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optical investigations in the various phases of an antiferroelectric liquid crystal
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We report detailed results of optical rotatory power (ORP), slective reAection (SR), refractive index

anisotropy (RIA), and anisotropic Rayleigh scattering (ARS) measurements in the antiferroelectric
liquid crystal, 4-(1-methylheptyl-oxycarbonyl) phenyl-4'octyloxy phenyl-4-carboxylate (MHPOBC). The
ORP in Sm-A and Sm-C* phases has been found to be zero or at least very weak compared to ordinary

liquids with strongly chiral molecules. No helical pitch is observed in the Sm-A, Sm-C* and Sm-C~
phases in the range 200—2200 nm. The combined use of ORP and SR allows the precise determination
of the tilt angle of the smectic-C phases. Obtained values are found to be in good agreement with both
theoretical calculations and experimental results obtained from RIA. Moreover, ARS reveals the local
biaxial character of the Sm-C& phase, while the absence of critical behavior of the Sm-A —Sm-C* phase
transition is a direct proof of the lack of biaxiality in the Sm-C phase.

PACS number(s): 61.30.—v, 78.20.—e, 78.35.+c, 64.70.Md

I. INTRODUCTION

The discovery of ferroelectric liquid crystals (LC) [1]
has triggered lot of interest due to their technological ap-
plications as well as a keen interest in the fundamental
understanding of these phases. Soon after the discovery
of the smectic-0 phase in (1-methyl)-heptyl-
terpthalidene-bis amino cinnamate, which greatly resem-
bles the smectic C~ phase with the molecules positionally
disordered inside the layers and tilted relative to them, it
has been known that the chiral 0* phase could be ob-
served in ferroelectric samples [2—4]. In 1989, Chandani
et al. synthesized a chiral compound 4-(1-methylheptyl-
oxycarbonyl) phenyl-4'octyloxy phenyl-4-carboxylate
(MHPOBC) which possesses four chiral smectic phases
Sm-C, Sm-C*, Sm-C&, and Sm-Cz [5]. This compound
has been extensively studied during the last few years, in
order to understand various properties and the structures
of these relatively new chiral smectic phases [6—28].
Very recently, a review article has been published [29].
As a consequence of these rigorous e6orts, the structure
of the Sm-C* phase has been clearly identified as fer-
roelectric. However, an understanding of the exact struc-
tures of the Sm-C&, Sm-C&, and Sm-C~ phases is still in
a premature stage.

The Sm-C* phase (ferroelectric) is characterized by a
chiral center which reduces its space symmetry to C2,
whereas its counterpart, the achiral smectic-C phase, has
a C2& symmetry. The ferroelectricity is expected to origi-
nate from the hindered rotation of the constituent mole-
cules about their long axis, leading to an alignment of the
transverse dipole moments of the constituent molecules
perpendicular to the tilting plane, and thus to a macro-
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scopic polarization within the smectic layers. Since the
tilt occurs in the same direction in all layers, the smectic-
C* phase as a whole is ferroelectric in nature, irrespec-
tive to the slight precession from layer to layer, which is
caused by the chiral center in the molecule. This leads to
a helicoidal structure with the axis parallel to the layer
normal.

The Sm-C„* phase (so called antiferroelectric) is as-

sumed to be identical to the earlier discovered smectic-
0 phase, in which the tilt direction in adjacent layers al-
ternates in the direction symmetrical with respect to the
layer normal (herringbone structure) [3,4,27]. Racemic
mixtures [4], or achiral compounds [27], exhibit Sm-0 or
Sm-Cz phases, miscible in any proportion to its Sm-0
or Sm-Cz analog, proving that an eventual in-plane po-
larization, even if it has been observed when building thin
films layer by layer [4], does not play a leading role in the
structure of this phase. In summary, the Sm-C~ phase
appears as a bilayered, tilted, nonferroelectric, and biaxi-
al phase. The symmetry allows an alternate polarization
in successive layers [4,26], but there is no requirement for
its value to be equal to the spontaneous polarization (per
layer) of the corresponding (same tilt angle 8) Sm-C
phase.

