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We have constructed the phase diagrams for a binary-mixture system of antiferroelectric and ferroelectric
liquid-crystalline materials in both thick and thin cells. In the phase diagrams the boundary between the
smectic-C* and smectic-C: phases runs almost parallel to the temperature axis below from ca. 70 °C down to
at least =25 °C. The SmC*-SmC;k phase transition for a thin cell shows a large supercooling, and a gradual
transition occurs near the boundary. Moreover, the thin cell shows a continuous evolution from the antiferro-
electric to the ferroelectric state by increasing the electric field applied across the cell. The continuous evolu-
tion seemingly reflects the phenomenon of thresholdless antiferroelectricity. In order to explain these phenom-
ena and in clarifying the mechanism of the so-called frustration between ferroelectricity and
antiferroelectricity, we have measured the interlayer interaction energy by varying the constituent concentra-
tions in the binary-mixture system. The measured interlayer interaction close to the boundary indicates that the
gradual phase transition and continuous evolution result from the suppression of the solitary-wave propagation

by the effect of surfaces.
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I. INTRODUCTION

Antiferroelectric liquid crystals (AFLCs) exhibit tristable
switching. This is the electric-field-induced phase transition
from anticlinic antiferroelectric SmC: to synclinic ferroelec-
tric SmC* and is usually characterized by the dc threshold
and hysteresis [1]. In addition to such a usual behavior oc-
curring, “thresholdless antiferroelectricity” was suggested [2]
as an additional phenomenon while investigating mixtures of
compounds. In two apparently AFLC mixtures studied and
designated later as the Inui (Tokyo) and the Mitsui mixtures,
the thresholdless, hysteresis-free, V-shaped switching was
observed to have actually been induced by an applied electric
field [3,4] and this observation interested a number of re-
searchers since the phenomenon could potentially be applied
to gray-scale displays [5-9]. Two mechanisms were antici-
pated for the thresholdless switching in AFLCs: (i) A con-
tinuous change of the azimuthal angle difference ¢ from the
anticlinic to synclinic ordering [10-15] and (i) the
Langevin-like alignment of the azimuthal angle ¢; random-
ized from layer to layer due to a reduced tilting correlation
[2,4,16,17]. Here, ¢p=¢;,;—¢; and ¢; is the azimuthal angle
of the tilting direction for the ith layer. The continuous
change of ¢ implies that the free energy, when plotted as a
function of ¢, has only a single minimum for any given
value of the applied electric field, and the angle ¢, corre-
sponding to the minimum energy gradually decreases from
anticlinic (¢, = ) to synclinic (¢, =~ 0) by increasing the
applied field. In other words, the antiferroelectric state
evolves to the ferroelectric state continuously. On the other
hand, the Langevin-like alignment of the randomized azi-
muthal angle presupposes that the free-energy plot has two
minima at zero field, one for ferroelectric SmC* and the
other for SmC:, and that both the minima have nearly the
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same energy value and are separated by an almost negligible
energy barrier between them. As a result, any value of ¢ can
be thermally excited equally, and thus the frustrated state
characterized with randomized azimuthal angle ¢; is realized
at zero field. An applied electric field can induce the
Langevin-like alignment.

Due to a significant potential of these materials for their
use in gray-scale displays, both Mitsubishi Gas Chemical
Company, Inc. (MGC) and Mitsui Chemicals, Inc. energeti-
cally developed liquid-crystalline compounds and mixtures
which showed V-shaped switching [3,4,18-21]. MGC in-
sisted that their developed compounds were ferrielectric, and
this was based on their observation of conoscopic figures
with melatopes appearing parallel to the applied electric
field. However, a recent systematic and detailed study by
Song et al. [22] has clearly revealed that their compounds
were unambiguously ferroelectric. As the terminology
“thresholdless antiferroelectricity” prevailed at that time in
the liquid crystal display community, Mitsui Chemicals sim-
ply anticipated that the compounds they developed for
V-shaped switching were in their bulk phase antiferroelectric
anticlinc Sij [18]. By taking account of the similarity in
the chemical structures of the compounds involved, “Mitsui
Chemicals” compounds must be also ferroelctric synclinic
SmC* in their bulk phase, although no detailed study as
Song et al. performed on MGC compounds has yet been
reported on the Mitsui Chemicals compounds. It is now
rather clear that ferroelectric liquid crystals with large spon-
taneous polarization can show thresholdless V-shaped
switching [23-27]. In fact, there have been many reports that
the Inui (Tokyo) mixture is ferroelectric but not antiferro-
electric in the bulk [28-31]. Quite recently, Manjuladevi et
al. also reported that ferroelectric liquid-crystal materials
with large spontaneous polarization and helical compensated
pitch show V-shaped switching [32,33]. Hence, we suggest
that thresholdless V-shaped switchings observed in MGC and
Mitsui compounds may actually correspond to ferroelectric
V-shaped switching.
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Now, we can retrospectively remark that both companies
did adopt the same strategy of enhancing the frustration in
preparing their optimized binary mixtures of antiferroelectric
and “ferroelectric” liquid-crystal compounds for observing
thresholdless antiferroelectricity. In the temperature-
concentration (7-x) phase diagram of the binary mixtures,
the boundary between Sij and SmC* is seen to be rather
vertical and runs parallel to the ordinate temperature axis as
contrasted with the boundary in the ordinary binary mixtures
which usually slants significantly. Close to the boundary for
the critical concentration where an almost vertical line
crosses the abscissa concentration axis, both Sij and
SmC* have nearly the same free energies and, hence, frus-
tration between the two is expected. Such a strategy seems to
have been adopted rather from the beginning by the Mitsui
as well as the Inui mixtures [4,34]. Gorecka et al. and Po-
ciecha et al. reported the frustration phenomenon in an inter-
mediate range of concentrations for the binary mixtures us-
ing C12 and C13 compounds [35,36]. They observed that the
polar properties of the phase gradually evolve from antifer-
roelectric like to ferroelectric like over a wide range of tem-
peratures. This continuous evolution of the polar character
has been suggested to arise from the frustration between the
antiferroelectric and ferroelectric phases and from the forma-
tion of clusters of both phases, which might result from the
weak dependence of the interlayer interactions on ¢. The
frustration was anticipated to have been influenced not only
by the concentration of mixtures, but also by the surface
interactions or application of the electric field. They also
reported the observation of the thresholdless switching in the
mixture, too.

