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Electrical Characteristics of Wide Temperature
Range SmC; Phase

Manoj Bhushan Pandey', Ravindra Dhar?,

and Roman Dabrowski®

Physics Department, University of Allahabad, Allahabad, India
ZPhysics Department, Ewing Christian College, Allahabad, India
3Institute of Chemistry, Military University of Technology,
Warsaw, Poland

We have studied a compound (S)-(+)-4-(1-methylheptyl) 4-[4-(3-hexanoyloxyprop-
1-oxy)benzoyloxybiphenylate by means of differential scanning calorimeter, polar-
izing microscope and dielectric spectroscopy. This compound shows exceptionally a
wide temperature range of SmC;, phase ~9°C together with a paraelectric SmA*
phase. A relaxation mechanism in the high kHz region has been detected for the
SmC;, phase under planar orientation of the molecules. This mechanism has been
characterized with temperature and bias electric field. Recent theoretical advances
predict two different nature of dielectric relaxation mode in the SmC, phase
(Phys. Rev. E, 69, 031709, 2004). Our experimental results confirm two different
behaviors of this relaxation mode in different temperature range of the phase.

Keywords: bias field dependence; chiral phases; dielectric permittivity and loss;
dielectric relaxation; soft mode

PACS Number(s): 61.30.-v; 77.84.Nh; 64.70.Md

1. INTRODUCTION

The SmC;, phase is one of the subphases generally reported in anti-
ferroelectric liquid crystal materials below paraelectric SmA* phase.
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The discovery of this phase was associated with the discovery of anti-
ferroelectric SmC) phase in MHPOBC [1]. The structure of SmC;
phase has been determined to be incommensurate nano scale helical
pitch extended from three to eight smectic layers [2,3]. In the dielectric
spectrum of the SmC; phase generally single relaxation mode in high
kHz region is observed for planar oriented sample [4—8]. Origin of this
mode is assigned to tilt fluctuation of molecules i.e., soft mode. In few
materials this mode has been observed in low kHz region and its origin
has been assigned to Goldstone mode [9]. A theoretical model have
been proposed by Vaupotic et al. to explain the dielectric relaxation
mechanism of SmC; and other chiral smectic phases [10]. They have
predicted two dielectric relaxation processes namely amplitude and
phase fluctuation modes in the SmC; phase. Recently we have
reported two dielectric modes in the SmC; phase of a CI-MHPOBC
compound [11]. We have demonstrated temperature and bias electric
field dependence of two relaxation modes of the SmC;, phase in concur-
rence with the theoretical work of Vaupotic et al. Doualli et al. have
extended the work of Vaupotic et al. by numerical simulation method
which are supported by electro-optic and dielectric measurements [12].
We have verified the assumption of Doualli et al. in our recent work
[13]. Since the details of the dielectric behaviour of SmC; phase
are still under discussion, accurate experimental data is needed to ver-
ify the proposed theoretical dielectric models [10,12]. The dielectric
data are also important to ascertain the macroscopic electrical proper-
ties of this phase. So far, dielectric measurements turned out to be
quite difficult, mostly because of the temperature range in which
SmC; phase exist is very narrow and usually does not exceed 1K.
Hence dielectric behaviour of SmC; phase are also affected due to
the adjacent low temperature phase [8]. There are very few
systems showing SmC; phase in the wide temperature range [4-7].
Recently Prof. Dabrowski group in Poland have synthesised (S)-(+)-
4-(1-methylheptyl) 4-[4-(3-hexanoyloxyprop-1-oxy)benzoyloxy|biphe-
nylate (molecular structure shown in Fig. 1) [14]. We found that
compound shows exceptionally wide temperature range of SmC; phase.
In this work we are reporting dielectric properties of this compound
with temperature, bias electric field and thickness of the sample.

