tb27296.x
http://dx.doi.org/10.1021/jp712173n
http://dx.doi.org/10.1063/1.1150035
http://dx.doi.org/10.1016/S0263-2241(02)00040-4
http://dx.doi.org/10.1063/1.1139540
http://dx.doi.org/10.1063/1.3035963
http://dx.doi.org/10.1063/1.2841826
http://dx.doi.org/10.1063/1.2714311
http://dx.doi.org/10.1063/1.3256013
http://dx.doi.org/10.1364/OPEX.13.002201
http://dx.doi.org/10.1103/PhysRevLett.98.147402
http://dx.doi.org/10.1103/PhysRevE.80.012701