Though a real example of the intrinsic thresholdless anti-
ferroelectric V-shaped switching has not been found so far,
research in thresholdless antiferroelectricity actually has led
to a discovery of ferroelectric V-shaped switching, which is
still important for applications and for advancing scientific
understanding. Additionally it has also motivated the discov-
ery of the so-called frustration phenomenon that was ob-
served in binary mixtures by Gorecka et al. [35,36]. In par-
ticular, the frustration phenomenon is still unclear in both its
characteristics and mechanism. Furthermore, frustration has
much similarity with thresholdless switching. The main pur-
pose of this paper is to clarify the so-called frustration phe-
nomenon using mixtures of antiferroelectric MC881 and
ferroelectric MC452 compounds, which were originally syn-
thesized for the development of the thresholdless antiferro-
electricity by MGC. We investigate the mechanism and the
origin for the frustration phenomenon, clarifying the effects
of the mixing ratio, the surface confinement, and the applied
field. We also reexamine the two mechanisms already sug-
gested for thresholdless antiferroelectricity: that is, the con-
tinuous evolution of ¢ and the Langevin-like alignment.
These investigations are carried out in view of the consider-
ation that the interlayer interaction energy can provide an-
swers for the various questions regarding the frustration phe-
nomenon and thresholdless antiferroelectricity. Finally, we
also report clear experimental results supporting ferroelectric
V-shaped switching using the MGC compounds, nominally
optically pure R-moiety MC452 and S-moiety MC536.
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FIG. 1. Chemical structures of antiferroelectric MC881 and

ferroelectric MC452, which show simple phase sequences: I
(122 °C) SmA* (114.5 °C) SmCA* and I (107.2 °C) SmC*, respec-
tively. Both MC881 and MC452 are R-moieties. MC536 is the S
moiety of MC452.

II. EXPERIMENT

The samples used are the binary mixtures of antiferroelec-
tric MC881 and ferroelectric MC452 compounds with
chemical structures shown in Fig. 1. These were synthesized
by MGC and are the so-called “V-shaped switching materi-
als” for gray-scale displays [19-21]. In these references
some of the mixtures as well as MC452 were considered as
ferrielectric, since the melatopes in conoscopy emerged par-
allel to the applied electric field. As was already pointed out
in Sec. I, Song et al. have nevertheless unambiguously iden-
tified them as ferroelectric [22]. Both homeotropically and
homogeneously aligned cells of these samples were prepared
using a Dow Corning silane coupling agent, 72%
3-(trimethoxysilyl)propyldimethyloctadecyl ammonium
chloride and 28% methanol, and a Nissan Chemical aligning
agent, RN1175, respectively. Various cells ranging in thick-
ness from less than 1 um and up to 100 wm were used for
carrying out the following experiments, which are essential
for advancing the subject.

We first obtain the bulk phase diagram in the MC881-
MC452 binary-mixture system using sufficiently thick cells.
Phase boundaries are determined by monitoring the dielectric
response in terms of measuring the real part of the dielectric
permittivity, spectroscopic Bragg reflection, and electric-
field-induced birefringence. The latter is investigated using a
photoelastic modulator (PEM) setup. The dielectric measure-
ments are carried out at a frequency of 1 kHz with an im-
pedance analyzer (HP-4192A) using 25-pum homogeneous
(planar) cells. As was actually used in the phase identifica-
tion of a prototype antiferroelectric liquid-crystal compound,
MHPOBC [37], the soft mode in SmA and the Goldstone
mode in SmC* are used for determining the phase transition
temperatures among isotropic SmA, SmC*, and SmCZ by
observing the low-frequency dielectric permittivity. The
Bragg reflection bands of 100-um homeotropic cells are also
measured at an oblique incidence angle of 20° using a UV-
visible-IR spectrophotometer (Perkin Elmer, Lambda 900).
As is generally known now, SmC* has the full-pitch helical
periodicity and hence shows not only the characteristic re-
flection band (half-pitch band), but also the full-pitch band,
whereas Sij with the half-pitch helical periodicity only
gives the characteristic reflection band [1]. Since both the
dielectric and spectroscopic measurements show some com-
plexities, which in turn suggest the emergence of subphases
between SmC* and SmC:, the electric-field-induced birefrin-
gence of 25-um homeotropic cells has been investigated for
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determining the electric-field-temperature (E-T) phase dia-
gram by using an experimental setup using a PEM. Our pre-
vious papers [38,39] give a detailed description of the PEM-
based setup for measuring the electric-field-induced
birefringence using homeotropic cells together with the ef-
fectiveness of such results in identifying the subphases.

For a better observation of the frustration phenomenon,
we studied the interface-induced destruction of the anticlinic
antiferroelectric order in Sij by using sufficiently thin ho-
mogeneous cells. Phase boundaries were determined by ana-
lyzing the data on the real part of the dielectric permittivity
measured at 1 kHz with the same apparatus as described
above. Particular attention was paid to the thermal hysteresis
effects, since the boundary critically depends not only on the
cell thickness used, but also on the cooling and heating pro-
cesses. We also investigated the switching characteristics by
using 9-um cells of several mixtures at 35 °C, one of which
was clearly located in the SmC: region in the bulk phase
diagram obtained above and exhibited a similar behavior to
so-called V-shaped switching. Polarized Raman scattering
was measured using a 2-um cell during switching as well as
without an applied field. The experimental setup and the
analysis for Raman scattering data followed the methods
suggested by Hayashi et al. [40,41]. In order to clarify the
cause of the emergence of a thresholdless response to the
applied electric field in SmC*, we observed the texture of
1-pum cells of MC452 (R-moiety) and its partially racemized
mixture with MC536 (S-moiety) using a optical polarizing
microscope (Olympus BX-52).