CsH11COO(CH 2)30@ CO0 COO%*HC6H13
CH3

FIGURE 1 The molecular structure of investigated compound (S)-(+)-4-(1-
methylheptyl) 4-[4-(3-hexanoyloxyprop-1-oxy)benzoyloxy|biphenylate.
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2. THEORY

The theoretical formulas of the dielectric strength and the relaxation
frequency of two modes in SmC; phase are calculated by Vaupotic
et al. which are following [10,12].

K (. 200
Aep = 2nfp (1 2my(fa —fp)) @
_K 2C(2)
Aea = 2nfa (1 - 2my(fa —fP)> @)
2 2
o A HBE) ViAW) +ffij” ~4AWB —CW)
where,

A(0) = ag + 3bo0” + ay cos®(a) + %COSZ(sz) +fcos(a)sin(x)  (4)

B(x) = ag + bo0* + a1 cos? (o) + %0052(206) +fcos(a)sin(x)  (5)

C(x) = ay sin®(a) + %2 sin®(2a) — f cos(2) sin(x) (6)

Where Aep and Acp are the dielectric strength of phase and amplitude
fluctuation modes respectively and corresponding frequencies are
denoted by fp and fs. A(x), B(a), and C(x) are the elements of 2 x 2
matrix of change in free energy of the system due to fluctuation under
harmonic external field. In Eq. (1) to (6), 0 and « are the tilt angle mag-
nitude and difference of the azimuthal angle between two smectic
layers respectively, K' is a constant and y is rotational viscosity. The
parameters ag, by, a1, a» are constant; however parameter f describe
chirality of the systems.

3. EXPERIMENTAL

Different mesophase transition temperatures have been determined
by using Differential Scanning Calorimeter (DSC) of Perkin-Elmer
and a transmitted light polarizing microscope. The dielectric measure-
ments have been carried out in the cell made from indium tin oxide
(ITO) coated glass electrodes whose surfaces are chemically treated
for planar and homeotropic orientation. Two plates of the cell have
been separated by mylar spacers of thickness 5 and 10 um. The dielec-
tric data have been acquired with the help of impedance/gain-phase
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analyser of Solartron (model SI-1260) coupled with Solartron dielectric
interface (model-1296). A measuring ac voltage of 0.1V, has been
applied across the sample. In order to study the bias electric field
dependence of dielectric parameters, a bias voltage of (0 to 40V) has
been superimposed on measuring ac electric field from SI-1260 bridge.
Temperature of the sample has been controlled with the help of a hot
stage of Instec (model HS-1) having accuracy of +0.1°C. Temperature
near the sample has been determined by measuring thermo emf of a
copper-constantan thermocouple with the help of a six and half digit
multimeter with the accuracy of £0.1°C. Other details of experimental
techniques have already been discussed elsewhere [15-17].

4. RESULTS AND DISCUSSION
4.1. Phase Transition

The investigated compound has following phase sequences in the
heating and cooling cycles as obtained by DSC measurements at
the scanning rate of 2.5°C/min.

Heating: Cr1 (63.8°C) Cr2 (70.5°C) SmC;, (74.0°C) SmA* (100.0°C) Iso
Cooling: Iso (98.8°C) SmA* (75.4°C) SmC; (53.2°C) Cr2 (50.1°C) Crl

In the cooling cycle material shows super cooling effect and crystal-
lized below 53.2°C. Before acquiring the dielectric data, a good quality
of molecular alignment has been ensured by cooling material very
slowly (0.05°C/min) from the isotropic liquid phase after filling it in
the dielectric cells. Quality of the alignment has been confirmed under
the polarizing microscope. In the present study, complete homoge-
neous alignment could not be possible for this material. SmA*—
SmC; transition did not produce any drastic change in the texture
and only a slight change in the colour of the texture has been observed.
In principle, unwinding of helix lines should be observed in planar
aligned sample of chiral tilted smectic phases. However the small
pitch (<100 nm) of SmC; phase make it very difficult to identify these
lines [18]. It should be noted that in spite of tilt, the SmC, phase is
uniaxial and it is not easy to distinguish this phase from SmA* phase
on the basis of optical texture studies.

