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PACS. 42.70.Df — Liquid crystals.

PACS. 61.30.Gd — Orientational order of liquid crystals; electric and magnetic field effects on
order.

PACS. 78.30.-j — Infrared and Raman spectra.

Abstract. — In this paper we present the results of the polarized infrared spectroscopy as
evidence for the existence of a chiral analogue of the SmA phase of the de Vries type. In
this phase, the molecular director in the smectic layers is tilted with respect to the smectic
layer normal. The dichroic ratio is found to increase when the voltage crosses a threshold,
and reaches a saturation value where all the directors of different layers are interpreted to be
aligned perpendicular to the direction of the electric field. The possible molecular structure of
de Vries SmA* phase is discussed.

Introduction. — 1t is well known that the smectic layer spacing in all of the tilted smectic
phases is lower than in the orthogonal smectic phases due to the molecular tilt. Nevertheless,
in 1972, Diele et al. [1] reported a SmA phase, with the same layer spacing as a non-chiral SmC.
Later on, in several publications the unusual SmA-SmC phase transition without smectic layer
shrinkage was observed both in the non-chiral [2-5] and recently in chiral smectic LCs [6-9].
The non-chiral analogue of this phase was suggested and investigated first by de Vries in
1974 [2] (called A3). The smectic C3 phase on heating would yield Ag, and this change-over
at the C3-Ajs transition temperature occurs without an alteration in the smectic layer spacing
and therefore without a change in the molecular tilt angle. It was suggested that “in this phase
the tilted layers are stacked in a random fashion” [2]. In other words, in the smectic A3 phase,
the molecules are tilted with respect to the smectic layer normal, similar to those in the SmC*
phase, but the tilt directions in different smectic layers are randomly oriented, or uncoupling
of the tilt directions from layer to layer occurs. The theoretical explanation of this de Vries
phase has been developed in terms of a diffuse-cone model [5]. On the other hand, the same
property (unshrinkable layer spacing) can be explained by a structure, where the molecular tilt
direction is not correlated even in each single smectic layer. Due to the absence of chirality, and
consequently the absence of local spontaneous polarization, both possible structures cannot be
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distinguished from each other and from the orthogonal SmA phase. In chiral smectic liquid
crystals these phases exhibit a pronounced electroclinic effect [8]. Moreover, other smectic
materials with a large electroclinic coefficient [10, 11] may exhibit the same phenomenon.
Two properties, the unshrinkable smectic layers at the SmA-SmC* transition and a large
electroclinic coefficient, appear to be the essential features of these materials, though differing
explanations have been given. The possible structure of the tilted SmA phase is similar to
a new class of phases [12] that is predicted to occur in weakly coupled, three-dimensional
stacks of two-dimensional XY systems or sliding phase. This is also supported by recent
computer simulations of smectic ordering in liquid crystals [13] composed of bent-rod strongly
angled molecules interacting through only a soft repulsive potential, arising from the steric
interactions. The interlayer coupling and the interdigitation of molecules in adjacent layers
is neglected. This reveals a SmC phase with direction of molecular tilt varying from layer to
layer. The existence of a “sliding phase” is also predicted by the axial next-nearest-neighbor
interactions (ANNNI) model [14], where the competitive disordering effect of the thermal
fluctuations is greater than the correlation between neighboring smectic layers.

In this paper we present the results of the polarized infrared measurements of the sample
under investigation. The results of the effect of the applied voltage on the absorbance profiles
are shown for SmC* and de Vries SmA* phases. We determine the dichroic ratio as a function
of the applied voltage. The infrared results on the molecular tilt angle are compared with
those found using electro-optic measurements in our earlier paper [9].

Ezxperimental. — The sample under investigation is MC513. This is the second compound
of a three-component Tokyo mixture investigated in ref. [15]. The molecular structure of this
compound is

C 11He30—_H»—_H—coo— H— COO—'(|)H —CgHyg OC,Hss .

CFg

From the phase diagram, presented in ref. [15], the phase sequence of this compound was as
follows:

Cr—35°C-SmCy4*-73 °C-SmC*-81.7 °C—-SmA -84.5 °C-1Is .

The sample cell for the infrared measurements consisted of two CaFs windows coated with
conducting layers of indium tin oxide (ITO). We made investigations on a homogeneously
aligned 5 pm cell. The orientant RN1266 (Nissan Chemicals Ind. Ltd.) was used as an align-
ment agent. The cell was filled with the liquid crystal in its isotropic phase by the capillary
effect and the sample was trained to produce a uniform structure in order to attain a high
dichroic ratio. A Bio-Rad spectrometer FTS-60A with 2cm™! resolution and averaging over
32 scans was used to record the spectra. Infrared spectra were measured as a function of the
polarizer rotation angle under the application of a bias voltage at temperatures of 81.2°C and
83.5°C. These temperatures correspond to SmC* and SmA phases, respectively. However,
the latter phase (SmA) is being interpreted as a non-orthogonal de Vries SmA* phase.