The Sm-C" phase, (so called ferrielectric), is in several

aspects intermediate between the Sm-C' and Sm-Cz
phases. In MHPOBC [23], it is separated from these
phases by two weakly first order transitions and exhibits
a finite weak permanent polarization, weaker than the
one of the SmC* phase, which reacts in characteristically
peculiar ways to the external electric field, showing
multistability in thin planar samples [11]or induced biax-
iality in thick homeotropic samples [15]. Different mod-
els have been proposed in order to describe the Sm-Cz
phase from a mixture of an essentially monolayered Sm-
C* (tilt angle 8, azimuthal angle P) and a bilayered Sm-
C„*(8,=82 and Pz=P, +~) phase. The same model [12],
introducing different tilt angles 0& in adjacent layers, is
not supported by x-ray scattering results [10], while oth-
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ers [5,28], introducing difFerent azimuthal angles
(P;+iWP; and P;+ting;+m}, do not account for the
conoscopic experimental observations under electric field
[15]. The most reasonable models seem to be the mul-
tilayered ones (8;+&=8;, P;+, =P;, or P;+, =P, +rr)
which may possibly be described by a devil's staircase
[21,24].

Interest at the present time is primarily focused on the
Sm-C,* phase. Unfortunately, many of the experimental
investigations were unsuccessful in deriving any informa-
tion about the structure of this phase. For instance, it
seems particularly difticult to observe the Sm-3 ~Sm-C*
phase transition optically. As far as we know, the only
incontestable result has been obtained from a high-
resolution calorimetric study [23] which showed the Sm-
A ~Sm-C* phase transition and proved its second-order
character. One must also note that, from the pretransi-
tional effect observed in circular dichroism studies [14], it
was prematurely concluded that Sm-C' (as well as the
Sm-A) phases possess helical structures. But this argu-
ment is not confirmed at the present time [29]. The same
conclusion must be raised concerning the possible biaxial
Sm-A character of the phase, previously advanced [14]
(by biaxial Sm-A we mean an untilted biaxial phase
where the layer normal is an eigenaxis for any 3X3 ten-
sor).

As a result, the exact structure of the Sm-C* phase
remains unknown at this stage, except that it consists of a
macroscopically uniaxial phase built with tilted mole-
cules.

Although numerous articles have appeared in recent
years about the properties of these phases, numerous
published but unconfirmed (and sometimes invalidated)
results exist in the literature, as well as many premature
conclusions [30] and experimental deficiencies [31].

Four years ago, we decided to undertake correlated op-
tical investigations of these phases using samples of (i) op-
tical quality, (ii) various thicknesses, and (iii) different
alignments (homeotropic or planar).

A test of the self-consistency of all these results, ob-
tained from very different investigations and samples,
could then be performed, and would clarify the already
noticed discrepancies. Moreover, as a prerequisite in all
optical experiments, we impose a step by step thermal
stabilization of all our samples associated to very slow
thermal scanning speeds (down to 50 mK per hour), to be
sure to record physical properties at equilibrium.

Here we present the entire results of our investigations
[32]. Section II is devoted to sample preparations,
descriptions of the experimental setup, and the deter-
mination of the phase transition temperatures. We have
used four optical techniques, namely anisotropic Ray-
leigh scattering (ARS), optical rotatory power (ORP),
selective refiection (SR) and refractive index anisotropy
(RIA}. Section III presents and discusses the results. Fi-
nally Sec. IV concludes and gives perspectives of this
work.

II. EXPERIMENTS

A. Samples and their preparation

High-purity (R )-MHPOBC [4-(1-methyleptyloxy-
carbonyl)phenyl 4'octyloxy-biphenyl-4-carboxylate] was
obtained from private sources [33] and purchased from
the Chisso Corporation, Japan. It was used without fur-
ther purification. At the precision of our work, we never
detected any difference between the samples obtained
from these three different sources.