4.2. Dielectric Permittivity

The temperature dependence of dielectric permittivity (¢, ) at various
frequencies in the SmA* and SmC;, phases are shown in Figure 2.
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FIGURE 2 Temperature dependence of real part of dielectric permittivity (¢ )
at different frequencies viz. 100 Hz (cross), 1kHz (squire), 10 kHz (triangle),
100kHz (circle) and 1 MHz (doumbles) in the cooling cycle. Vertical broken
line shows the separation of different phases on the basis of dielectric
parameters.

In the isotropic phase the value ¢ is found to be small (~5.2). At Iso--
SmA* transition ¢| increases slightly. Below Iso-SmA* transition
the value of ¢, is found to be (~6). It remains constant with tempera-
ture and frequency indicating no relaxation phenomenon in SmA*
phase above ~90°C. On lowering the temperature below 90°C, ¢ is
no more constant with frequency. This indicates the evolution of a
relaxation process below 1 MHz. In the vicinity of SmA" — SmC;, tran-
sition, the value of ¢| increases sharply at frequencies lower than
20kHz and it saturates in SmC, phase at ~68.5°C. The maximum
value of ¢, is found to be ~22 at 100 Hz in the SmC; phase. Below
100 Hz, value of ¢, is affected due to low frequency artifacts as dis-
cussed in forthcoming section and increases sharply. It is important
to mention here that the value of ¢, is found to be of same order for
other materials also [7,8]. Hoffmann et al. [7] have reported the
maximum value of ¢, about ~25 at 110Hz in SmC, phase for
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MHPOPB. In the C1-MHPOBC, the maximum value of ¢, is found to
vary between 20 and 40 at 100 Hz [8].

4.3 Dielectric Relaxation Modes

The measured dielectric absorption spectra at various temperatures
of SmA* and SmC; phases are shown in Figure 3. To analyse the
measured data, the dielectric spectra has been fitted with the help
of generalised Cole-Cole equation [19,20]

Ae A Oion

&= —-j" =¢(c0)+ ———————+—+——
1+ (o)™ ot jeo

—jBo™ (1)

where ¢'(oo) is high frequency limiting value of relative permittivity,
Ae, 7, and h are dielectric strength, the relaxation time (inverse of
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FIGURE 3 Dielectric absorption spectra at different temperatures in the
SmA* and SmC; phases. The solid lines with experimental data represent
the fitting of Eq. (7). Data below 100 Hz and above 1 MHz are highly affected
due to low and high frequency effect hence not shown here in order to enhance
the visualization of relaxation mode present in the material.
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angular relaxation frequency) and symmetric distribution parameter
(0 <h <1) of relaxation mode respectively. The third and fourth terms
in Eq. (7) are added due to the presence of electrode polarization
capacitance and ionic conductance at low frequencies, where A and
n are fitting constants [21,22]. o;,, is the ionic conductance and &g
(=8.85pF/m) is the free space permittivity. The fifth term is added
in Eq. (7) to partially account for ITO resistance and lead inductances
[22,23], where B and m are constants as for as correction terms
are small.

The measured dielectric spectra are well described by single
Cole-Cole type behaviour. The Cole-Cole plots of observed relaxation
modes in SmA* and SmC; phases have been depicted in Figure 4.
The data points lie on a semicircle except for those at low and high fre-
quency sides. Low frequency effects due to ionic conductance are pre-
sent up to ~1kHz [21,22]. Data above 100kHz are affected due to
finite resistance of ITO sheet and lead inductances [22,23]. From
Figure 4 it is evident that dielectric strength of the relaxation mode
observed in SmA* phase, increases significantly in SmC}, phase. Distri-
bution parameter (h) calculated with the help of Cole-Cole plot in
SmA* phase has been found to be approximately zero, which indicates
that this relaxation mode arises due to single molecular phenomena
while in the case of SmC, phase, the value of h lies between 0.05
and 0.2 which shows quasi-dispersive nature of relaxation process [8].

