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Comparison of the characteristics of the chiral analog of the de Vries type of smectic-A* phase
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In this paper we compare the results of three ferroelectric materials that exhibit unusual smectic-A (SmA)
phases. These phases have been assigned to chiral analogs of the de Vries SmA phase. Several experimental
techniques have been employed for this investigation. The possible molecular structures of de Vries SmA*
phases are discussed.
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INTRODUCTION

It is well known that the smectic layer spacing in the tilt
smectic phases is lower than in the orthogonal sme
phases due to the molecular tilt. Nevertheless, in 1972, D
et al. @1# reported a smectic-A (SmA) phase with the same
layer spacing as a nonchiral SmC phase. Later on, the un
usual SmA-SmC phase transition without a smectic lay
shrinkage was observed in several publications both in
nonchiral @2–4# and recently in the chiral smectic liqui
crystals~LCs! @5–9#.

To explain the nature of the SmA-SmC transition without
alteration in the smectic layer spacing, de Vries suggested@2#
in 1974 a new type of SmA phase, where the molecules a
tilted similar to those in the SmC phase. In one possibl
structure, the tilted SmC-like smectic layers are stacked in
random fashion@3#. In other words, the molecules are tilte
with respect to the smectic layer normal, similar to those
the SmC phase, but the tilt directions in different smect
layers are randomly oriented or, strictly speaking, there is
long-range correlation in the azimuthal angle of the sme
layers. In this phase, the local symmetry of the smectic la
(C2h) is the same as for the SmC phase and in the case o
chiral molecules the smectic layers possess a local spon
ous polarization. The overall symmetry of such a structur
D`h due to an averaging on all smectic layers and is
same as in the conventional orthogonal SmA phase.

On the other hand, the same property~unshrinkable layer
spacing! can be explained by another possible structu
where the molecules are tilted but there is no long-ra
order in the azimuthal angle within each smectic layer a
only a short-range correlation in the tilting sense@4#. Hence,
due to the averaging on any smectic layer, the uniaxial s
metry of the SmA phase is observed. The overall symme
of this arrangement as well as the local symmetry isD`h , as
of a conventional orthogonal SmA phase.

In other words, to explain the unshrinkable smectic lay
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in SmA-like phases, de Vries suggested two possible str
tures@3,4#: where the molecules are tilted with respect to t
smectic layer normal, similar to those in the SmC phase but
the tilt directions in different smectic layers are random
oriented @3#, or uncoupling of the tilt directions in every
single smectic layer occurs@4#.

For the case of nonchiral liquid crystalline molecules, a
consequently due to the absence of the local spontan
polarization, both possible structures cannot be distinguis
from each other and from the orthogonal SmA phase.

For chiral materials, it was found that under the applic
tion of an external electric field, the behavior of this type
SmA* phase is different from the orthogonal SmA* phase,
namely, the high electroclinic effect and the manner in wh
the saturation of the induced tilt angle with voltage
achieved. Such materials may or may not exhibit the fie
induced SmA* -SmC* phase transition. Themacroscopicbe-
havior of the materials with the field-induced SmA* -SmC*
phase transition was initially explained by a large high-ord
coefficientQ6 in the Landau free-energy expansion@10,11#.
This explanation may probably be correct for the previou
studied materials; nevertheless, this contradicts the re
Fourier transform infrared~FTIR! @12# and electro-optic
@9,13,14# results on different samples. The dichroic ratio a
birefringence in this type of SmA materials are considerabl
lower than in the unwound SmC* phase and these sho
pronounced voltage dependencies.