Homeotropically aligned samples of (100+5)-pm thick-
ness (Hellma 210 003 QS) are prepared by coating the
plates with octadecyl-triethoxy silane (ODS) and the sam-
ple is aligned in a magnetic field of about 1.4 T, by cool-
ing slowly down from the isotropic phase. Planar sam-
ples of (7+1) pm are prepared from pretreated commer-
cial cells (I.INKHAM) and aligned by applying an elec-
tric voltage of about 20 V across the two electrodes of the
cell. Before filling the cell with MHPOBC, an accurate
value (a relative precision of about 0.01) of the thickness
of the cell is measured by using interference phenomena
due to the reAection of white light on the two inner sur-
faces of the plates.

The optical quality of the samples (an extinction ratio
between crossed polarizers and spatial homogeneity) is
checked by polarized microscopy [32].

B. Experimental setup

l. Anisotropic rayleigh scattering (ARS)
and optical rotatory power (ORP)

The principle of ARS and ORP measurements is
shown in Fig. 1. A He-Ne laser beam of wavelength
632.8 nm, with a very low power in order to avoid any
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FIG. 1. Principle of the anisotropic Ray-
leigh scattering (ARS) and optical rotatory
power (ORP) measurements: (a) At each tem-
perature, the ORP of the sample is compensat-
ed by rotating the half-wave plate ( —+ORP).
(b) After ORP compensation by the half-wave
plate, the minimum value of the intensity at a
fixed wave vector i~q~=4. 15X10 cm ') is
recorded ( —+ARS).
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FIG. 2 Experimental setup for ARS, ORP, and RIA mea-
surements; bench B, inserted: ARS+ORP; bench B2 inserted:
RIA. I.: He-Ne laser (Uniphase model 1135P, A, =632.8 nm,
P= 1 mW); AT: motorized attenuator; P, A: polarizers; SF1:
spatial filter (/ =7 mm); S: sample oven; PCD: photon count-
ing device (Hamamatsu C1050); FM: frequency meter (Philips
PM 6665); RCU: rotation control unit; MM: multimeter (Phi-
lips PM2534); OCU: oven control unit; PC: IBM PS 8550.

heating (about 10 W inside the sample) is used for
these investigations. The beam passes through the
homeotropically aligned sample placed inside the oven.
Here the molecules are oriented normal to the surface of
the glass plates, with the director along the Z axis. The
oven is mounted in such a way that the sample position
can be adjusted to have the optic axis parallel to the wave
vector of the incident laser beam. The analyzer 3 is in a
crossed position with respect to the first polarizer P, with
the output polarization along the Y axis. At each stabi-
lized temperature, the rotation of the incoming beam po-
larization, due to the optical rotatory power of the sam-
ple, is compensated for by rotating the half-wave plate in
the appropriate direction. Twice the angle 0 rotated by
the half-wave plate is a measure of ORP of the sample.
When the ORP of the sample is fully compensated for by
rotating the half-wave plate, the intensity of the light
transmitted through the analyzer and the annular pinhole
will have a minimum value which is a measure of the
ARS intensity at a fixed wave vector given by the annular
diaphragm (q =4. 15 X 10 cm ').

The experiment is described in Fig. 2. The laser light
intensity is stabilized (relative low frequency fluctuations

less than 0.01) and continuously controlled by the com-
puter unit PC variable attenuator (AT), thus providing a
reference signal taking into account both the remaining
Auctuations of the laser intensity and those coming from
the photon counting device (PCD) coupled to the fre-
quency meter (FM).