Then we tried to determine experimentally the free-energy
plot against the azimuthal angle difference between the ad-
jacent smectic layers for the various data points (specified by
the concentration and temperature) in the Sij region of the
above-obtained binary-mixture phase diagram. By assuming
the uniaxial distribution of the molecular short axes as well
as the perfect orientational and translational order, the free
energy at a particular temperature can be written in a very
simplified form as

F=const+ D cos ¢p— Q cos 2¢h— P,E cos ¢, (1)

where ¢ is the azimuthal angle difference of the in-layer
directors between the adjacent layers and const, D, and Q are
functions of the director tilt angle, and P, is the spontaneous
polarization [42-44]. The coefficients D and Q are given as

functions of experimentally measurable quantities
[13,45,46]:
3 cos(¢py,/2) +2
= 5 PEn (2)
4{cos(py/2) + 1}
1
(3)

0= 16 cos(py/2){cos(py/2) + 1} P Eu.

Here Ey, is the critical field and ¢y, indicates the value of ¢
at E=Ey,. The critical field E;, can be determined as a field
where the solitary wave observed during the field-induced
switching from SmC: to SmC* has zero speed [13,45]. We
can also determine ¢g,=m—2 sin"!(tan ®'/tan ®) by mea-
suring the apparent tilt angle ®' at E,;, and the director tilt
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FIG. 2. (Color online) The interlayer interaction energy divided
by the coefficient of dipolar term represented by Eq. (1) when
Q/D=2 as a function of the angle beteen the two neighboring
layers.

angle © in the field-induced SmC*. The free-energy differ-
ence A and the barrier height H between the SmCZ and
SmC* minima are calculated using Eq. (1):

D2
A=2D, H=——+20+|D|. 4)
80
Figure 2 illustrates the free energy having the dipolar and the
qudrupolar terms.

III. RESULTS AND DISCUSSION

A. Phase diagram of the MC881-MC452 binary-mixture
system and the gradual phase transition

Figure 3 shows the temperature-concentration (7-x) phase
diagram in the binary-mixture system of anticlinic antiferro-
electric MC881 and synclinic ferroelectric MC452. In order
to be free from any interface effects, the phase diagram was
obtained using 25—100-um-thick cells. The phase boundary
neither depends on the cell thickness nor shows obvious ther-
mal hysteresis, so far, by using such thick cells. The bound-
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FIG. 3. (Color online) Bulk phase diagram of a binary-mixture
system of MC881-MC452 using thick cells varying in thickness
from 25 to 100 um. The boundary between Sij and SmC* be-
comes almost vertical and runs parallel to the ordinate temperature
axis below 70 °C, so that we can define the critical concentration
R. as roughly 59% of MC452. The mixture near R, stably exists as
smectics even at —25 °C.
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FIG. 4. (Color online) PEM data, indicating clearly the emer-
gence of subphase SmC:(l/v3). The red dotted lines indicate the
transitions  between SmC: and SmC:(l/3) and between
SmCZ(l/ 3) and SmC*. The concentration of MC452 in the mixture
is 56.2 wt. % as for the rectangle shown in the inset of Fig. 3.

ary between Sij and SmC* is almost vertical and parallel
to the temperature axis in the low-temperature region from
ca. 70 °C down to at least —25 °C as contrasted with the
ordinary one which slants significantly [47]. In the molecular
theory for anticlinic SmCy, [43], SmCAk always becomes
stable at low temperatures, and there should exist Sij at
sufficiently low temperatures if the compound does not di-
rectly reach any other lower-temperature liquid-crystalline or
crystalline phase. Figure 3 clearly indicates that SmC: could
not exist as a low-temperature phase of SmC* on the right
side of the vertical boundary. This means that there exist
some intermolecular interactions that absolutely stabilize
SmC* by surpassing the ones which usually produce SmC:
at low temperatures. Such intermolecular interactions may
also be responsible for the appearance of reentrant SmC*
reported by Pociecha et al. [48]. We shall designate the mix-
ing ratio corresponding to the vertical line as the critical
concentration R,=~59%. The SmC:(l /3) phase having three-
layer periodicity was observed over a narrow range of tem-
peratures at the boundary. The existence of SmC:(1/3) can
be confirmed by PEM results shown in Fig. 4.

A second phase diagram was constructed by using dielec-
tric permittivity measurements on thinner cells of 2-um
thickness. The experiments were carried out during both
heating and cooling cycles. The obtained phase diagram is
shown in Fig. 5. Since the dielectric permittivity changes
gradually in thin cells especially near the critical concentra-
tion R.~59%, it is not easy to directly determine the exact
transition temperature, but we defined it to correspond to the
center of the gradually changing dielectric permittivity. In
thin cells, the SmC*—Sij transition temperatures obtained
during cooling are much lower than those during heating;
that is, the supercooling effect is significantly large. It is so
large near R that the transition is not detected during the
cooling cycle at all. Since the supercooling is not observed in
the thick cells, we can conclude that the supercooling in thin
cells basically arises from the surface effects, but its mecha-
nism has not been explained clearly so far. Figure 6 shows
the real part of the dielectric permittivity as a function of
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FIG. 5. (Color online) Phase diagram obtained by dielectric per-
mittivity measurements in 2-um thin cells.

temperature in two thick cells and one thin cell for 40 and
55.5 wt. % MC452 mixtures in MCS881. For 40 wt. %
MC452 mixture in a thick cell, the SmC*-SmCY, transition is
clearly detected in a narrow range of temperatures, which is
the common behavior observed for the phase transition.
However, the transition is rather dull and unclear in the thin
cell using the same mixture or in the thick cell using the
55.5 wt. % MC452 mixture. The dull curves of the real part
of dielectric permittivity clearly show that the phase transi-
tion occurs gradually over a wide range of temperatures. The
confinement by surfaces and the concentration of the binary
mixtures result in the same effect at the phase transition—
that is, the transition occurs gradually—as was already re-
ported by Gorecka et al. [35,36].