The chiral de Vries materials exhibit a pronounced el
troclinic effect @8#. Moreover, other SmA materials with
large electroclinic coefficients@10,11# may possess the d
Vries structure. Two properties: the unshrinkable smec
layers at the SmA* -SmC* transition and a large electroclini
coefficient appear to be the essential features of de V
materials, though differing explanations have been giv
The first possible structure of the tilted SmA* phase sug-
gested by de Vries@3# is similar to a new class of phase@15#,
sliding phase, predicted to occur in weakly coupled, thre
dimensional stacks of two-dimensionalXY systems. This
structure is also supported by the recent computer sim
tions of smectic ordering in liquid crystals@16,17# that are
composed of bent-rod strongly angled molecules interac
d-
©2003 The American Physical Society09-1
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through only a soft repulsive potential, arising from the ste
interactions. The existence of the structures similar to
sliding phase is also predicted by the axial nearest n
neighbor interaction model@18#, where the correlation be
tween the neighboring smectic layers is weakened by a c
petition between the ferroelectric and antiferroelectric ord
ings, and finally the correlation is suppressed by
disordering effect of the thermal fluctuations.

Strictly speaking, the molecules in the conventional SmA
phase are not perfectly perpendicular to the smectic la
either due to the nonideal molecular shape or the ther
fluctuations. Nevertheless, the average molecular directo
perpendicular to the layers plane. In the de Vries phase, h
ever, the local director of a sufficient volume~within the
coherence length,j! makes a nonzero angleu with the smec-
tic layer normal.

In this paper, we present the results of the electro-o
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a

e
C
O
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and the polarized Fourier transform infrared investigations
three different liquid crystal samples possessing the de V
type of SmA* phases. The experimental results for the
materials are compared in order to understand the nature
the structural arrangement of these phases. We conclude
both types of molecular structures suggested by de V
@2–4# are possible and both of them are observed in
present work.

EXPERIMENT

We have investigated three different materials TSiKN6
MC513, and C7.

The first sample under investigation is TSiKN65@8,19#.
The molecular structure and the phase sequence are
sented below:
hape’’
SmC* -25 °C– SmA* -56 °C– Is.

The second sample under investigation is MC513, the second component of the ‘‘Tokyo mixture’’ exhibiting a ‘‘V-s
switching. The molecular structure of this compound is

.

From the phase diagram, presented in Ref.@20#, the phase sequence of this compound was as follows:

Cr-35 °C– SmCA* -73 °C– SmC* -81.7 °C– SmA* -84.5 °C– Is.

The last material is C7, which is well known due to the papers of Bahr and Heppke@5,10,11#;

SmG-45 °C– SmC* -52 °C– SmA* -62 °C– Is.
F
tic

lay-
on
The properties of C7 and MC513 are found to be alm
identical to each other. In the manuscript, we present d
only for MC513 because~i! this is a new material and~ii ! the
properties of MC513 and C7 are qualitatively the sam
Therefore, the entire discussion about MC513 is valid for
too. Strictly speaking, there are no x-ray data on MC513.
the other hand, C7 is known as a material with~almost!
t
ta

.
7
n

unshrinkable smectic layers@5,10,11# at the SmC* -SmA*
transition.

The sample cells consisted of two optically polished Ca2
windows or glass plates for the infrared and electro-op
measurements, respectively, coated with thin conducting
ers of indium tin oxide. We have made investigations
homogeneously aligned cells of thicknesses 5mm and 15
9-2
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mm: mylar films were used as a spacer. The orient
RN1266~Nissan Chemicals Ltd.! was used as an alignmen
agent. The cells were filled with the liquid crystal in its is
tropic phase by the capillary effect, and the samples w
trained in order to produce a uniform structure. A Bio-R
spectrometer FTS-60A with a 2 cm21 resolution and averag
ing over 32 scans was used to record the spectra. Infr
spectra were measured as a function of the polarizer rota
angle under the application of bias voltage. We employed
~Perkin Elmer Grams Research! PEGRpackage to process th
infrared spectra.

We focus only on the in-plane C-C phenyl ring stretchi
vibration positioned at about 1600 cm21 due to the reason
that the transitional dipole moment for this vibration
nearly parallel to the long molecular axis.