Results and discussion. — In our investigation we focus our attention only on the phenyl
ring C-C stretching vibrations centred at about 1600 cm~! mainly because its transition dipole
moment is almost parallel to the long molecular axis. This is used to find out the structural
arrangement of the molecules on a microscopic level.

The infrared properties of the SmC* phase are found to correspond to those of a conven-
tional SmC* phase. Figure 1 presents the absorbance profile A(2) for the phenyl ring C-C
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Fig. 1 — Absorbance profiles of phenyl ring C-C stretching vibrations in the SmC* phase with and
without electric field at a temperature of 81.2 °C (the electric field is perpendicular to the page plane).

stretching vibration as a function of the polarizer rotation angle for zero and saturated voltage
in the SmC* phase. The application of the bias voltage unwinds the ferroelectric helix result-
ing in a rotation of the absorbance profile by an angle “+€y” or “—” depending on the
polarity of the external field. When the helix is unwound 2y reaches Q.. The absorbance
vs. polarizer rotation angle for different values of applied voltage was fitted to the following
equation [16,17]:

A(Q) = —log,o[10741 4+ (10~ 4+ — 10~ 41) sin?(Q2 — Q)] , (1)

where A and A, are the maximum and minimum values of absorbance, () is the polarizer
angle, )y is the angle of maximal absorbance. The angle )y obtained from the fitting of
infrared spectra is found to be equal to the optical tilt angle [9]. Figure 2 shows the dichroic
ratio (= Aj /A1) and the optical tilt angle 2y vs. the applied voltage.
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Fig. 2 — Dichroic ratio (filled circles) and angular shift (open squares) as a function of applied voltage
for a phenyl ring C-C stretching vibration in the SmC* phase. The temperature is the same as in
fig. 1.
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Fig. 3 — Absorbance profiles of phenyl ring C-C stretching vibrations in the de Vries SmA* phase
with and without electric field at a temperature of 83.5°C (the electric field is perpendicular to the

page plane).

A distortion in the helical structure with voltage causes an increase in the dichroic ratio
until it reaches the maximum value corresponding to a completely unwound ferroelectric phase.
The maximum dichroic ratio was found to be equal to 3.98 and Quax is ~ 29°; the latter
is in good agreement with the result of the optical tilt angle measurements [9]. Q. is the
saturation value of €.

Similar measurements in the SmA phase of this material show extremely intriguing results.
The most unusual is the behavior of the dichroic ratio, which is found to be dependent on
the applied electric field. Figure 3 presents a polar plot for the high-temperature phase in
the absence of an electric field and under positive and negative voltages where the absorbance
reaches a saturation value. The saturated voltage is found to be approximately 50-55V for
a temperature of 83.5°C. The fitted parameters of the absorbance profiles, i.e., the dichroic
ratio and the angular shift, are plotted in fig. 4.
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Fig. 4 — Dichroic ratio (filled circles) and angular shift (open squares) as a function of applied voltage
for phenyl ring C-C stretching vibrations in the de Vries SmA* phase. The temperature is the same
as in fig. 3.
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The results for the angular shift determined from the IR agree with those from the op-
tical measurements of the apparent tilt angle [9]. The changes in g at voltages below the
threshold are similar to the electroclinic effect in the SmA phase, where the electrically in-
duced angular shift (apparent/switching) tilt angle increases almost linearly with the electric
field. However, at some threshold voltage, 29 jumps to a saturated value (/= 27°). This result
is in contradiction to that for a conventional SmA phase. In the optical tilt angle measure-
ments [9] we find that the threshold voltage increases rapidly with the increase in temperature,
while the saturation angle remains almost independent of temperature. This is typical for a
smectic liquid crystal with a direct SmC*-Is phase transition, where the smectic tilt angle
is almost independent of temperature. This observation indicates that the saturation value
of the switching angle corresponds to the thermodynamic molecular tilt angle in the smectic
layers. The threshold voltage corresponding to an abrupt increase in the dichroic ratio is
interpreted as the voltage where all the molecules start getting aligned perpendicular to the
direction of the field.