In order to find the origin of the gradual phase transition,
we carried out yet another experiment as shown by results in
Fig. 7, where the two sets of the real part of the dielectric
permittivity are plotted using the same cell with different
thermal histories. The dielectric permittivity was measured
using a 2-um-thick planar cell of 50 wt. % MC452 mixture
at a frequency of 1 kHz. After filling the cell with the
50 wt. % mixture at its isotropic temperature, the cell was

—e— Thick / MC452 40%+ MC881 60%
—m—Thick / MC452 55.5%+ MC881 44.5%
—&—Thin / MC452 40%+ MC881 60%

100 4

80+

60

40

€ at1kHz
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T T T T T T T T T
40 60 80 100 120
Temperature (°C)

FIG. 6. (Color online) Real part of dielectric permittivity mea-
sured at 1 kHz using various cell conditions. The cell conditions are
given in the inset: “thin” and “thick” indicate about 2-um and
25-pm thin cells, respectively. Cooling rate is —0.2 °C per min.
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FIG. 7. (Color online) Real part of dielectric permittivity mea-
sured at a frequency of 1 kHz using a 2-um thin cell of 50 wt. %
MC452 mixture. Blue square data points were obtained during heat-
ing the cell after keeping at room temperature for 5 h, and red circle
data points were obtained during heating the cell after keeping at
=5 °C for 2 h. The heating rate is 0.3 °C/min.

cooled down to room temperature. First, the blue square data
points were obtained during heating from room temperature.
For the second experiment, the cell was cooled down again
to =5 °C and was kept for 2 h. Then, the red circle data
points were obtained during heating. A clear difference is
detected as shown in Fig. 7. The cell kept at —=5 °C shows a
sharp step near 98 °C, which indicates a clear phase transi-
tion from Sij to SmC*. However, for the other cell kept at
room temperature, the transition is unclear. The dielectric
response for the cell kept at —5 °C is the typical behavior for
the SmC:—SmC* phase transition. The dielectric response for
the cell kept at room temperature is rather close to that of
SmC* except for a slight jump in €’ close to the transition
temperature. This implies that the liquid crystal at room tem-
perature is not in a completely synclinic or in an anticlinic
state, but this is a mixture involving both the synclinic and
anticlinic states. On heating from room temperature, only a
part of the cell experiences the phase transition at the transi-
tion temperature, since the other part is already in SmC*. By
keeping the cell at a low temperature, the partially synclinic
state changes completely into the anticlinic state, and the
liquid crystal acquires pure SmC:. Therefore, in the area
between the two vertical transition lines in the phase diagram
shown in Fig. 5, the two phases can obviously coexist simul-
taneously.

Gorecka er al. [35,36] explained these phenomena as the
frustration between the antiferroelectric and ferroelectric
phases and the formation of nanosize (smaller than visible
wavelength) antiferro- and ferroelectric clusters. In order to
support their model, they introduced the interlayer interac-
tion between the neighboring layers as a simple term f;
=A,(§- &,,) by neglecting higher terms, where & represents
the director vector of ith layer. This interlayer interaction
energy can simply be represented as f;=A{ cos ¢, which is
the dipolar term in Eq. (1). Hence, when mixing with an
appropriate ratio the antiferroelectric and ferroelectric liquid-
crystalline materials, the coefficient A| proportional to A,
approaches zero and the interlayer interaction energy be-
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comes independent of ¢. They pointed out that this weak ¢
correlation of the interlayer interaction is the origin of the
frustration and the formation of the clusters. However, the
quadrupolar term in the interlayer interaction in the antifer-
roelectric phase has widely been reported to exist and is
known to play an important role in the switching of the an-
tiferroelectric phase and the phase transition to occur. Qian
and Taylor [12] showed that the quadrupolar term actually
determines the switching characteristics of an antiferroelec-
tric cell, and Song er al. [42,45] showed that the quadrupolar
term prohibits the homogeneous phase transition and instead
makes it possible for solitary-wave propagation to occur.
Solitary-wave propagation leads to a slow nonhomogeneous
process and is quite different from a homogeneous phase
transition. Therefore, it is impossible to understand the phase
transition appropriately without the quadrupolar term as was
attempted by Gorecka et al. [35,36].

B. Thresholdless antiferroelectric switching
in the binary mixture

Though the effects of applying an electric field on antifer-
roelectric cells are apparently different from those of apply-
ing thermal energy, the electric-field-induced switching be-
havior quite resembles the temperature-induced phase
transition. This is because the electric field favors and in-
duces the ferroelectric state as does the thermal energy. Note
that the thresholdless switching with field is very similar to
the gradual phase transition with temperature. Hence, inves-
tigating field-induced continuous switching is quite helpful
in understanding the temperature-induced gradual phase
transition.

