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Abstract
A low-frequency dielectric relaxation mode in deformed helix ferroelectric liquid crystal (DHFLC) has been observed at the 
interface of strongly rubbed substrates and DHFLC material which may find applications in low power consumption FLC 
devices. The surface-induced dielectric relaxation process at the interface of DHFLC and substrate is called the partially 
unwound helical mode (p-UHM) due to the unwinding of the helical structure at this interface. After investigation of the 
material under various parameters such as temperature, variation of the amplitude of probing ac voltage and dc bias volt-
age, the relaxation frequency of p-UHM is found to be shifted towards Goldstone mode and merged with it. The relaxation 
frequency of Goldstone mode is found to decrease, whereas the relaxation frequency of p-UHM process increases with the 
increase in temperature of DHFLC. Finally, both the modes merge and the resultant relaxation frequency is found to be lower 
than Goldstone mode in SmC* phase. It seems that phason mode and partial helical unwinding mode are coupled together due 
to dipole moment that is resulting in a new relaxation frequency. p-UHM process is significant for low-power displays and 
non-displays applications like a part of sensor where weak electric signal is required to be realized without pre-amplification.
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1 Introduction

Ferroelectric liquid crystals (FLCs) have been investigated 
a lot due to their applied and basic aspects. As far as basic 
aspects are concerned, there have been some dynamical 
processes in which the focus needs to be concentrated as it 
could give wider practical applications of FLC materials. 
Some of the significant aspects were the gray scale phenom-
enon in deformed helix FLC (DHFLC) invented by Beresnev 

et al. [1], where the pitch value of FLC material was very 
small (< 1 µm). As far as the applied aspects are concerned, 
many research papers are published in DHFLC materials 
such as spatial light modulators [2], polarization grating, [3] 
optical bistability, [4, 5] and incorporation of nanomateri-
als in DHFLCs [6–8]. To understand the phenomenon in 
FLCs, different dielectric modes have been observed such 
as Goldstone mode, soft mode, unwound helical mode [9, 
10], domain mode observed by Haase’s group [11], where in 
high spontaneous polarization (Ps) FLCs, the helix is found 
splitted near the surface and the bulk material which form 
the domains.

The helical unwinding process has a great significance 
because the unwinding of helical structure leads to the 
molecular switching process resulting into some changes 
in material properties that lead to their practical applica-
tions. The unwinding of helix by electric field was pro-
posed by Meyer in 1970 [12] by giving its similarity with 
helical unwinding process in cholesteric liquid crystals 
[13]. The method of helical unwinding had also been 
reported by shear flow [14], but not used frequently in 
case of FLCs. The helical dynamic process in FLCs had 
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been investigated by several techniques such as electro-
optical [10], conoscopy [15] and dielectric spectroscopy 
[11]. The helical unwinding and winding process leads 
to the two dielectric relaxation processes. The unwinding 
process was faster than the winding process at low fre-
quency of 10 Hz. The unwinding process was achieved by 
the application of external electric field, while the wind-
ing process takes longer time as it depends on the natural 
winding of the helix and was dependent on the viscosity 
of the FLC material [16]. On the other hand, the V-shaped 
electro-optical switching of DHFLC showed almost no 
difference in two processes at higher frequencies 500 Hz 
and 2 kHz [17]. The helical unwinding process had been 
explored theoretically under the fixed boundary conditions 
of the sample cell and found to be dependent on the bound-
ary conditions [18]. It was shown theoretically that the 
unwinding of helix takes place at a critical thickness of 
sample cell. The thickness of the cell was found to affect 
the saturation of polarization and the critical field of heli-
cal unwinding. Furthermore, the helical unwinding by sur-
face effect boundaries in cell of different thicknesses had 
shown the contribution to effective dielectric susceptibility 
due to the occurrence of anisotropy of susceptibility in the 
plane perpendicular to the helical axis [19].

A lot of research work had been done on DHFLCs 
and FLCs [20–26], related to dynamics of helix behavior. 
Recently, a dielectric relaxation process was observed at a 
lower frequency than Goldstone mode frequency in DHFLC 
and conventional FLC materials, called as partially unwound 
helical mode (p-UHM) [27]. The helix of the DHFLC was 
unwound partially by strong rubbing repetitions effect of the 
nylon 6/6-coated substrate. It was shown experimentally in 
these sample cells that the amplitude of probing ac voltage 
shifts the relaxation frequency of p-UHM towards higher 
frequency and finally merges with Goldstone mode. The 
behavior of Goldstone mode relaxation frequency was domi-
nated by this p-UHM when it was close to the Goldstone 
mode frequency. This resulted in the shifting of Goldstone 
mode relaxation frequency towards lower side and it merges 
with p-UHM process [28].

