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A triple hysteresis loop, which was quite different from that of ferrielectricity, was
first observed in a ferroelectric liquid crystal with positive dielectric anisotropy. In the
ferriclectric case, the direction of the field-induced polarization is the same as that of
the original one. On the contrary, it was an inverse direction to that in the present
case. When the temperature was near the phase transition point from smectic A to
smectic C* and/or when the applied electric field was sufficiently large, the triple
hysteresis loop was easily observed. The temperature dependence of the threshold
field for the triple hysteresis loop was analogous to that for electrohydrodynamic
instability (EHDI) in smectic C. A similar additional loop to that of the triple hysteresis
loop was also observed in the D-E hysteresis loop of MBBA in a very high field. On
the basis of these experimental facts, the triple loop is explained by EHDI.

1. INTRODUCTION

It has been said that the D-E hysteresis loop in ferroelectric liquid
crystals resulted from the pinning of helicoidal structures.! The true
origin, however, is still unknown. It can be said that there are two
types of dielectric hysteresis with different responses? (~sec and ~msec),
which may come from different origins, respectively. These two mech-
anisms have often been confused. Many experimental facts (polari-
zation reversal, change of light transmittance, electric field, frequency
dependence of the polarization, etc.) are not yet perfectly explained.
The present authors, therefore, are studying the dielectric properties
of ferroelectric liquid crystals to make the origin clear.

A clear triple hysteresis loop was first observed in RbLiSO, by
Shiroishi et al.> and they concluded that it was caused by ferrielec-
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tricity, simultaneously considering the results of X-ray structure anal-
ysis. A triple hysteresis loop was also observed in a ferroelectric liquid
crystal with positive dielectric anisotropy but it was quite different
from the one of RbLiSO,. In the case of RbLiSO,, a field-induced
transition produced a polarization of the same direction as the original
one but in the present case it was the inverse. When the sample
temperature was near the phase transition point from smectic A to
smectic C* and/or when sufficiently high voltage was applied to the
sample, the triple hysteresis loop easily appeared. We studied the
temperature and the electric field dependence of this new nonlinear
phenomenon.

2. EXPERIMENTAL

We used DOBAMBC (p-n-decyloxybenzilidene-p’-amino-2-methyl-
butyl cinnamate), which exists in the smectic C* phase from 63 to
95°C, as a ferroelectric liquid crystal. The sample was sandwiched
between two nesa-coated glass plates. Mylar spacers were used in
order to define the sample thickness, which was confirmed by the
capacitance method and by measurement through a microscope. No
treatment was given to the nesa-coated glass plates but they were
thoroughly cleaned by aceton and distilled water. The sample thick-
ness used in this study was 30~50 pm. The cell was placed in a
hotstage. The temperature of the sample was measured by a plutinum
resistance thermometer, GB 100-2 (Sdgo Electric Co.), and regulated
to better than 0.01°C by a controller (artronix 5350). To obtain a
good homogeneous alignment, the sample was slowly cooled (2~3°
C/h) from the isotropic to the smectic A phase. The triple hysteresis
loop was studied by the Pepinsky bridge* using a 60 Hz a.c. power
supply. All signals were recorded onto a magnetic disk and evaluated
by a signal analyser (Iwatsu SM-2100A). This analyser is capable of
X-Y transformation of signals, compensation of a phase and enlarge-
ment of signals by any magnification.

3. ELECTRIC FIELD DEPENDENCE OF D-E LOOP

At first, we define:

E* : the threshold field for the additional loop,

E,, : the maximum instantaneous field,

Py, : variation of the polarization in the same direction as the orig-
inal one,
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FIGURE 1 Schematic diagram of triple hysteresis loop. P,: remanent polarization,
P,.: variation of polarization in the same direction as the original one, Py..: that in
the inverse direction to the original one, P, total variation of polarization in the
additional loop (= Py, + P,..), E.: coercive field, E*: threshold field for the additional
loop, E,: maximum instantaneous field, S,: power loss (= area) due to the original
loop, S;: that due to the additional loop.