We measured the apparent tilt angle ®’ as a function of
the applied field using 9-um cells. Figure 8 shows the field
dependence of the apparent tilt angle for the various mixing
ratios. The experiments were carried out with both increasing
and decreasing electric fields at 35 °C using 9-um planar
cells. As the concentration of MC452 increases, the threshold
field for the antiferroelectric-ferroelectric (AF-F) transition
decreases, while the AF-F switching for a 30 wt. % MC452
mixture shows a clear one-step increase. This is a typical
behavior of antiferroelectric materials; the AF-F switching
for the mixtures with higher concentrations of MC452 shows
a two-step increase and finally leads to a rather gradual in-
crease as shown in Fig. 8. To identify the intermediate state
at the two-step switching, we simulate the apparent tilt angle
in the SmC:(l/ 3) structure shown in Fig. 9. The tilt angle ®
for the 40 wt. % mixture at 35 °C is 37°. For ®=37°, n,
=1.5, and n,=1.7, the apparent tilt angle ®" for the unwound
SmC:(1/3) state is found to be 30.4° in our calculations,
which is the same as ®’ found experimentally in the inter-
mediate state. This implies that the intermediate state is the
field-induced SmC:(l/ 3) state. This indicates that the field
plays almost a similar role to that played by the thermal
energy. Note that SmCZ(1/3) was observed between SmC*
and SmC: in the phase sequence with temperature as shown
in Figs. 3 and 4. Similarly, the SmC:(l/3) state is observed
in the intermediate range of fields between the antiferroelec-
tric and field-induced ferroelectric states [51-53]. As the
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FIG. 8. (Color online) Apparent tilt angle ®’ as a function of the
applied field measured at 35 °C using 9-um cells of MC881 mix-
tures containing various wt. % of MC452. Each measurement is
carried out with increasing or decreasing field as indicated by an
arrow. Black thin horizontal line in each of 41 wt. %, 45 wt. %, and
51 wt. % shows the simulated state for the three-layer structure. For
41 wt. % composition the two-step decrease is observed only dur-
ing the field decreasing, whereas for 45 and 50 wt. % the two-step
process is observed during both the field increasing and decreasing.

concentration of MC452 increases, the range of SmC:(l /13)
is enlarged. An almost gradual increase in the apparent tilt
angle is observed as the mixing ratio approaches the critical
concentration R, but still it shows the two-step increase.
The SmC:(1/3) phase is not observed in thin cells. This
may be because the stability of SmC:(1/3) is rather weak
and is easily suppressed by the surface energy. Similarly, a
thinner cell may show a better continuous switching without
the two step increase. We prepared thin 2-um cells of 55 and
45 wt. % MC452 mixtures; the 55 wt. % mixing ratio is
close to the critical concentration (R,~59 wt. %). In order

| [ ] | \
(a) low fields (b) intermediate fields  (c) large fields

: AF state : SmCA‘(1 /3) state . F state

FIG. 9. (Color online) The relative orientation of the ¢ directors
at each step of the field induced transition. When ®=37°, n,=1.5,
and n,=1.7, ®'=30.4° is found for the SmC:(1/3) state according
to a simple simulation. The simulation result accords well with the
experimental results shown in Fig. 8; see the horizontal thin black
lines.
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to make sure that all the material in the cell becomes SmC:,
the cells were kept at a temperature of —5 °C for 15 h. After
heating the cell to room temperature, the apparent polariza-
tion was measured by increasing and decreasing the applied
field as shown in Fig. 10. Three sets of measurements were
carried out for each cell: the first data were obtained in the
virgin cell with increasing field; then, the second data were
obtained with decreasing field and the third ones obtained
with increasing field again.

The 45 wt. % MC452 cell [Fig. 10(b)] shows a threshold
field, which is the typical behavior of the antiferroelectric
phase. The third data correspond similarly to the first one,
which means that the field-induced ferroelectric state easily
returns to the initial antiferroelectric state when the field is
removed. On the other hand, the 55 wt. % MC452 cell [Fig.
10(a)] shows a gradual increase in the polarization with in-
creasing field, which is quite similar to the thresholdless an-
tiferroelectric behavior. Since the virgin cell is in SmCZ, con-
tinuous switching means that the antiferroelectric phase
gradually transforms to the field-induced ferroelectric state.
However, the third set of data are similar to the second data
set, but are different from the first one. This means that the
field-induced ferroelectric state does not return to the initial
antiferroelectric state after removing the field. Hence, the
third data represent the switching of a ferroelectric cell,
which means that the thresholdless antiferroelectricity is pos-
sible only for the first switching. After all, the thresholdless
antiferroelectricity is possible as shown in Fig. 10(a), al-
though the behavior is rather different from the conventional
concept of thresholdless antiferroelectric switching, because
conventional switching is supposed to be used in applica-
tions and should occur at high frequencies as well; that is,
the antiferroelectricity should recover quickly when turning
the applied field off. Hence, the kind of thresholdless antifer-
roelectricity observed here is not useful for applications.

C. Mechanism of the frustration
and the solitary waves

As pointed out by Qian and Talyor [12] and later by
Parry-Jones and Elston [13], the interlayer interaction is the
most crucial factor in determining the characteristics of the
phase transition between the SmCZ and SmC*. Now, we will
reexamine the two models suggested for the thresholdless
antiferroelectric switching mode: the continuous evolution
model and the Langevin-like model from the viewpoint of
the interlayer interaction energy. Based on the electrostatic
dipolar interactions, Lee and Lee presented a geometrical
model for the change in the azimuthal angle and gave the
thresholdless criterion [10]. Qian and Talyor and more re-
cently Parry-Jones and Elston made a detailed analysis of the
change in terms of the interlayer interaction energy as a func-
tion of the azimuthal angle difference between the adjacent
layers at any given applied electric field [12,13]. Continuous
evolution can be achieved when the quadrupolar term is
small enough as compared with the dipolar term and the
interlayer interaction has always one energy minimum. Fig-
ure 11 shows the free energy plotted against ¢ for various
values of the applied fields for three parametric values of

041702-6



GRADUAL PHASE TRANSITION BETWEEN THE SMECTIC-...