In present investigations, the behavior of p-UHM has 
been studied as a function of temperature in chiral smectic 
C (SmC*) of DHFLC in the large number (40) of repetitions 
of nylon 6/6-coated substrate of the sample cell. It has been 
observed that there is a strong correlation between p-UHM 
and Goldstone mode. The relaxation frequencies of the p-
UHM and Goldstone mode have been observed to merge 
together resulting in to a single relaxation process. The per-
mittivity of the DHFLC sample at high amplitude of probing 
ac voltage has been found to be highly influenced by p-UHM 
in SmC* phase in DHFLC material. The study signifies the 
behavior of DHFLC material throughout the SmC* phase 
under the influence of p-UHM process.

2  Experimental

2.1  Substrate preparation and characterization

The highly conducting (~ 20 Ω/□) indium tin oxide (ITO)-
coated glass plates were used to prepare the sample cells. 
The desired electrode pattern of ITO on glass substrate 
was prepared using photolithography technique and the 
active electrode area was 0.4 cm × 0.4 cm. The planar 
alignment of FLC molecules in the cells was achieved by 
rubbing the nylon 6/6-coated glass substrate using velvet 
cloth.

For the realization of weakly and strongly rubbed sur-
faces, four types of substrate surfaces were prepared and 
optimized by contact angle and atomic force microscopy 
(AFM) techniques as shown in Fig. 1. As can be seen from 
the Fig. 1a–c, the increase in the number of grooves for-
mation was visualized till ten repetitions of rubbing and 
showed a continuous increase in the corresponding contact 
angle of water. But as the number of rubbing repetitions 
was further increased beyond 40 repetitions, the grooves 
visualization was found to be reduced and the contact 
angle was found increasing slowly which indicates towards 
the little modification in the surface morphology. The large 
number of repetitions induces the roughness. It is also pre-
dicted that the large number of repetitions induces and 
aligns the polymer chains, and gives better alignment of 
FLCs molecules [29–32]. Therefore in the present investi-
gation, the surfaces with rubbing repetitions of 10 and 40 
were considered as weakly and strongly rubbed polymer 
surfaces for the sample cells, respectively.

2.2  Cell fabrication

The thickness of the sample cell was maintained by Mylar 
spacers (~ 8 µm). The DHFLC material was filled in its 
isotropic phase by means of capillary action and then 
cooled gradually to room temperature. The phase sequence 
of the deformed helix FLC material, LAHS-2 [33] is as

The pitch value of the material was observed 
around ~ 0.4 µm.

2.3  Instrumentation

The planar alignment was checked under the polarizing 
optical microscope (Axioskop-40, Carl Zeiss, Germany). 
The dielectric studies of the material were done using 
an impedance analyzer (Wayne Kerr 6540A, frequency 
range 20  Hz–120  MHz, UK) in the frequency range 
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of 20 Hz–1 MHz. The temperature of the sample cell 
was controlled through the sample holder using tem-
perature controller (Julabo, Germany) with an accuracy 
of ± 0.1 °C. The dielectric studies were carried out at 
different temperatures and at various applied probing ac 

voltage from 100 mV to 700 V in the frequency range 
of 20 Hz–1 MHz. The optical transmission spectra were 
recorded in UV–visible range using UV–visible spectro-
photometer (Agilent, Cary 5000 UV–Vis–NIR, USA).

Fig. 1  Characterization of nylon 6/6 polymer alignment layer in vari-
ous rubbing conditions using atomic force microscopy and contact 
angle of water measurement a no rubbing, b 3, c 10, and d 40 rep-

etitions of rubbing. Inset images show the contact angle of water on 
corresponding rubbed configuration of nylon 6/6 polymer alignment 
layer on the glass substrates
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3  Results and discussion

3.1  Theoretical formulation for data fitting

The combination of two relaxation processes is found to 
conform Cole–Cole model [34] of dielectric spectroscopy 
in SmC* phase of deformed helix FLC [35]

Here, j stands for number of dielectric relaxation pro-
cesses in the deformed helix FLC material. In the present 
system, we have observed two relaxation processes: one is 
Goldstone mode and another is p-UHM. Therefore, j can 
be extended up to 2 i.e., j = 1 (Goldstone mode) and 2 (p-
UHM). This means the net permittivity is the contribution 
of two relaxation processes.