According to earlier papers@19,20# both materials, used in
our study, show a SmA* phase on cooling. A thorough analy
sis of the properties of these SmA* phases reveals that the
not only behave differently to a conventional orthogon
SmA phase but also behave differently to each other. In
previous reports@9,12#, we demonstrated that the SmA*

FIG. 1. Induced tilt angle versus applied voltage for a 5mm cell
of TSiKN65 for various temperatures.

FIG. 2. Induced tilt angle versus an applied voltage for a 5mm
cell of MC513 for various temperatures.
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phase seen for MC513 is not the conventional SmA* phase
but is de Vries. In this paper, we compare the previou
reported results with additional spectroscopic and elec
optic investigations in order to get a clearer view of the n
ture of these phases under investigation.

RESULTS

The results of electro-optic measurements on a 5mm cell
of TSiKN65 are presented in Fig. 1. An induced optical t
angle is measured as a function of the applied voltage
different temperatures. For temperatures close to the tra
tion to the isotropic phase the dependence is linear, re
typical of the electroclinic effect, but as the sample a
proaches closer to the transition to the SmC* phase, shapes
of the curves change. With an increase in applied voltage,
dependence becomes nonlinear; the tilt angle saturates
value of about 32°. The response of the tilt angle to
external electric field shows a Langevin-type dependence

FIG. 3. Absorbance profilesA(V) of phenyl ring C-C stretching
vibrations as a function of polarizer rotation angle for zero a
saturated voltage of a 5mm cell of TSiKN65 at a temperature o
27 °C ~electric field is perpendicular to the page plane!.

FIG. 4. Absorbance profilesA(V) of phenyl ring C-C stretching
vibrations as a function of polarizer rotation angle for zero a
saturated voltage of a 5mm cell of MC513 at a temperature o
83.5 °C~electric field is perpendicular to the page plane!.
9-3
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quite different behavior is found for the second sample. F
ure 2 presents the induced tilt angle versus the applied e
tric field for a 5mm cell of MC513. When the electric field i
low, the electro-optic response is similar to that exhibited
the electroclinic effect in the SmA phase. However, furthe
increase in the applied voltage causes the electro-optic
sponse to increase abruptly at some threshold voltage
lowed by saturation at about 27°. The threshold voltage
creases rapidly with temperature, while the saturation an
stays almost the same. For both materials, the saturated
age is considerably large. We also performed electro-o
investigations for cells with a thickness of 15mm in order to
show that the results are independent of the cell thickn
The results indeed appeared to be identical to those for
cell of thickness 5mm.

Figures 3 and 4 present the absorbance profilesA(V) as a
function of the polarizer rotation angle for zero and satura
voltages in the SmA* phase of TSiKN65 and MC513, re
spectively. Application of a dc voltage results in the rotati
of the absorbance profiles by an angleV0 ; at sufficiently
large voltages,V0 reaches saturated value ofVmax. The ab-
sorbance versus polarizer rotation angle for different val
of the dc voltage was fitted to Eq.~1! @21,22#:

A~V!52 log10@102Ai1~102A'2102Ai!sin2~V2V0!#,
~1!

FIG. 5. Dichroic ratio~open squares! and angular shift~filled
circles! versus applied dc voltage for a 5mm cell of TSiKN65 at a
temperature of 27 °C.

FIG. 6. Dichroic ratio~open squares! and angular shift~filled
circles! versus applied dc voltage for of 5mm cell of MC513 at a
temperature of 83.5 °C.
05170
-
c-

y

e-
l-

e-
le
lt-

ic

s.
he

d

s

whereAi andA' are the maximum and minimum values
the absorbance,V is the polarizer angle, andV0 is the angle
of maximal absorbance. Figures 5 and 6 show the dich
ratio (5Ai /A') and the angular shiftV0 versus the applied
voltage for both materials. The behavior of the dichroic ra
is unusual. It is found to be strongly dependent on the
plied electric field; furthermore, it reaches a saturated va
at higher voltages. There is a difference in the voltage dep
dencies of the dichroic ratio between the two materials
follows a smooth Langevin-type dependence for TSiKN6
whereas a steep jump to saturation occurs for MC513.