PHYSICAL REVIEW E 78, 041702 (2008)

FIG. 10. (Color online) Apparent polarization
as a function of applied field in 2-um cells of
MC881 mixtures containing (a) 55 wt. % and (b)
45 wt. % MC452.
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Q/D. When Q/D is large enough as shown in (c), the free
energies have two energy minima at various applied fields,
and tristable switching is expected. However, when the qua-
drupolar term is very weak as shown in (a) (Q/D <0.05), the
free-energy plots have always a single energy minimum, and
continuous evolution is expected.

Therefore, if there exists such a material having a very
weak quadrupolar interlayer interaction term as compared to
the dipolar term, continuous evolution—that is, thresholdless
antiferroelectricity—can be obtained even in a thick cell.
However, all of the thresholdless switchings in AFLC cells
have so far been obtained in a thin cell only, and most of
these have been revealed as ferroelectric V-shaped switch-
ings since the surface suppresses the antiferroelectricity as
shown in the previous section. In molecular theories, syn-
clinic ordering is favored by the isotropic dispersion attrac-
tion between the molecules and the steric energy between the
layers, which are supposed to be the most dominant inter-
layer interaction energies [43]. Therefore, the existence of
the local minimum at the synclinic ordering is naturally ex-
pected even in the antiferroelectric phase, which also sup-
ports the presence of a significantly large quadrupolar term,
as is being actually obtained in the following. In this way,
though continuous evolution is possible theoretically, an ac-
tual material having such physical properties may not exist.
Langevin-like alignment assumes a ¢-independent free en-
ergy and a randomized angle difference between the adjacent
layers. This may be possible only when both the dipolar and
quadrupolar terms are close to zero. Using the same reason-
ing as given above, liquid-crystalline material having a weak
tilting direction correlation is also difficult to realize.

We measured the actual interlayer interaction energy in
the binary mixtures using the method explained in Sec. II.
Figure 12 shows the data for measured H, A, and Q/D plot-
ted as a function of temperature in 25-um planar cells of the
binary-mixture system of MC881-MC452. We can see that
Q/D is always much larger than 0.25, which means that
there exist always two energy minima. While H does not
change much with the mixing ratio, A decreases with in-
creasing MC452 concentration. Note that A and H represent
the energy difference and the barrier height between the two
energy minima, respectively. Each of the minima represents

300
Field (mV/um)

—
400 500

the stable state of a phase. Therefore, the large value of H
implies that there exists the large energy barrier between the
two phases. The trend of A with the concentration is quite
interesting. The average values of A over the temperature
range from (7,—50) °C to (T.—10) °C are plotted as a func-
tion of the concentration in Fig. 13. (A) approaches zero at
R., which means that the energy difference between the an-
ticlinic and synclinic orderings becomes zero as the concen-
tration approaches the critical concentration. This experi-
mental observation is quite understandable. Pure MCS881,
which is an antiferroelectic material, has the minimum free-
energy level in anticlinic ordering. By adding MC452, which
is a ferroelectric material, the free-energy level in synclinic
ordering decreases and consequently A decreases. Since the
synclinic and anticlinic orderings have the same energy level
close to the critical concentration R,, A reduces to zero.
Hence, we can conclude that by adding the ferroelectric ma-
terial to the antiferroelectric one, the energy difference be-
tween the synclinic and anticlinic orders is reduced, but the
energy barrier between these two states is little influenced.

1 1 1
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DN .
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o
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FIG. 11. (Color online) Free energy as a function of the azi-
muthal angle difference of the in-layer directors between the adja-
cent layers for various strengths of an applied electric field calcu-
lated using Eq. (1). The values of parameters: (a) Q/D=0.05, (b)
Q/D=0.25, and (c) Q/D=0.5. The applied field increases from top
(E=0) to bottom curve for each graph. Solid red circles are global
minimum points, open pink circles are local minimum points, and
brown crosses are the energy barrier between the two energy
minima. For Q/D=<0.05, only a single minimum exists at any ap-
plied electric field, and for Q/D>0.25, ¢=0 is the local energy
minimum even at zero field.

041702-7



SONG, FUKUDA, AND VIJ

3
m/E\ (a)
®o.
o Rgmu-mm g
B) 2_ /‘:‘\0\ \.\.‘.\. - .\.\.\l
- g 3 ~@- ~
() ’\0\,\ . %o
=R R O VORRAR S,
= ©-0-0-0. M
< O‘O;O\O\O\a‘~ W ()
5%
0 T I
[sp} B
E 4]
o ]
o 3
-
WL 2]
> 1 | —=—MC452-0 %
— 1] | —e—MC45221 %
T ]| —* MC45230%
T— —A—MC452-42 % ——
1 | —o0—MC452-50 % A 7 (©)
10
a E
= ]
e} ] aa
14
T

T T T T T T T

40 60 80 100 120
Temperature ("C)

FIG. 12. (Color online) (a) Free-energy difference between

SmC: and SmC* minima, (b) its barrier height separating these,

and (c) Q/D with temperature. The results are obtained through
solitary-wave experiments using 25-um thick planar cells.

Moreover, the slope of A with temperature depends on the
concentration. The dotted line for each curve represents the
slope of the curve near T, in Fig. 12(a). The absolute values
of the slope of the lines are plotted in Fig. 13, which show
that the slope also approaches zero as the mixing ratio gets
closer to R..