The real and imaginary parts of the Eq. (1) are:

respectively.

where �jo and �∞ are the permittivity of a particular process 
at low frequency and the permittivity at high frequency, 
respectively.

The �(= 2��) is angular frequency of the applied elec-
tric field. Here, � is the linear frequency of applied field. 
Also, �∞ , Δ�1 and Δ�2 are the permittivity at high fre-
quency, dielectric strength of relaxation process of Gold-
stone mode and p-UHM, respectively. � is the angular 
frequency. �1 and �2 are the relaxation time of the Gold-
stone mode and p-UHM, respectively. �1 and �2 are the 
distribution functions of Goldstone mode and p-UHM, 
respectively. �(~ 1.9 × 10–9 S/m) is the dc ionic conduc-
tivity and �o is the permittivity of free space.

3.2  Effect of temperature on dielectric properties

It is well known that the collective dielectric processes 
in SmC* phases were mainly due to phase and tilt angle 
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fluctuations, called as Goldstone and soft modes in planar 
alignment [36, 37]. These two modes were observed and 
reported almost in all type of FLCs. The Goldstone mode 
or the phason mode (ϕ, fluctuations) appeared through-
out the SmC* phase. Most of the permittivity values in 
SmC* phase at lower frequencies were dominated by 
Goldstone mode and therefore, other relaxation processes 
were masked by Goldstone mode. Generally, in SmC* 
phase of FLCs, the permittivity value for lower frequency 
(~ 100 Hz) is very large than the permittivity at higher 
frequency (~ 100 kHz). This higher value of permittiv-
ity at ~ 100 Hz is due to the contribution from Goldstone 
mode. Figure 2 shows the real (εʹ) and imaginary (εʹʹ) parts 
of complex permittivity (ε*) at different temperatures in 
SmC* phase at 100-mV probing ac voltage. As seen in 
Fig. 2a, the permittivity (εʹ) at room temperature is around 
60 at 20-Hz frequency and as the temperature increases, 
it reaches 200 at 55.5 °C, which is a large jump in the εʹ 
value at 100 mV probing ac voltage. As one can see in 
Fig. 2a, the εʹ first increases with temperature from 30 
to 55.5 °C below Tc temperature and then starts decreas-
ing with temperature at 100-mV probing ac voltage in 
SmC* phase of DHFLC material. The peak frequency of 
εʹʹ (Goldstone mode relaxation process), first decreases 
upto 55.5 °C and then increases with temperature Fig. 2b. 
Similar type of behavior of relaxation peak frequency in 
tanδ vs frequency response has been observed at 100-mV 
probing ac voltage, Fig. 2c. The tanδ curves are chosen 
to give the insight into the behavior of phase angle ‘δ’ as 
a function of temperature and voltages. Here, the phase 
angle gives the information about the voltage lagging with 
the respect to the applied voltage. The phase angle ‘δ’ is 
correlated with permittivity as tan � = �

�∕��� , where ε′ and 
ε″ are the real and imaginary parts of a complex dielec-
tric permittivity. However, at higher temperature ~ 55 °C, 
two relaxation peaks have been observed at low probing 
ac voltages, Fig. 2b, c which is discussed in details in 
next paragraph. The huge increment in εʹ, Fig. 2a, clearly 
indicates towards existence of some other dielectric pro-
cess in the material because of the fact that in general, the 
dielectric strength ( Δ�� = �o − �∞ , where, εo and ε∞ are 
permittivity at low and high frequencies, respectively) of 
Goldstone mode and does not change much in SmC* phase 
with temperature [38].

If one sees carefully in Fig.  2a, the εʹ at 20  Hz at 
55.5 °C is almost three times more than the εʹ at 30 °C in 
SmC* phase in DHFLC material. This means there must 
be more than one dielectric process. This is because of the 
well-known fact that if there are two relaxation process in 
parallel in sample cell, which indicates the existence of 
two capacitors working in parallel. Then, the combination 
of two capacitors gives rise to the additional capacitance 
resulting into the high permittivity with two relaxation 
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process. Indeed, there are two dielectric relaxation pro-
cesses seen when the probing ac voltage is 700 mV in 
SmC* phase as shown in Fig. 3. One relaxation process 
at higher frequency is a well-known Goldstone mode; 
whereas, the relaxation process at lower frequency is due 
to partially unwound helical mode (p-UHM) of FLC [27]. 
The saturation of magnitude of p-UHM peak is observed 
at a particular ac voltage of 700 mV, therefore, in present 
case, 700 mV peak to peak is considered for the measure-
ment of p-UHM process.