The angular shift exhibits very much the same volta
dependence as the optical tilt angle~see Figs. 1 and 2! for
both samples.

Previously, the results of x-ray study of TSiKN65 we
reported@8#. Layer spacing was determined as a function
temperature and electric field. It was found that the transit
from the SmA* to the SmC* phase at zero field is not ac
companied with a decrease in the layer spacing as norm
seen for the transition from the orthogonal SmA to the
SmC* phase. In general, due to the tilting of the molecu
in the SmC* phase, layer contraction by'10–20 %, de-
pending on molecular conformation, is expected, but the
periment shows that the shrinkage in the layer spacing is
than 1%. An application of the electric field also does n
result in any considerable layer shrinkage. This suggests
the molecules in SmA* phases are already tilted, but rando
azimuthal distribution leads to a uniaxial overall symme
of the SmA* phase; further cooling to the SmC* phase in-
duces azimuthal order.

DISCUSSION

It is clearly seen from the experimental results that ma
rials under investigation do not possess a conventional SA
phase, except the de Vries type of SmA* phase but their
behavior to the induced tilt angle~angular! shift and dichroic
ratio in the SmA* phase is different. TSiKN65 reveals th
Langevin-like dependence, however, MC513 and C7 sho
slow increase and then an abrupt jump to saturated val
The dielectric spectroscopy of these materials@9,23# shows
that TSiKN65 possesses a second-order SmA* -SmC* tran-
sition @23#, while MC513 exhibits a first-order transition@9#.
This implies different mechanisms of the molecular reorie
tation under electric field and probably different molecu
arrangements. Two possible molecular arrangements are
gested for the de Vries type of phases so far@3,4#. In the limit
of zero field, both structures are indistinguishable from ea
other with^cosw&50 and^cos2 w&50.5. In this way, the only
possibility to attribute structural arrangement to the obser
behavior is to model the response of both structures to
external electric field. This can be done by a comparison
the experimental data~Langevin-type for TSiKN65 and an
abrupt jump for MC513 and C7! with the relevant theoretica
models. There are several theoretical models for both st
tures, and some of them@13,16,24# predict the electro-optic
response for the de Vries structure with a short-range co
lation in between the smectic layers.

Recently, Clarket al. @13# reported two samples with th
9-4
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de Vries phase, exhibiting properties similar to MC513 a
C7. They treated electro-optic results~similar to Fig. 2! as-
suming a simple model for the de Vries SmA* phase struc-
ture with a short-range correlation in smectic layers. T
local correlated regions are assumed to be uniaxial wit
principal axis in the tilt plane, which is tilted by the ang
uA . Coupling of the local polarizationP with electric fieldE
is expressed in terms of the molecular orientation correla
volume j3(T) with a coupling energyUp52j3(T)P•E
52pE cosw, wherep is local dipole moment. The induce
optical angle~angular shift! is related tô cosw& and^cos2 w&
as follows:

tan 2u~E!

tan 2uA
5^cosw&

tan2 uA21

^cos2 w&tan2 uA21
. ~2!

^cosw& and^cos2 w& are evaluated using the Langevin equ
tion. However, they found that for the samples they studi
the model does not predict correctu(E) shape for all electric
field values; only the low field behavior can be predicte
From the model based on the Langevin equation, a smo
dependence without any inflection points,d2u(E)/dE2,0
for all E, is expected, instead of that, just before the satu
tion is achieved, curves experience discontinuities inu(E).
It seems that the suggested structure is not appropriate
their sample as well as for MC513 and C7. Nevertheless,
model seems to reproduce well the results for TSiKN
Therefore, one may conclude that the de Vries struct
~without long-range order in smectic layers! discussed in
Ref. @13# is more appropriate to TSiKN65 than for MC51
and C7.