P, : that in the inverse direction to the original one,

P, : total variation of the polarization in the additional loop (=
Py, + Py2),

S, : power loss due to the original loop,

S, : that due to the additional loop,

respectively, as shown in Figure 1. One should note here that the
additional loop cannot be compensated by a resistance of the bridge,
unlike a loop frequently observed at uncompensation. In order to
make sure whether the triple hysteresis loop is an intrinsic phenom-
enon or not, polarization reversal was also studied by the electric
field of a triangular wave.® This result is shown in Figure 2. The
induced current shows a slow decrease, which corresponds to the
polarization reversal due to the additional loop, after the sharp in-
crease of that due to the original loop. The D-E hysteresis loop of
the triangular wave is shown in Figure 3. It is almost the same as that
of the sinusoidal wave, which is shown in Figure 1, except for the
somewhat larger additional loop (see also Figure 4(b)-2). It can be,
therefore, concluded that the triple hysteresis loop is an intrinsic
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FIGURE 2 Polarization reversal for the applied electric field of a triangular wave:
(a) applied voltage of the triangular wave, (b) induced current.
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FIGURE 3 D-E hysteresis loop for the applied electric field of the triangular wave.
f = 10 Hz, (E) = 20 kV/em, AT = 2°C,d = 30 pum.
(E) : effective electric field.
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FIGURE 4 Electric field dependence of the power losses, the threshold ficld and
the shape of the triple hysteresis loops: (a) the S, §,/2 and E* as a function of the
applied field, (b) variation of the triple hysteresis loops with an increase in the applied
field; (1) (E) = 13 kV/em, (2) 17.2, (3) 35, (4) 72. f = 60 Hz, AT = 2°C, d = 46
pwm.

The triple hysteresis loops indicated by the number in Figure 4(a) are shown in
Figure 4(b) of the corresponding number. AT = T, — T, T.: the phase transition
temperature from smectic A to smectic C*, T: the sample temperature.
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phenomenon and it does not result from an uncompensation of a
resistance in the bridge. The electric field dependence of the S, S,/
2 and E* are summarized in Figure 4(a). The shape of the triple
hysteresis loop changed with an increase of the applied field as shown
in Figure 4(b). The numbers in Figure 4(a) indicate the corresponding
points of the figures in Figure 4(b) which show the shapes of the
loops. The S, of (3) in Figure 4(b) seems to be smaller than that of
(2) but actually the former is larger than the latter, as can be seen
from Figure 4(a). The S, gradually increases with an increase of the
applied field and becomes maximum around 50 kV/cm. The §,/2 is
proportional to E} and the E* is proportional to EX2. This relation
shows that the width of the additional loop increases with an increase
of the applied field. It should be noted that magnitude of the reduced
polarization becomes larger than that of the original one as shown
in (4) of Figure 4(b). This cannot result from a disorder but suggests
rather the existence of some order antiparallel to that of the original
one. The electric field dependence of the S, + S, and the total power
loss due to the triple hysteresis loop is shown in Figure 5. It indicates
a sharp increase around 50 kV/cm at which S, takes the maximum
value. The coercive field E, and remanent polarization P, are also
shown as a function of the electric field in Figures 6(a) and (b). As
the applied field increases, the E. increases monotonically but the P,
starts to decrease above saturation like regime around 20 kV/cm. The
former is seen to resemble that of solid state ferroelectrics® but the
latter is different from them. The latter suggests the appearance of
factors which reduce the polarization by increasing the applied field.
An increase of the E_ and a decrease of the P, in Figure 6 lead the
maximum of the S, in Figure 4(a) since S, ~ 2P E.. The electric field
dependence of the Py, + P, is shown in Figure 7. It is interesting
that the saturation phenomenon can be seen in the Py, + P, in
contrast with the P,. The P,/(P,, + P,) is proportional to EZ® as
shown in Figure 8. The width of the additional loop can be considered
to increase in proportion to E, in a very high field since the E*
becomes negligibly smaller compared with E ;. The S, is proportional
to E3 but the rectangular area of the product width and the Py, (S,)
is proportional to EX®. This difference of exponents is caused by an
increase of the occupation ratio of the loop: S,/2S,, with an increase
of the applied field.

4. TEMPERATURE DEPENDENCE OF D-E LOOP

The temperature dependence of the S, and S,/2 at the constant field
of E,, = 14.1 kV/cm ((E) = 10 kV/cm) are shown in Figure 9. When
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FIGURE 8 Electric field dependence of the P,/(P,, + P,). f = 60 Hz, AT = 2°C,
d = 46 um.

the sample temperature is lowered, the S, increases but the S,/2
decreases. The temperature dependence of the S is natural because
both P, and E_ increases as the temperature is lowered in the smectic
C* phase. The temperature dependence of the S,/2 indicates that the
triple hysteresis loop is made difficult to appear with a decrease in
temperature. The threshold electric field E, (to obtain the triple hys-
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FIGURE 9 Temperature dependence of the S, and S,/2. f = 60 Hz, (E) = 10 kV/
cm, d = 46 pm, AT = 94.4°C.

teresis loop) was studied as a function of temperature and this result
is shown in Figure 10. The variation of E, with the temperature is
similar to that of the rotational viscosity coefficient near the phase
transition temperature from smectic A to smectic C*7® and similar
to that of the coercive field near the phase transition temperature
from smectic C* to smectic H.?
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5. D-E HYSTERESIS LOOP OF MBBA