The dielectric strength (A¢), and relaxation frequency (fg) of the
observed mode for SmA* and SmC; phases are shown in Figures 5
and 6 respectively for sample thickness 5 and 10 um. The value of Ae
and fr are found to be approximately same for two cell thicknesses.
The relaxation frequency of the observed mode for SmA* phase
decreases continuously with decrease in temperature whereas the
dielectric strength shows opposite trend. Taking into account of the
molecular structure of SmA* phase and its temperature dependence,
this mode must correspond to amplitude mode (so-called soft mode)
which is associated with director tilt fluctuation of molecules in the
smectic layers [8,11,24].

At SmA* — SmC;, transitions, a clear change in the slope of relaxa-
tion frequency and inverse dielectric strength have been observed
for sample thickness 10 um (see Figs. 5 and 6). However, this change
is less pronounced for the cell thickness 5um. A sharp increase
in the value of distribution parameters has also been found at
SmA" — SmC; transition as evidenced from Figure 4(b). High value
of h in SmC], phase i.e., broadening of the relaxation peak as compared
to orthogonal SmA* phase may be assigned to the tilting of molecules
in SmC; phase. On lowering temperature of the sample in the SmC;
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FIGURE 4 Cole-Cole arcs in (a) SmA* phase at 78°C (circle), 76.5°C (triangle)
and 75°C (cross) and (b) SmC; phase at 74.1 (circle), 72.0 (triangle), 70.2
(cross) and 68.3°C (doumbles). Solid line with the experimental data shows
best fitting of Eq. (7).
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FIGURE 5 Temperature dependence of dielectric strength (A¢) and inverse of
dielectric strength (A ') of SmA* and SmC;; phases in cooling cycle for sample
thickness 5 um (open circle) and 10 um (open triangle). Vertical broken line
shows the separation of two phases on the basis of dielectric parameters.

phase, fg decreases moderately and A¢ increases sharply (see Figs. 5
and 6). Below 69.0°C in the SmC, phase, fg becomes invariant with
temperature and A¢ decreases slowly with decrease in temperature.
In the case of cell thickness 5um the behaviour of fg changes at
~71.0°C. It is worthwhile to mention here that below 70°C, SmC;
phase exists due to super cooling. Hence two different behaviour of
dielectric parameters in the SmC;, phase are not surprising.

Figure 7 shows dielectric absorption spectra at 72.0 and 70.0°C with
bias electric field varying from 0 to 36.0kV/cm. It has been found that
relaxation frequency and dielectric strength of the observed mode are
not affected up to 6kV/cm. On increasing the field above 6kV/cm,
dielectric strength decreases slowly. Shift in the relaxation frequen-
cies has also been observed above 12kV/cm (see Fig. 7). This beha-
viour is clearly seen from Figure 8 which shows variation of fg and
Ae with bias electric field at three temperatures 74.0, 72.0, and
70.0°C respectively. From Figure 8, one can see that fg and Ae of
the observed mode of SmC;, phase is less affected near SmA™ — SmC;,
transition. However appreciable change in the magnitude of fz and
A¢ have been found far from transition.
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FIGURE 6 Temperature dependence of relaxation frequencies (fg) and
inverse relaxation frequencies (fil) in SmA* and SmC; phases in the cooling
cycle for sample thickness 5 pm (open circle) and 10 um (open triangle). Verti-
cal broken line shows the separation of two phases on the basis of dielectric
parameters.

Investigation of molecular relaxation process has been carried out
for homeotropic orientation of molecules (thickness 10 um). Comple-
tely dark field of view has been observed in smectic phases only after
shearing two glass plates below the isotropic to SmA* transition
[25,26]. Only one relaxation mode has been observed in the dielectric
spectrum of SmA* and SmC; phases. The relaxation frequency of
observed mode shows strong temperature dependence and its dielec-
tric strength remains invariant with temperature. The relaxation fre-
quencies follow Arrhenius behaviour in SmA* and SmC; phases as
shown in Figure 9. On the basis of temperature dependence, its origin
has been stipulated due to reorientation of molecules about their short
axes. Least square fit of Ln (fg)) with 1000/T gives straight line and
hence, activation energies (W,) corresponding to SmA* and SmC;
phases have been calculated. Activation energies are found to be
79.5kJ/mol and 76.4 kJ/mol in SmA* and SmC; phases respectively.

