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Nonlinear Dielectric Spectroscopy of MHPOBC

Koji Tanaka
Masatoshi Ichikawa
Yasuyuki Kimura
Department of Physics, School of Sciences, Kyushu University,
Higashi-ku, Fukuoka, Japan

We apply nonlinear dielectric spectroscopy to an antiferroelectric liquid crystal
MHPOBC at various smectic sub-phases. In the SmC�a phase, the third-order non-
linear dielectric spectrum e�3 is found to be composed of the contributions from fer-
roelectric soft mode and soft mode of the SmC�a phase. The obtained spectrum is
well ascribable by the theoretical one calculated by the Landau-type of phenomeno-
logical theory. In the SmC� phase, e�3 shows a complicated form, and is different
from one observed in usual ferroelectric liquid crystals. In the SmC�FI1(SmC�c )
phase, ferrielectric Goldstone mode with broad distribution of relaxation times
is observed in both e�1 and e�3.

Keywords: antiferroelectric liquid crystal; MHPOBC; nonlinear dielectric spectroscopy;
SmC�; SmC�a; SmC�FI1

1. INTRODUCTION

Antiferroelectric liquid crystals (AFLCs) have been intensively studied
experimentally and theoretically since its discovery because of their
potential for display application and their interesting physical proper-
ties [1]. These materials usually show various kinds of smectic phases.
For example, MHPOBC (4-(1-methylheptyl oxycarbonyl) phenyl
4’-octyloxy-biphenyl-4-carboxylate) shows SmA, SmC�a, SmC�, SmC�FI1

(SmC�c) and SmC�A phases on cooling [2].
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Linear dielectric measurement is one of the useful methods to study
the phase sequence and the polar structure of antiferroelectric liquid
crystals [3]. However, it is difficult to detect the antiferroelectric
modes in the antiferroelectric (SmC�A) phase by linear dielectric
response. It is due to the local cancellation of the spontaneous polari-
zation by its antiferroelectric ordering of molecules [4]. But, since
there exists nonlinear coupling between dielectric anisotropy and elec-
tric field, the relaxation modes those are hard to detect by linear
dielectric measurement can be observed by nonlinear dielectric spec-
troscopy [5].

In the SmC�a phase, the tilt order parameter nq at the SmA-SmC�a
phase transition does not linearly couple with electric field. We cannot
obtain the detail information on its dynamics by linear dielectric
measurement. But, nq couples square of electric field, and we can
obtain the information on its dynamics by nonlinear dielectric
measurement [6,7].

The SmC� phase is ferroelectric phase and the main relaxation
mode in this phase is ferroelectric Goldstone mode. Since the spon-
taneous polarization couples electric field linearly in this phase, the
Goldstone mode is possible to detect by both the linear and nonlinear
dielectric responses. We can obtain various physical quantities in
the SmC� phase easily from the parameters of linear and nonlinear
dielectric spectrum [8].

The SmC�FI1(SmC�c) is ferrielectric phase and its unit-cell is 3-layers
[9,10]. The ferrielectric Goldstone mode can be detected by the linear
response because spontaneous polarization is not completely can-
celled. Although it has been reported that SmC�c phase shows helical
structure with a long pitch and has many orientational defects [11],
the details of its dynamics have not been understood well. It is
expected to obtain more detailed information on the dynamics of the
SmC�FI1 by nonlinear dielectric response.

In this study, we apply the nonlinear dielectric measurement to
the smectic sub-phases of a typical antiferroelectric liquid crystal,
MHPOBC. We also discuss its response theoretically by using the
phenomenological equation of motion and compare them with the
experimental ones.

2. EXPERIMENT

Under a weak electric field E, the electric displacement D can be
expanded into the power series of E as D ¼

P1
m¼1 emEm. When the

applied field is a sinusoidal one, E ¼ E0 cos xt (E0: amplitude, x: angu-
lar frequency), D is written as a sum of the fundamental D�1 and the

196=[690] K. Tanaka et al.
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higher harmonic components D�m (m ¼ 2,3,. . ..) of x[12]. In our case,
the even-order harmonic components disappear due to the symmetry
of polarization to electric field. When the applied field E0 is small,
the dominant term in D�m is proportional to Em

0 . We can experimentally
obtain the mth-order nonlinear dielectric spectrum e�m from the
applied field E0 dependence of D�m as

e�m ¼ lim
E0!0

D�m
Em

0

� 2m�1 � e0m � ie00m: ð1Þ

The sinusoidal electric field generated from a synthesizer
(HP33120A) in the frequency range from 1 Hz to 1 MHz was applied
to a sample after passing through a low-pass filter (NF3628) to reduce
the harmonic distortion in E(t). The electric displacement D detected
by a charge amplifier was digitized, averaged and transformed into
complex spectrum data on a vector signal analyzer (HP89410A). The
cell was mounted on a hot stage and its temperature was controlled
with an accuracy of 0.05 K by a temperature controller (LS340).