In order to make clear the origin of the triple hysteresis loop, that
of MBBA (N-(p-methoxybenzylidene)-p-butylaniline) in a high field
was studied using a 60 Hz a.c. power supply. This result is shown in
Figure 11 with the corresponding result of DOBAMBC and the time
variation of their X and Y components. In Figure 11(a), we can see
two loops, which correspond to the additional loop in the triple hys-
teresis loop. Both reduced and enhanced polarization are also ob-
served in these two loops. The time variation of the Y component in
MBBA shows hollows, which correspond to the additional loop in
the D-E hysteresis loop, like that of DOBAMBC. The variation of
the polarization in Figure 11(a): P, was studied as a function of the
applied field and this result is shown in Figure 12. The electric field
dependence of the P, in MBBA is the same as that of P,/(Py, + P,)
in DOBAMBC, which is shown in Figure 6. It is considered, there-
fore, that both P, and P, are caused by the same mechanism. In the
nematic phase of MBBA, electrical conductivity decreases above a
threshold field with an increasing field at such a high field,'® because
of a parametric oscillation of the nematic director in a turbulent flow
of electrohydrodynamic instability (EHDI).!°~ 3 Two loops of MBBA
may be, therefore, caused by this nonlinear conductivity change.

6. SUMMARY AND DISCUSSION

We have found the following experimental facts about the triple
hysteresis loop;

(1) As the additional loop has never been compensated by a resist-
ance of the bridge, it is an intrinsic phenomenon in a ferroelectric
liquid crystal.

(2) A triple hysteresis loop consists of an original loop and two
additional ones with inverse polarization.

(3) A power loss due to the additional loop increases much more
than that of the original loop with an increase of the applied field.

(4) Reduced and enhanced polarization can be observed in the
additional D-E loop.

(5) Polarization of the original loop indicates a sharp change in
the coercive field but that of the additional loop shows a rather gentle
change above the threshold field E, for the triple loop.

(6) It is easy to observe triple hysteresis loops near the phase
transition temperature T, and/or in a very high field. Near T, both
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FIGURE 11 D-E hysteresis loops and time variation of their X and Y components
for a sinusoidal wave: (a) D-E hysteresis loop of MBBA (N-(p-methoxybenzylidene)-
p-butylaniline); f = 60 Hz, T = 32.19°C, d = 100 pm, (E) = 15 kV/cm, (b) D-E
hysteresis loop of DOBAMBC; f = 60 Hz, AT = 2°C,d = 30 um, (E) = 20 kV/cm,
(c) applied electric field (X component of the D-E loop), (d) time variation of Y
component for the D-E loop of (a), (e) time variation of Y component for the D-E

loop of (b).
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FIGURE 11— Continued

spontaneous polarization P, and rotational viscosity coefficient be-
come low but the dielectric anisotropy is virtually invariant.

(7) Two loops which correspond to the additional loop in the D-
E hysteresis loop of DOBAMBC were observed in that of MBBA
in a very high field and it is explained by a nonlinear conductivity
change due to EHDI, including the parametric oscillation of the
director in the nematic phase.!%!!

We will try to make clear the origin of such a triple hysteresis loop
from these summaries.

The EHDI in the smectic C phase has been studied mostly in
HOBA (p-n-heptyloxybenzoic acid) with negative dielectric anisot-
ropy and a positive conductive anisotropy by many authors.!4-1?
Petrov et al.’ explained the initial domains by periodic bend-twist
instability, coupled with the hydrodynamic flow and the fundamental
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FIGURE 12 Electric field dependence of the P, in MBBA. f = 60 Hz, T = 32.19°C,
d = 100 pm.

domains by that of bend instability. Temperature dependence of the
threshold field for the triple hysteresis loop is analogous to that of
EHDI in smectic C. Moreover, the electric field dependence of the
P, in DOBAMBC is the same as that of the P, in MBBA, which is
caused by EHDI.

The EHDI is classified into two types; one is the EHDI in the
conduction regime, which responds within several seconds, and the
other is the parametric director oscillation in the dielectric regime,
which can follow any applied frequency as far as a sufficiently high
field is applied. Both EHDI coexist in high fields. The alignment of
the director is disturbed in the azimuthal direction by the turbulent
flow of the EHDI in DOBAMBC and results in the decrease of the
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P, as shown in Figure 6. In addition to the effects of the EHDI, the
director may be also modified by the dielectric interaction with the
applied field as Dmitrienko et al.?° clarified. The oscillating director,
which is caused by the forced parametric oscillation in the EHDI,!:12
may lead to nonlinear responses of conductivity and dielectricity to
the applied field. These nonlinear responses are the main causes of
the additional loop of the triple hysteresis loop. In the present ex-
periment, the P, starts to decrease around 14 kV/cm, which is lower
than the lowest threshold field for the additional loop (~ 28 kV/cm)
as shown in Figure 4. This experimental fact supports the idea pro-
posed above, since the EHDI in the conduction regime starts at a
lower field than the parametric director oscillation. As the threshold
field for the triple hysteresis loop is determined by a competition
among dielectric, ferroelectric, elastic and viscous interaction, it is
easy to observe the additional loop under the condition (6) described
above.
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