Now we come to expected origin of collective relaxation mode
in SmC; phase. In general single relaxation mode is reported for
SmC; phase in the literature [4-9]. Its relaxation frequency varies
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FIGURE 7 Effect of bias electric field on dielectric absorption spectra in SmC;,
phase at 72.0 and 70.0°C for the sample thickness of 10 um.

in a fashion similar to that of the soft mode of SmA* phase but slope
for the variation has been found to be different in two cases [4,8].
Hence the relaxation mode observed for SmC; phase is assigned to
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FIGURE 8 Variation of (a) dielectric strength (A¢) and (b) relaxation fre-
quency (fr) with bias electric field at 74.0, 72.0, and 70.0°C.
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FIGURE 9 Arrhenius plot of relaxation mode observed under homeotropic
anchoring of molecules for thickness 10 um. Vertical broken line shows the
separation of two phases on the basis of dielectric parameters.

ferroelectric soft mode. According to theory of Vaupotic et al. two
dielectric relaxation processes namely amplitude and phase fluctua-
tion modes should be observed in dielectric spectrum of SmC; phase.
This work has been further extended by Douali et al. by numerical
simulations to describe the behaviour of experimentally observed
relaxation mode in SmC;, phase for different values of azimuthal angle
difference (o) between two successive smectic layers [12]. They have
found that the only possibility to explain the observed temperature
and frequency dependence of dielectric modes in SmC; phase is the
existence of two modes as predicted by theory. On the basis of their
simulation results and experimental observation, they have shown
that Goldstone mode will be dominant for low value of « (<25°). In this
case soft mode can not be observed without application of bias electric
field. When the value of o increases, the dielectric strength of the
Goldstone mode decreases and the soft mode contribution is predomi-
nant in the vicinity of SmA* — SmC; transition. From temperature
dependence study, we have observed that fr decreases with decrease
in temperature below SmA" — SmC; transition. However fg remains
unaffected at low electric field and increases slowly abovel2kV/cm.
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This suggests soft mode behaviour of observed relaxation mechanism
near to SmA™ — SmC;, transition. On lowering the temperature below
71°C (in case of cell thickness 5 um), fg becomes constant and As¢ indi-
cates saturation behaviour with temperature. This indicates different
nature of relaxation mechanism to that observed near SmA™ — SmC;,
transition. This is the signature of Goldstone like mode of SmC;.
One may argue that Goldstone mode frequency should not be so high.
It should be noted that relaxation frequency of Goldstone mode is
inversely proportional to square of helical pitch and rotational viscos-
ity [8,13]. As the pitch in the SmC; phase is found to be very small
(~30-80nm) [18], it is expected that frequency of Goldstone mode in
SmC; phase may be high in comparison to usual SmC phase. Hence
in the present case, two different behaviour of relaxation process of
SmC; phase are stipulated due to amplitude and phase fluctuations
(soft and Goldstone like mode) respectively.

CONCLUSIONS

The investigated compound (S)-(+)-4-(1-methylheptyl) 4-[4-(3-hexa-
noyloxyprop-1-oxy)benzoyloxy]biphenylate shows exceptionally wide
temperature range SmC; phase of ~9°C. A soft mode relaxation has
been observed for SmA* phase for planar oriented samples. This
relaxation mode has also been observed in the SmC; phase, but beha-
viour is found to be different to those of SmA* phase. The observed
behaviour of this mode has been compared with theoretical models.
It has been found that this mode shows different characteristic in
two temperature ranges. Near SmA™ — SmC;, transition, it behaves
like soft mode. However far from transition, it behaves as Goldstone
like mode. A mode of relaxation has also been observed for SmA*
and SmC; phases under homeotropic anchoring of samples due to
reorientation of molecules around short axis.
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