Figure 3 shows the real (εʹ) and imaginary (εʹʹ) parts of 
complex dielectric permittivity at probing ac voltage of 
700 mV at different temperatures in SmC* phase. As seen in 
Fig. 3a, the permittivity εʹ is maximum at room temperature 
unlike for 100 mV voltage, and then decreases continuously 
with the increase in temperature up to the transition tempera-
ture ( Tc ) from SmC* to SmA phase (ferro- to paraelectric) 
temperature. In εʹʹ versus frequency curves, Fig. 3b, par-
ticularly in tanδ versus frequency curve Fig. 3c, two dielec-
tric processes are clearly seen for lower temperature. One 
process at higher frequency is due to the Goldstone mode 
[38] and second process at low frequency is due to p-UHM 
process as observed by us in DHFLC and conventional FLC 
materials at room temperature [27]. Such type of mode was 
also theoretically predicted in FLC as a consequence of 
phase excitation mode under some constraints of length of 
sample [9]. It has been experimentally shown that relaxation 
frequency of such low-frequency process is 2–4 order of 
magnitude less than Goldstone mode and this order shrinks 
on increasing probing ac voltage. The relaxation frequency 
of Goldstone mode process is around 10 kHz in DHFLC 
material [39] and this new mode p-UHM appears in sev-
eral hundred Hz in DHFLC material [27]. The Goldstone 
mode relaxation process in deformed helix FLC material 
is observed around 10 kHz for thin samples (7–15 μm) and 
one can expect the p-UHM in the measuring window (above 
20 Hz and below Goldstone mode frequency); whereas in 
FLC, the Goldstone mode process is in several hundred Hz 
frequency [40] and this mode could be expected in sub-hertz 
frequency range where the conductivity effect could be quite 
dominant. However, our recent investigation shows that the 
p-UHM processes appear even in FLCs [41].

As seen in Fig. 3c, the relaxation frequency of p-UHM 
in DHFLC process increases with temperature; whereas, the 
Goldstone mode relaxation frequency first remains constant 
and then decreases near Tc . It has been observed that both 
the modes merge near Tc. If we see εʹʹ versus frequency 
curves, the Goldstone mode relaxation frequency continu-
ously decreases with temperature which is due to the fact 
that εʹʹ is obtained by multiplying tanδ with εʹ and εʹ is itself 
also quite high in SmC* phase; therefore, the p-UHM is not 
clearly reflected as seen in Fig. 3b. In further studies, tanδ 
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versus frequency plots are taken into consideration for the 
estimation of relaxation process.

Figure 4 shows tanδ as a function of frequency at differ-
ent probing ac voltage close to Tc at 55.5 °C temperature. As 
seen in the figure, a single peak appears (Goldstone mode) 
at 100-mV measuring field and as the field is increased to 
200 mV, a hump starts appearing related to p-UHM. Again 
as the field is increased further, this hump starts shifting 
towards the Goldstone mode relaxation process and merges 
with Goldstone mode at 700 mV measuring field. This 
means that p-UHM process appears even for lower meas-
uring field depending upon the favorable condition of the 
unwound of helical structure at the interface of substrate and 
bulk in DHFLC material.

3.3  Effect of temperature on Goldstone mode 
and p‑UHM

Figure 5 shows the dielectric strength, Δε with temperature 
at different probing ac voltages which are found to increase 
first and then decrease with temperature for lower probing 
voltage. As the amplitude of ac voltage is increased, Δε 
becomes constant and then decreases around Tc tempera-
ture in DHFLCs. As seen in figure, the Δε is maximum at 
500 mV from 30 to 40 °C temperature; whereas at higher 
temperature (50 °C), the Δε is maximum at 300 mV. With 
further increase in temperature, the Δε is maximum at 
200 mV. This decreasing trend of probing voltage with tem-
perature for maximum Δε, suggests that there is a definite 
threshold probing voltage for p-UHM process, beyond which 
the Δε would decrease. This means that unwound helical 
fluctuation causing high permittivity (dielectric strength) 
is maximum at a particular threshold probing ac field and 
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this probing ac field decreases with temperature for p-UHM 
process (Fig. 5).