The second argument for such an assignment is also
ported by the Monte Carlo simulations@16#, which give the
Langevin-like dependence of tilt and polarization on t
electric field. These simulations predict that the slope of
induced tilt angle depends on the temperature, the highe
temperature the lower is the slope. Precisely, we obse
the same type of electro-optic response to that exhibited
TSiKN65 ~see Figs. 1, 3, and 5!.

The third argument is supported by the theoretical mo
recently developed by Meyeret al. @24#. They considered the
de Vries structure with a short-range order in smectic lay
and showed that for such a phase the induced polariza
and/or tilt angle changes continuously with the electric fi
~Langevin-like!, similar to TSiKN65~Fig. 1!.

All three theoretical approaches for the de Vries ph
with a short-range order of azimuthal angle in smectic lay
discussed above predict the Langevin-like dependence o
and polarization on the electric field, similar to the expe
mental data for TSiKN65.

A strong argument for the existence of such a struct
was given by Collingset al. @14# They reported an unusuall
low order parameter~0.35–0.4! in TSiKN65, which is con-
siderably lower than the order parameter of conventio
smectic phases~;0.7!. This fact could explain the absenc
of long-range correlation in this material.

On the other hand, the microscopic observation of MC5
@Fig. 7~b!# detects the coexistence of two types of domains
a voltage around the threshold. The shape of the domain
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strongly elongated in the direction of the smectic layer pla
similar to dechiralization lines in the helical SmC* phase.
Normally, a growth of the domains accounts for sha
changes or abrupt jumps in physical properties of the
under the electric field. Such a scenario is more appropr
for the de Vries structure with a long-range correlation
smectic layers~sliding phase@15# or disordered phase@18#!.
Nevertheless, we cannot compare the shape of the curve
MC513 ~and C7! ~Figs. 2 and 6! since the electroclinic re-
sponse is not developed in these models@15,18#.

Finally, a strong argument for these structural assignme
of de Vries phases was presented recently at ILCC’20
Edinburgh. The critical behavior of the SmA* -SmC* transi-
tion of de Vries compounds as well as conventional SmA*
phases was investigated by the electro-optic technique@25#.
The temperature dependence of the electro-opticVeo re-
sponse, which is proportional to the susceptibility, in t
SmA* phase was fitted to the power law equation@26#:

Veo5AS T2TAC

TAC
D 2g

.

The critical exponent valueg was found to be 0.67 for
MC513 and C7, 1.72 for TSiKN65, and 1.34 for conve

FIG. 7. Cell texture of both materials with and without a appli
voltage:~a! TSiKN65 at a temperature of 27 °C and~b! MC513 at a
temperature of 83.4 °C.
9-5
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tional SmA materials. In a conventional~orthogonal! SmA
material, the correlations are two dimensional andg52n
51.33, wheren50.67 is a critical exponent for the correla
tion length. This result (g'1.33) is in a good agreemen
with theoretical values for the SmA-SmC phase transition
developed by de Gennes and Prost@27#.

In the case of MC513 and C7,g5n50.67; this implies
that the correlations are one dimensional, the result is c
sistent with the sliding phase structure.

For the de Vries structure with only a short-range orde
the smectic layers, the correlations can be at least two dim
sional (g51.33) or even three dimensional (g52). So the
value g51.72 for TSiKN65 lies within a possible rang
~1.33–2.0!; the details of these results will be published els
where.

CONCLUSION

Three materials showing the de Vries type of SmA*
phases are studied using the electro-optic and FTIR te
.
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niques. A comparison of the experimental results with Mo
Carlo simulations@16# and some theoretical findings@13,24#
leads us to suggest that one of the samples~TSiKN65! with
a second-order SmA-SmC* transition possesses a structu
with no long-range correlation within the smectic layer su
gested by de Vries@4#. On the other hand, two other de Vrie
materials~MC513 and C7! with a first-order SmA-SmC*
transition more likely possess a structure with long-ran
order of azimuthal angle in the smectic layers@3# ~or the
sliding phase@15#!.
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