The surfaces of the cells are spin-coated with polyimide and rubbed
unidirectionally to attain homogeneous alignment of liquid crystals.
The thickness of a sample is about 19mm and the area of ITO electrode
is 16 mm2.

3. RESULTS AND DISCUSSIONS

3.1. Electric Field E Dependence of Electric Displacement D�m

Figure 1 shows the dependence of the imaginary part of complex elec-
tric displacement D�m on Em

0 obtained in the SmC�a phase. D�1 and D�3

FIGURE 1 Applied electric field E0 dependence of the imaginary part of D�1
and D�3 in the SmC�a phase.

NDS of MHPOBC 197=[691]
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are the fundamental and the third-order harmonic components of
D�, respectively. Within the range of the electric field we applied,
the electric displacement D�m shows the linear relations with Em

0 .
The broken line in Figure 1 indicates the amplitude of the electric
field we apply in the measurement of temperature dependence of e�1
and e�3.

3.2. Temperature Dependence of Linear and Third-Order
Nonlinear Permittivity

Figure 2 shows the temperature dependence of the real part of the
linear e01 and third-order nonlinear dielectric permittivity e03 at
32 Hz. Both e01 and e03 increase near the SmA- SmC�a phase transition.
This increase is attributed to the contribution of soft mode. In the
SmC� phase of typical ferroelectric liquid crystals, the sign of e03 at
low frequency is negative. But in the SmC� phase of MHPOBC, the
change of its sign is observed. The magnitude of linear permittivity

FIGURE 2 Temperature dependence of the real part of the linear e01 and the
third-order nonlinear dielectric permittivity e03 at 32 Hz.

198=[692] K. Tanaka et al.
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e�1 gives information on respective phases, but the magnitude and sign
of e�3 gives more detailed information on sub-phases.

3.3. Nonlinear Dielectric Response in the SmC�a Phase

In the SmC�a phase, c-director forms helical structure and its pitch is
about several layers [10]. We discuss the dielectric response in the
SmC�a phase near TA-Ca� phase transition by the phenomenological
free-energy of Landau-type. The experimentally obtained spectra are
shown in Figure 3. Although the obtained spectrum of e�1 is a single
relaxation of Debye-type [7,13], e�3 shows complex frequency spectrum.
In order to discuss the complex profile of e�3, we calculate e�3 by using
the phenomenological theory of Landau type [6].

Landau free-energy density f near the SmA-SmC�a phase transition
can be written with the ferroelectric tilt order parameter nf and that of
SmC�a phase nq [7] as,

f ¼ 1

2
af n

2
f þ

1

4
af n

4
f þ

1

2
aqn

2
q þ

1

4
aqn

4
q þ

1

2
gn2

f n
2
q þ kf vf nf E�

1

4
ean

2
qE2; ð2Þ

where g is the coupling constant between two order parameters, vf is
the permittivity without coupling between the polarization and the
order parameter, kf is the piezoelectric constant and ea is the dielectric
anisotropy. From the Landau-Khalatnikov equation, the theoretically

FIGURE 3 The imaginary part of the linear e001 and the third-order nonlinear
dielectric spectrum e003 as a function of temperature in the SmC�a phase.

NDS of MHPOBC 199=[693]
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calculated third-order nonlinear permittivity e�3 is given as

e�3 ¼
�bf ðkf vf Þ4=v4

ð1þ ixsf Þ3ð1þ 3ixsf Þ

þ
n2

qo=2u

1þ 2ixsq
ea �

2gv2
f k

2
f =v

2

ð1þ ixsf Þ2

" #
ea �

6gv2
f k

2
f =v

2

ð1þ ixsf Þð1þ 3ixsf Þ

" #
; ð3Þ

where u ¼ aq þ 3bqn
2
q0, v ¼ af þ gn2

q0
, sq ¼ c=u, sf ¼ c=v, nq0 is the order

parameter without field and c is the viscosity. We fitted the spectrum
of e�3 to Eq. (3) taking into account the distribution of relaxation times.
Figure 4 shows the typical spectrum of e�3 in the SmC�a phase, and the
solid lines are the best-fitted spectrum of Eq. (3).

From the result of fitting, the contribution of dielectric anisotropy
term in Eq. (3) is found to be several times smaller than that of the
coupling term near the SmA- SmC�a phase transition temperature
TA-Ca. The increment of soft mode of the SmC�a phase shows a clear
peak, and the relaxation frequency fq (� 1=2psq) takes minimum value
just below TA-Ca. We find that the temperature dependence of fq shows
Curie-Weiss type critical behavior near the SmA-SmC�a phase tran-
sition. Therefore the critical behavior of e�3 is confirmed to be due to
that of soft mode nq.