Figure 6 is about the relaxation frequency of Goldstone 
mode and p-UHM process as a function of temperature at 
different probing ac voltages in SmC* phase. As shown in 
the inset of Fig. 6a, the relaxation frequency of Goldstone 
mode process for lower probing voltage decreases up to 
55 °C and then increases with the temperature. However, 
for higher measuring voltages 500 and 700 mV, the relaxa-
tion frequency remains almost constant upto 56 °C and 
then decreases with the increase in temperature in SmC* 
phase as seen in Fig. 6a. This means for lower measuring 
voltage, the Goldstone mode is coupled with the p-UHM, 
resulting in decrease in relaxation frequency as also 
reflected in Fig. 4. The polarization of individual layer of 
bulk helix is oriented in all possible directions to complete 
the helical structure, i.e., zero polarization; whereas, the 
polarization of partially unwound helical structure near the 
surfaces of substrates has some net polarization due to the 
larger number of dipoles oriented in one direction because 
of high surface anchoring effect. When two frequencies 
approach each other, the resultant of dipole moments 
of phason fluctuations/Goldstone mode and the surface 
dipoles produces the net dipole moment resulting into a 
new relaxation process. As shown in Fig. 6b, the relaxation 
frequency of p-UHM increases continuously with tempera-
ture for lower and higher measuring fields; whereas, the 
Goldstone mode relaxation frequency decreases at lower 
ac field with the increase in temperature up to the Tc in 
SmC* phase. At higher amplitude of applied probing field, 
the relaxation frequency of Goldstone mode decreases 
close to Tc only. However, for measuring field 100 mV, the 
p-UHM is observed at higher temperatures (above 50 °C) 

in SmC* phase, as seen in Figs. 2b and 6b. The probing ac 
voltage-dependent measurement at 56.5 °C, Fig. 3, shows 
the appearance of p-UHM at 200 mV and above fields. The 
p-UHM merges with Goldstone mode above 400 mV. The 
relaxation frequency of p-UHM process increases with 
temperature for higher measuring voltage, Fig. 6b.

Figure 7 shows the difference in the relaxation frequency 
(Δν) of Goldstone and p-UHM mode ( Δ� = �GM − �p − UHM ) 
with temperature. As seen in the figure, the difference is 
larger for lower measuring voltages because of the fact 
that the relaxation frequencies of the Goldstone mode 
and p-UHM process are well separated and this difference 
decreases with temperature.

Fig. 5  Dielectric strength (Δε) of p-UHM as a function of tempera-
ture at various amplitude of probing ac voltage
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The separation of the two processes in the ε′ is difficult; 
therefore, the dielectric strength is calculated by fitting the 
experimental data using Cole–Cole model, Eqs. (1)–(4). 
However, the behavior of dielectric strength of Goldstone 
mode and p-UHM process is different as shown in Fig. 8, 
which is calculated using the above equations theoretically. 
Other parameters like distribution parameter (α), relaxa-
tion time (τ), relaxation frequencies by ε′′ and tanδ curves 
with temperature were calculated and compared with the 
experimental results and shown in the tables for the data at 
low (100 mV) and high (700 mV) oscillating voltages for p-
UHM, Goldstone, and soft modes (Tables 1, 2, 3, 4). As seen 
in the figure, the behavior of the dielectric strength with tem-
perature at low oscillating voltage (100 mV) is almost the 
same and increases close to the Tc temperature. Figure 8a; 
whereas, the dielectric strength at higher oscillating voltage 
(700 mV), the dielectric strengths of p-UHM and Goldstone 
mode are well separated as seen in Fig. 8b. This means that 
the contribution of p-UHM is very large as compared with 
the Goldstone mode at higher ac voltage. At low voltage, 
both the modes are independent of temperature in which the 
intrinsic behavior of Goldstone mode is observed with tem-
perature in SmC* phase. This could be the reason that there 
are always anomalies in the literature for the behavior of 
Goldstone mode with the increase in temperature in SmC* 
phase of FLC materials. From the experimental and theoreti-
cal observations, it is clear that the p-UHM process hinders 
the real behavior of Goldstone mode with temperature in 
middle thickness range (~ 10 µm) of FLC cells.    