Actually, we can explain the gradual phase transition phe-
nomenon using the above-measured interlayer interaction en-
ergies. In our previous paper [45], we showed that, when
there exists an energy barrier between the ferroelectric and
antiferroelectric energy minima as in the binary mixtures un-
der consideration, the only possible way for the phase tran-
sition to occur is a nonhomogeneous process—i.e., solitary-
wave propagation—to overcome the energy barrier [42,45].
Usually, the solitary wave starts from defects and its propa-
gation is also influenced by surface effects. The energy dif-
ference between the two phases, A, is the driving force for
the solitary wave to propagate. Therefore, the phase transi-
tion depends strongly on the competition between the driving
force controlled by A, on the one hand, and the frictional
effect controlled by surfaces on the other and the presence of
defects. When A is large, the driving force for the phase
transition is so strong that the transition occurs very quickly.
On the other hand, if A is small, the driving force is weak
compared to the friction. While in some parts of the cell, the
transition may successfully occur slowly, but in the other
part, the metastable state would remain and the two phases
may actually coexist. This explains why the coexistence of
two phases appears close to the critical concentration R,
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FIG. 13. (Color online) Averaged (A) over the temperature
range from (7,—50) °C to (7.—10) °C (upper) and the absolute
value of the slope near T, (lower) as a function of wt. % of MC452
in MC88]1.

where the energy difference A is minimized as shown in
Figs. 12 and 13. The slope of A with temperature is the most
important factor. As shown in Fig. 13, the slope approaches
zero near the critical concentration. The low value of the
slope means that A becomes weakly dependent on the tem-
perature. On cooling, A experiences its sign reversal at the
transition temperature T, and the anticlinic ordering, which
was the metastable state at high temperatures, becomes the
global stable state. On further cooling, A increases and the
driving force for solitary-wave propagation increases. If the
slope of A is large as for the case for a large concentration of
MCS881, A increases quickly with decreasing temperature
and the phase transition occurs rapidly in a narrow range of
temperatures. However, if the slope of A is small as being
near the critical concentration, A increases very slowly with
decreasing temperature and the driving force for the solitary
wave to propagate is rather weak, even when the temperature
is much lower than 7. Hence, large supercooling and at the
same time rather dull phase transitions are observed as
shown in Figs. 5 and 6. The slope of A explains why the
phase transition line between the SmC: and SmC* phases in
the phase diagram is vertical. The slope approaches zero at
R_: the zero slope means that the transition between SmC*
and SmC: occurs almost at the same concentration over a
wide range of temperatures, and the transition line in the
phase diagram becomes vertical. The thresholdless antiferro-
electricity shown in Fig. 10(a) is similarly explained. Fur-
thermore, the reason as to why the antiferroelectricity does
not recover after removing the field is explained by the fact
that A is small and the driving force for the solitary wave is
too weak for the propagation to occur.

D. Possible ferroelectric V-shaped switching
in very thin cells of bulk antiferroelectric
mixtures with nearly critical concentrations

In this way, the coexistence of the SmC: and SmC*
phases over a wide range of temperatures is explained by the
suppression of the solitary waves. So far, the various phe-
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FIG. 14. (Color online) Spontaneous polarization of nominally
optically pure R-moiety MC452 and its partially racemized mixture
of enantiomeric excess, e.e.=([R]-[S])/([R]+[S8])=0.20, with the
S-moiety of MC452 (i.e., MC536).

nomenological theories regarding the SmC:-SmC * transition
have been suggested, but these models deal with only the
static free-energy minimum, but not the dynamic process of
the phase transition. These models have provided valuable
information for finding the phase having the minimized free
energy at a given temperature and in finding the phase se-
quence with temperature, but these are not applicable to ex-
plaining how the phase transition occurs at the transition
temperature. This is why it has widely been believed that the
phase transition may simply occur when the minimum free
energy shifts from one phase to another phase. However, our
investigation of the dynamic process of the phase transition
clearly shows that the transition is not simple and the process
can be easily suppressed. The terminology “frustration”
seemed to be chosen due to the belief that the transition may
rather simply occur, and as a result, the coexistence of the
two phases is regarded as the frustration state, which means
both phases can be excited thermally and these can easily be
transformed to each other due to a small energy difference
between the two phases. However, as explained above, the
coexistence of the two phases is actually caused by the sup-
pression of the phase transition. The suppression is more
effective when the energy difference between the two phases
is small and the friction by the surfaces is strong; hence, the
coexistence and the gradual transition appear close to the
intermediate concentration and furthermore in a thin cell.
Thus, the gradual phase transition or the so-called frustration
phenomenon can be explained clearly by the suppression
mechanism.

When the cell becomes really thin—e.g., I um or less in
thickness—so that the surface effects favoring ferroelectric-
ity prevail in the entire sample, the surface-stabilized ferro-
electric states, in particular, the twisted ones, may possibly
be produced even in the bulk antiferroelectric mixtures. This
is particularly easy to occur when the mixture concentration
is close to the critical one R.. Note that the surfaces are more
or less polar and force the spontaneous polarization in each
layer to direct outwards or inwards. Depending on the polar-
ity of the surfaces and the sign of the spontaneous polariza-
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FIG. 15. (Color online) Nominally optically pure R-moiety
MC452 (e.e.=1) shows a single domain with its extinguishing di-
rection parallel to the smectic layer normal in a cell of thickness
about 1 um (a), while its partially racemised mixture with S-moiety
MC536 has two domains (b). The switching characteristic abserved
at 0.1 Hz triangular wave also shows the difference. The pink hori-
zontal line in the switching graph (b) is the optical transmittance
when the applied field is turned off; this is due to the presence of
domains.

tion of the sample mixture smectics, there exist two kinds of
twisted states: TR1 and TR2 or TL1 and TL2 [49]. When the
spontaneous polarization is large, an elastic constant con-
cerning the c-director bend deformation apparently becomes
very large because of the considerable bulk polarization
charges, pp=-divP,, caused by the deformation [23,24].
Therefore, the directors tend to be parallel to each other in
planes vertical to the substrate plates to avoid any deformed
structure so that the twisted regions become extremely thin
and finally diminish; consequently, the complete extinction
direction of the cell is observed along the smectic layer nor-
mal as contrasted with the ordinary twisted states. Mottram
and Elston [14,15] reported a detailed theoretical investiga-
tion into the effects of polar anchoring, which induces ferro-
electric ordering close to the cell surfaces, in a liquid-crystal
cell containing an antiferroelectric liquid-crystalline mate-
rial. Experimentally, in fact, the V-shaped switching is al-
most observed in a 2-um cell of the binary mixture with a
concentration of MC452 close to R, as shown in Fig. 10.
Although we have not yet performed any detailed switch-
ing experiment near the critical concentration region, we
have observed ferroelectric V-shaped switching in the ferro-
electric component of the binary mixture system here stud-
ied, MC452. Here we show the rather direct evidence for the
relation between the switching characteristics and the polar-
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TABLE I. Apparent order parameters obtained for pure MC452
at 25 °C by polarized Raman scattering. The apparent tilt angle is
37.9° and deporalization ratio is 0.367.