3.4. Nonlinear Dielectric Response in the SmC� Phase

We discuss the dielectric spectrum in the SmC� phase. We can detect
the ferroelectric Goldstone mode in both e�1 and e�3. The spatial

FIGURE 4 Typical spectrum of e�3 in the SmC�a phase at TA-Ca-T ¼ 0.05 K. The
solid lines represent the best-fitted curves of Eq. (3) to data (filled and empty
circles).

200=[694] K. Tanaka et al.
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distribution of the azimuthal angle / along the helical axis under an
ac electric field, E ¼ E cos xt, satisfies the following torque balance
equation [8,12];

K
@2/
@z2
� c

@/
@t
¼ PsE sin / ; ð4Þ

where K is the effective elastic constant and c is the rotational
viscosity. The third-order nonlinear dielectric spectrum e�3 is calculated
as follows,

e�3 ¼
De3f1þ ðixs3Þ2=3þ 5ðixs3Þ=3g

f1þ ðixs3Þg3f1þ 3ðixs3Þgf1þ ðixs3Þ=2g
; ð5Þ

where s3 ¼ c=Kq2
0, and q0 is the wave number of helix.

The obtained spectrum of e�3 shows a complicated form which is dif-
ferent from one observed in typical ferroelectric liquid crystals. The
different behavior seems to relate to the existence of neighboring
sub-phases (SmC�a, SmC�c). Optical purity has great influence on the
phase sequence [3,14]. In the case of MHPOBC, when optical purity
reduces, the phase sequence changes to SmA-SmC�-SmC�A. To study
the dependence of e�3 on optical purity, we also measured e�3 for the
samples whose optical purity are 60%and 40%. We call them sam-
ple-A (60%), and sample-B (40%), respectively. The experimentally
obtained spectra of e03 are shown in Figure 5.

The temperature range of SmC� phase in respective samples are
about 2 K (pure sample), about 7 K (sample-B, sample-C). In racemized
samples, we can fit the spectrums of e�3 to Eq. (5) at the higher
temperature region of SmC� phase. We obtained the spectrums of e�3
with broad distribution of relaxation time at the lower temperature
in racemized samples. From the result of linear dielectric spectrum,
we find that the pitch of helix increases with the optical purity
decreases. Therefore the reason why we cannot fit the spectrum of
e�3 at the lower temperature by Eq. (5) is that the spectrum of e�3
shows long-pitched distorted structure at the lower temperature in
racemized samples.

On the other hand, the spectrum e�3 in pure sample shows a compli-
cated form, and we cannot fit it to Eq. (5). In this case, the temperature
range of SmC� phase is very narrow compared with racemized sam-
ples. Moreover, SmC�a-SmC� and SmC�-SmC�FI1 phase transitions are
first order. Therefore, in the SmC� phase of pure sample, there is
the possibility that SmC�a and SmC� phases or SmC� and SmC�FI1

phases coexist. We consider that the spectrum e�3 of pure sample
suffers serious influence of sub-phases (SmC�a, SmC�FI1).

NDS of MHPOBC 201=[695]
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3.5. Nonlinear Dielectric Response in the SmC�FI1
(SmC�c) Phase

The experimentally obtained spectra of e001 and e003 are shown in Figure 6.
e�1 and e�3 exhibit a spectrum with broad distribution of relaxation
times. In the spectrum of e�1, the relaxation mode which exists at the
low frequency is due to the ferrielctric Goldstone mode. In the spec-
trum of e�3, the relaxation mode with positive increment is observed
at about 120 Hz. We consider that this relaxation mode corresponds
to ferrielectric Goldstone mode.

FIGURE 5 The imaginary part of the third-order nonlinear dielectric
permittivity e003 as a function of temperature. (a) pure MHPOBC, (b) sample-A
(60% in optical purity), (c) sample-B (40% in optical purity).

202=[696] K. Tanaka et al.
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4. CONCLUSION

We have applied the nonlinear dielectric spectroscopy to the various
smectic sub-phases in an antiferroelectric liquid crystal MHPOBC.
Nonlinear dielectric spectroscopy enables us to obtain detail infor-
mation which cannot be obtained by linear one. We detected the
spectrum of e�3 corresponding to the soft mode of SmC�a phase near
SmA-SmC�a phase transition. We discussed it by the phenomenologi-
cal free energy of Landau-type. We find that the critical behavior of
e�3 is due to that of soft mode nq. In the case of the SmC� phase, we
measured three samples with different optical purity. From the
relaxation spectrum of e�1, we find that the pitch of helix increases
with the decrease of optical purity. The higher temperature region
of SmC� phase of MHPOBC (100% in optical purity) is considered
to be affected by coexistence of neighboring phases. In the case of
SmC�c phase, we detected the ferrielectric Goldstone mode in both
spectrum of e�1 and e�3.
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