The dielectric processes is analyzed by studying the 
relaxation time distribution parameter (α) which shows sym-
metric behavior of the relaxation process and is expected 
to bring up the interaction of two dielectric processes (GM 

and p-UHM). The process is expected to be more ordered 
and tends to approach towards the ideal Debye model if the 
value of α tends to be negligible. Similarly, larger value of 
α will extend the distribution of relaxation time resulting 
in the interference of two processes with each other. If α 
approaches zero, the molecules will have higher symmetry 
of ordered dipolar process and when α approaches 1, the 
symmetry of the molecules in FLC system will be less due to 
the interference of more than one processes. The Cole–Cole 
dielectric model is used to fit the dielectric data of Figs. 2 
and 3. The data used in fitting process are given the Tables 1, 
2, 3 and 4. The α distribution parameter plotted in Fig. 9a is 
obtained from the Tables 1 and 2. The behavior of both the 
modes (p-UHM and GM) is same at low voltage (100 mV). 
However, a slight increment near Tc suggests the merging 
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of two processes. Figure 9b shows the behavior of distribu-
tion parameter for DHFLC material at 700-mV measuring ac 
voltages for various temperatures. It is seen that the behav-
ior of α for GM with respect to temperature decreases and 
is minimum ~ 50 °C, and then again slightly increases near 
transition temperature, which is expected as Goldstone mode 
merges with soft mode. Again for p-UHM process, the α 
parameter is observed to increase with temperature and tends 
to merge with Goldstone mode near the transition tempera-
ture. It is worth mentioning here that p-UHM is contributing 
in collective dielectric process and suggests that the helix 
becomes more soft or flexible at higher temperatures close 
to Tc. The p-UHM process is seen at lower temperatures but 

merges with the Goldstone mode at higher temperature near 
Tc, resulting in the broad peak.

3.4  Effect of dc bias field on Goldstone mode

As discussed above, it is difficult to find out the inde-
pendent behavior of Goldstone mode well below Tc in 
SmC* phase because of the fact that for lower tempera-
ture, p-UHM interferes and at higher temperature, soft 
mode hinders the Goldstone mode process [41]. One can 
find out the behavior of Goldstone mode independent 
of p-UHM process well below Tc in SmC* by suppress-
ing the unwound helical structure by applying a high dc 

Table 1  Experimental ε′ as a function of frequency (Fig. 2a) fitted using Cole–Cole model for various thicknesses at 100 mV for GM process 
and soft mode

�∞ permittivity at high frequencies; �o permittivity at low frequencies

Sample Tempera-
ture (°C)

100 mV

Goldstone mode and Soft mode

�∞ �o Dielectric 
strength, 
(Δε)

α Relaxation time, 
τ (fitting) × 10–3s

Relaxation fre-
quency, ε′′ (fitting), 
Hz

Relaxation 
frequency, tanδ (fit-
ting), Hz

Relaxation frequency, 
tanδ (experimental), 
Hz

LAHS-2 30 2.6 36 33.4 0.07 0.06 2653.9 9875.3 9686
40 2.5 43 40.5 0.08 0.068 2341.7 9711.7 9686
50 2.5 59 56.5 0.09 0.065 2449.7 11,900.9 9686
55 2.5 95 92.5 0.06 0.165 965 5949 7767
55.5 2.5 80 77.5 0.02 0.16 995.2 5629.8 4994
56 2.5 82 79.5 0.06 0.18 884.6 5066.4 4994
56.5 2.5 160 157.5 0.185 0.505 315.3 2522.5 4994
57 2.5 112 109.5 0.15 0.27 589.7 3947.4 4994
57.5 2.5 28 25.5 0.14 0.05 3184.7 10,658 18,786
58 2.7 7.55 4.85 0.03 0.0000058 27,454.426 45,909.65 45,439
59 2.7 4.46 1.76 0.01 0.000002 79,617.834 102,328.3 109,907

Table 2  Experimental ε′ as a function of frequency (Fig. 2a) fitted using Cole–Cole model for various thicknesses at 100 mV for p-UHM process

�∞permittivity at high frequencies; �o permittivity at low frequencies

Sample Temperature 100 mV

p-UHM

�∞ �o Dielectric 
strength, 
(Δε)

α Relaxation time, 
τ (fitting) × 10–3s

Relaxation 
frequency, ε′′ (fit-
ting), Hz

Relaxation 
frequency, tanδ (fit-
ting), Hz

Relaxation frequency, 
tanδ (experimental), 
Hz

LAHS-2 30 34 70 36 0.25 1.6 300.4 798.9 684
40 39 75 36 0.2 1.3 346.1 827.4 1064
50 56 100 44 0.15 1.9 419 1077.1 1327
55 90 180 90 0.1 1.8 497.6 1615 1655
55.5 77 200 123 0.06 1.25 454.9 1586 2064
56 78 180 102 0.01 1.2 144.7 177.2 2574
56.5 34 70 36 0.25 1.6 206.7 292.4 2574
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bias field in SmC* phase [42]. Figure 10 shows the real 
and imaginary parts of complex permittivity with differ-
ent temperatures in SmC* phase at the bias field of 10 V, 
which is sufficient to suppress the helical structure almost 
completely. As seen in Fig. 10a, the permittivity is sup-
pressed and decreased continuously with temperature up to 
the few degrees below the Tc . The εʹʹ and tanδ Fig. 10b, c 
show that the relaxation frequency of the Goldstone mode 
increases continuously with temperature up to the Tc. It is 
worth to point out here that the εʹʹ and tanδ curves are in 
the same sequence because of the fact that the permittivity 
is low due to the suppression of Goldstone mode in SmC* 