Measuring condition Observed (P,) Observed (P,)

Applied electric field (=25 V) 0.890 0.700
No applied field (0 V) 0.721 0.331
At the tip of the V* 0.803 0.459

4P,) and (P,) were obtained by applying a 0.1-Hz triangular field.
The tip of the V implies zero field during the switching experiment.

ization. We used nominally optically pure MC452 and a par-
tially racemized R (MC452) and S (MC536) mixture of
enantiomeric excess, e.e.=([R]-[S])/([R]+[S])=0.20 or
60 wt. % of MC452. The racemized mixture has about 20%
of the maximum polarization of the optically pure material as
seen in Fig. 14. The sign of polarization in MC452 is nega-
tive. The textures observed under crossed polarizers are
given in Fig. 15. The pure MC452 cell shows a single do-
main, the extinction direction of which is along the smectic
layer normal, whereas the e.e.=0.20 or the cell with
60 wt. % of MC452 shows two domains, which are the
twisted-surface-stabilized states TL1 and TL2. The substrate
surfaces coated with RN-1175 apparently force the spontane-
ous polarization vectors to point outward. The lower part of
Fig. 15 illustrates the response to a 0.1-Hz triangular wave-
form electric field. It is of excellent V-shaped switching char-
acter and becomes sufficiently dark at E=0 in the pure
MC452 cell. When the field is turned off, it still becomes
dark. On the other hand, the e.e.=0.20, i.e., for MC452
60 wt. % cell does not become sufficiently dark at E=0 and
shows some hysteresis; when the field is turned off, it is
naturally not dark, for there exist the two domains.

To confirm the vertical steep alignment of the in-plane
directors, responsible for the single domain and the nice
V-shaped switching observed, we obtained the apparent or-
der parameters (P,) and {P,) by polarized Raman scattering
and compared them with the calculated ones with various
standard deviations ¢’s [54]. Results are summarized in
Tables I and II. The in-plane directors are apparently aligned
parallel to the plane normal to the smectic layer and vertical
to the substrate plates, although the standard deviation is
rather large 0=17.5°, since our cell preparation technology
was not good as seen in Fig. 15. The distribution becomes
sharper at the tip of the V, as has been noticed in the early
stages of investigation [50]. Similar experimental investiga-
tions in the antiferroelectric binary mixtures near the critical
concentration R, are interesting future problems to be stud-
ied.

IV. CONCLUSIONS

We have investigated the gradual phase transition ob-
served in binary mixtures of MC881 with several MC452
concentrations. These materials were originally synthesized
for obtaining the thresholdless antiferroelectricity for use in
displays. The similar phenomenon of gradual phase transi-
tion was reported by Gorecka et al. for the first time, but it
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TABLE II. Calculated order parameters (P,) and (P) for pure
MC452.

Assumed o (deg) Calculated (P,) Calculated (P4)

0.1 0.828 0.570
7.5 0.815 0.539
10 0.792 0.485
12.5 0.770 0.436
15 0.746 0.387
17.5 0.720 0.335
20 0.692 0.284

was not clearly clarified mostly due to a poor understanding
prevailing at the time about the interlayer interactions and in
particular by their neglect of the quadrupolar term [35]. We
measured the interlayer interaction energy directly by vary-
ing the concentration of the binary mixtures by using a
method that has been developed in our laboratory for its
measurement [45]. The experimental results show that the
energy difference A between the SmC* and SmC: phases
and the slope of A with temperature decreases by increasing
the ratio of the ferroelectric material MC452 in the mixtures,
but the energy barrier between the two phases remains large.
The results are rather different from the assumption made by
Gorecka et al. of neglecting the quadrupolar term; that is, the
quadrupolar term was assumed to be zero and the frustration
state was due to an easy transformation from SmC: to SmC*
and vice versa. The experimental results allow us to under-
stand the mechanism of the gradual phase transition ob-
served in the thin cell of the binary mixture where the appar-
ent tilt angle is shown to change continuously with the field.
The phase transition occurs through solitary-wave propaga-
tion, which can easily be prohibited by the friction of the
surface effects. When A is small, solitary-wave propagation
is easily suppressed and some parts of the cell remain in the
metastable phase even after the temperature crosses the
phase transition temperature. By increasing the temperature
further, the phase transition occurs gradually via the bound-
ary propagation. Hence the two phases coexist over a wide
range of temperatures. Since the gradual phase transition is
similar to the phenomenon of thresholdless antiferroelectric
switching in the sense that one state transits to the other state
gradually, thresholdless switching is naturally expected to
arise from the same mechanism as the gradual phase transi-
tion. Actually, we observed thresholdless switching for the
mixture near the critical concentration using a thick cell. The
mechanism is the suppression of the solitary-wave propaga-
tion, the same as for the gradual phase transition. This is
different from conventional models: continuous evolution of
¢ and the Langevin-like alignment of ¢ both with the field.
We remark that the switching speed of thresholdless switch-
ing in the mixture close to the critical concentration is too
slow to use in applications. We also provide better evidence
for supporting the polarization stiffening model for observ-
ing ferroelectric V-shaped switching in a ferroelectric mate-
rial MC452.
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