The similar shape of the field-induced tilt angle has been interpreted by the field-induced
SmA-SmC* phase transition or by a large high-order coefficient (©°) in the Landau free-energy
expansion [7]. Nevertheless, these two interpretations contradict the voltage dependence of
the dichroic ratio (fig. 4). If it was a normal SmA-SmC* field-induced transition, then the
dichroic ratio is not likely to be greater than that for a SmA phase, and furthermore such
a significant increase in the dichroic ratio is not expected. In the case of a large high-order
coefficient (©°) in the Landau free energy, the shape of the curve will be similar with the
exception that a saturation value in the tilt angle, as in fig. 4, will not be reached. The tilt
angle will then continue to increase with a lower slope for voltages greater than the threshold.

The fact that the dichroic ratio first slowly (almost linearly) increases with the electric
field and then suddenly rises and reaches a saturation value suggests that the phase under
discussion is a de Vries tilted smectic phase.

A simple simulation can also support this. In the absence of electric field the dichroic ratio
of a de Vries phase must be lower than that in the unwound state and it can be estimated
by taking into account the absorbance profile for the unwound SmC* phase and integrating
it for different values of ¢ to introduce an arbitrary distribution of molecular tilt direction, as
in the following equation:

P (AT P
0

This equation can be applied to both the helical SmC* phase and the de Vries SmA* phase
because the aperture of the infrared beam is much greater that the helical pitch. Taking the
following experimental parameters for the unwound random phase: A = 1.144, A, = 0.296,
Aj/AL = 3.86, Qax = 27° in eq. (2), the dichroic ratio for the undisturbed random structure
comes out to be 2.8. This is in excellent agreement with the experiment. Nevertheless, a
similar approximation for the helical SmC* phase (again on taking the experimental results
of Ay =0.96, AL =0.241, A /AL = 3.98, Qmax = 29°) gives a dichroic ratio of 2.7 which is
higher than the experimental value of 2.5. This discrepancy can be easily explained by the
well-known fact that a helix in a planar cell is distorted by the surface. In other words, some
of the molecules near the molecular-surface interface lie in the surface plane. This causes a
decrease in the experimental value compared to the theoretical one. On the other hand, the
random structure, appearing to be stronger than the helical SmC*, is almost undistorted. In
this case the experimental and theoretical values are of the same magnitude.
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Finally, there are two possible structures suggested for the de Vries phase. One of these
(say Type I) is a phase where the molecules are randomly tilted in the same smectic layer
and there is only short-range order in the tilting sense. The second possible structure (Type
IT) is similar to a sliding phase [12] where the molecules in a smectic layer are tilted in
the same direction, but the tilting directions (C-directors) from layer to layer are randomly
distributed. In this case the local symmetry of the smectic layer (Cz) is the same as for SmC*
and the smectic layer possesses local spontaneous polarization. Both structures satisfy the
experimental results and therefore they cannot be distinguished from each other by FTIR
analysis. Nevertheless, we believe the sample is more likely to be a de Vries (Type II) phase;
this conclusion follows from the shape of the field-induced dependence of the apparent tilt
angle [9] and dichroic ratio.

Several different approaches (Monte Carlo simulations [13] and mean-field theory [18])
showed that the Type-I de Vries phase possesses a smooth, Langevin-type field-induced de-
pendence of the apparent tilt angle, without inflection point, so that d?y/dE? < 0, where )
is the apparent tilt angle. Recently, such a smooth dependence has been obtained experimen-
tally in other tilted SmA (de Vries) samples [8]. The shape of the field-induced dependence of
the dichroic ratio and the apparent tilt angle [9] of MC513 reveal an abrupt increase. At this
point microscopic observation detects the coexistence of two types of domains: one of these is
a distorted de Vries structure and the other is an unwound SmC with a saturated tilt angle.
The shape of the domains is strongly elongated in the direction of the smectic layer plane.
Such a scenario is more appropriate for the de Vries Type-1I structure (sliding phase).

In such a structure the local spontaneous polarization vectors in different smectic layers are
randomly distributed while these are still coupled [12]. The application of an external electric
field causes a deformation in the random distribution of the local polarization of smectic layers
and induces some order (macroscopic polarization, apparent tilt). At some threshold value of
the applied voltage the net spontaneous polarization of some smectic layers is oriented in the
direction of the electric field. This will enable the neighboring smectic layers to turn in the
same direction and therefore form specific elongated domains. This situation is similar to the
appearance of “dechiralization” lines (or domains) in the conventional helical SmC* cells.

Finally we conclude that the investigation using Infrared Spectroscopy supports the ex-
istence of a de Vries SmA phase and the experimental results for the MC513 are more ap-
propriate possibly for a Type-II de Vries phase. Additional investigations employing different
experimental techniques should clarify the nature of this phase.
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