phase. As seen in Fig. 10d, the dielectric strength (Δε) or 
the permittivity (ε) decreases continuously in deep SmC* 
phase and then increases near Tc temperature at such a 
high bias field of 10 Volts. The contribution ( Δ� ) is maxi-
mum at Tc because of the contribution of soft mode and 
not because of p-UHM, and then again starts decreasing 
in SmA phase [17].

Figure 11 shows the relaxation frequency of Goldstone 
mode and soft mode with temperature at a bias of 10 Volts. 
As seen in figure, the relaxation frequency of Goldstone 
mode is almost constant or slightly increases with tem-
perature. The soft mode frequency behaves perfectly like 

Table 3  Experimental ε′ as a function of frequency (Fig. 3a) fitted using Cole–Cole model for various thicknesses at 700 mV for Goldstone 
mode and soft mode

�∞ permittivity at high frequencies; �o permittivity at low frequencies

Sample Temperature 700 mV

Goldstone mode and soft mode

�∞ �o Dielectric 
strength, 
(Δε)

α Relaxation time, 
τ (fitting) × 10–3s

Relaxation 
frequency, ε′′ (fit-
ting), Hz

Relaxation 
frequency, tanδ (fit-
ting), Hz

Relaxation frequency, 
tanδ (experimental), 
Hz

LAHS-2 30 2.2 47 44.8 0.2 0.11 1447.5 6690.9 9686
40 2.5 45 42.5 0.1 0.1 1592.3 6755.7 6228
50 2.8 28 25.2 0.01 0.065 2449.7 7746.8 7767
55 2.5 20 17.5 0.05 0.05 3184.7 9007.7 4994
55.5 2.5 18 15.5 0.08 0.05 3184.7 8545.4 4994
56 3.2 90 86.8 0.01 0.205 776.7 4119.3 2574
56.5 3 56 53 0.025 0.15 1061.5 4586.5 2574
57 2.5 66 63.5 0.17 0.23 692.3 3557.2 3211
57.5 2.5 22 19.5 0.085 0.029 5490.8 16,288.6 18,786
58 2.5 7.6 5.1 0.03 0.0056 28,434.9 49,578 45,439
58.5 2.7 5.5 2.8 0.02 0.0032 49,761.1 71,021.5 70,669
59 2.7 4.46 1.78 0.01 0.000002 79,617.8 102,328.3 109,907

Table 4  Experimental ε′ as a function of frequency (Fig. 3a) fitted using Cole–Cole model for various thicknesses at 700 mV for p-UHM process

�∞permittivity at high frequencies; �o permittivity at low frequencies

Sample Temperature 700 mV

p-UHM

�∞ �o Dielectric 
strength, 
(Δε)

α Relaxation time, 
τ (fitting) × 10–3s

Relaxation 
frequency, ε′′ (fit-
ting), Hz

Relaxation 
frequency, tanδ (fit-
ting), Hz

Relaxation frequency, 
tanδ (experimental), 
Hz

LAHS-2 30 28 198 170 0.009 0.53 300.4 798.9 684
40 35 200 165 0.05 0.46 346.1 827.4 1064
50 28 185 157 0.06 0.38 419 1077.1 1327
55 15 158 143 0.09 0.32 497.6 1615 1655
55.5 13 158 145 0.13 0.35 454.9 1586 2064
56 80 120 40 0.05 1.1 144.7 177.2 2574
56.5 50 100 50 0.05 0.77 206.7 292.4 2574
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“V” shape at the Tc temperature in SmC* and SmA* phases 
where Goldstone mode is isolated in SmC* phase by apply-
ing a high dc bias field [17].

4  Activation energy

Since the p-UHM is dependent on temperature, the acti-
vation energy is supposed to give information about the 
process. It represents the well-known Arrhenius-type 
behavior which is used to know the activation energy by 
the equation [38]:

where νr represents the relaxation frequency and νo is the 
relaxation frequency at high temperature. Ea is the activa-
tion energy connected with the orientating potential barrier 

(7)�r = �o e
−Ea∕kBT ,

of liquid crystal phase. “T” is the temperature of the sam-
ple in the unit of Kelvin and kB the Boltzmann’s constant. 
Generally, the phase of liquid crystals is characterized by 
its intrinsic activation energy [43–45]. It has been observed 
Fig. 12 that the Arrhenius plot of p-UHM is almost linear in 
the  SmC* phase for the sample under study implying that the 
activation of the p-UHM process remains same throughout 
the phase. The values of activation energy for various prob-
ing ac voltages are shown in Fig. 12.

5  UV–visible measurements

The electro-optical textures of FLCs have confirmed the 
variation in the transmission [27]. Therefore, the measure-
ment of optical transmission in the UV–visible range at 
room temperature is performed for the analysis of the wave-
length-dependent transmission at various probing voltage. 
The unpolarized light is made plane polarized by placing 
the polarizer after the source and before the sample cell. The 
analyzer is fixed between the detector and sample cell. The 
optic axis of polarizer and analyzer is fixed at 90° angle to 
each other. The DHFLC sample is placed in between them 
with the rubbing direction of sample cell at 45° to both the 
polarizer and analyzer. The transmission of the DHFLC cell 
has been recorded at various amplitudes of applied ac volt-
ages. As can be seen in Fig. 13a, the blue shifts of 6.8- and 
9.3-nm wavelengths are observed for the peaks 573.8 and 
642 nm, respectively, at amplitudes of 0 V and 8 V at 100-
Hz frequency using arbitrary wave form generator. However, 
there is no observable peak shift at any wavelength up to 
1 V because of the fact that the molecular reorientation does 
not take place up to 1 V but the partial helical unwinding 
takes place. In the dielectric spectra also, the p-UHM peak 
is quite dominating at these voltages. Combining the two 
observations of dielectric and optical, it can be said that 
the process of p-UHM is not due to molecular reorientation 
because a molecular reorientation would cause the change in 
the transmission wavelength of the sample. Hence, no peak 
shift should be observed up to 1 V and is true as observed 
in Fig. 13a. This means that p-UHM process is due to par-
tial unwound of helical fluctuations as observed in dielectric 
spectroscopy. The relaxation Fig. 4c at lower frequency sug-
gests that this mode is due to unwound helical fluctuations. 
On further increase in the amplitude of applied voltage, the 
observed blue shift in optical spectra is attributed to molec-
ular reorientation process resulting in the increase in the 
transmission and shift in the optical peaks in UV–visible 
spectra. The intensity increases linearly with the increase 
in the probing ac voltage. On the contrary, Fig. 13b reveals 
that at a constant frequency of 100 kHz, there is almost no 
remarkable change in the intensity of optical spectra at any 
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wavelength. One can say that the dielectric property at such 
a high frequency (100 kHz) is not due to phase (Goldstone 
mode) or tilt angle (soft mode) fluctuations.

6  Conclusions

The DHFLC has been studied under the strongly rubbed 
surfaces at different temperatures in SmC* phase. It is 
found that a low relaxation process, called p-UHM (partially 
unwound helical mode), has been observed at high ampli-
tude of probing ac voltage at a lower frequency than the 
Goldstone mode process in SmC* phase. The high anchor-
ing has modulated the helical structure at the interface of 
substrate and FLC which originates the p-UHM process. 
On the other hand, the bulk helical structure is responsible 
for the Goldstone mode process. The high enough amplitude 
of probing ac voltage is required to realize the p-UHM due 

to the fact that the FLC molecules are strongly bound to the 
substrate. The Goldstone mode relaxation frequency is found 
to decrease with temperature near Tc. However, the relaxa-
tion frequency of p-UHM is found to increase throughout 
the SmC* phase. The p-UHM process is found to hinder 
the general behavior of Goldstone mode in SmC* phase. 
To know the independent behavior of Goldstone mode, 
one needs to apply the high dc bias to suppress the helical 
structure of the FLC material. The new relaxation process is 
highly dependent on the probing ac voltage and dc bias volt-
age; therefore, it is anticipated that the mode could be uti-
lized for low-power FLC-based electro-optical devices. The 
applicability of p-UHM in devices is due to the interfacial 
phenomenon where the electric field strength is more than 
in the bulk, and the helix of FLC is unwound that resulted 
in the induction of net spontaneous polarization near the 
surface. The higher electric field would apply a torque on 
the induced and spontaneous polarization that resulted into 
a low field switching [27].
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