The half-wave plate is mounted on a microcontrolled
rotation stage (RCU) which is interfaced with the com-
puter. One step of the rotation is 0.01'. The half-wave
plate is rotated in the right direction, where the intensity
has a minimum value, in order to find the approximate
minimum intensity. Then, with respect to this minimum,
a parabola is plotted by taking five or more measure-
ments on each side of the rough minimum, and the rota-
tion stage is placed at this computed value of the
minimum. A rotating cylinder (not shown in Fig. 2),
placed in front of the PCD and driven by the RCU, al-
lows signal and reference measurements separately. The
temperature of the samples is maintained within 1 mK-
long term stability by using a triple-walled (with two
heating stages) especially designed oven, controlled by a
computer. Using this oven, we were able to perform the
experiments step by step, the smallest interval between
the steps being 5 mK. The thermal stability of the sam-
ple was checked before each measurement.

2. Refractive index anisotropy (RIA)

The principle of the experiment is described in Fig. 3.
The planar sample is in a fixed position. The polarizer
(I'), analyzer (A), and quarter-wave plate (R) were ad-
justed to have minimum transmitted intensity. At this
position, the neutral lines of R are parallel to the princi-
pal axes of P and A, and the optic axis of the sample is
also parallel to one neutral line of R. Then P and R are
rotated by 45' in the same direction and the analyzer is
adjusted to have a minimum transmitted intensity. The
rotation angle of the analyzer is a measure of the elliptici-
ty and hence of the RIA. The experimental setup is quite
the same as the previous one (see Fig. 2). We only re-
place the optical bench B, by B2, and detect the central
part of the beam by using a pinhole of reduced diameter
(S-1 mm). We then avoid a possible diffraction of the
laser light by the medium.

3. Selective re+ection (SR)

Selective reAection measurements have been carried
out in a 100-pm-thick homeotropic sample, using an
Oriel reflectometer (model 77400). The white light from
the halogen lamp is sent through an optical fiber to the
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FIG. 3. Principle of the re-
fractive index anisotropy (RIA)
Ineasurement.

Adjustable Fixed Adjustable Adjustable
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mg, disordered); cooling procedure; rates: 3:2
Kmn '; 8:1 Kmn ', C:0.5 Kmn '; D+0.3
Kmn

Temperature ( C}

sample, which is mounted for normal incidence. The
reAected light is again sent through another optical fiber
to a spectrograph linked to a computer. The reflectance
(%) as a function of wavelength (in the range 200—2200
nm) is then recorded for various stable temperatures. In
this case, we use an oven with a thermal stability of
+0.01 K.

C. Phase transition temperature determination
by differential scanning calorimetry (DSC)

As we already pointed out, the problem of accurate
and reliable determination of the various phase transition
temperatures is the most important one in th se studies.
It is sometimes quite difficult to observe all the phase
transitions. For instance, calorimetric studies performed
in both the ac and relaxation modes at rates about 1

mKh ' give large discrepancies [23] with DSC results
[9]: they only clearly show the Sm-A —Sm-C" phase
transition. On the other hand, we will see that this tran-
sition cannot be seen in all our optical investigations.

In order to overcome this difficulty, we have first per-
formed DSC, using a Perkin-Elmer model DSC 7

calorimeter. The results for different rates are shown in
Fig. 4. The phase transition temperatures are found to
shift toward the low temperature side as the scanning
speed is lowered, and are extrapolated at zero scanning
speed.

Then we carefully calibrated all our thermometers with
respect to the one used in DSC by using an auxiliary
compound (C~H90pCOzyCOC2H5), where P indicates
the aromaticizing, exhibiting a transition from nematic to
isotropic at 121.4'C, i.e., in the temperature range used
for our experiments. Table I gives the different transition
temperatures recorded in three diFerent experiments (the
case of the RIA in planar samples will be discussed in de-
tail in Sec. III) performed on (R)-MHPOBC.

Good agreement can be noted between the results of
the first three investigations. We must also point out
that, in spite of the relatively high temperatures used
here, the R-MHPOBC samples were found to be fairly
stable, in agreement with previous observation [23]. We
do not observe any drift larger than some cK during each
run (some days). Of course, we always change the sample
between two runs in order to avoid a possible aging of the
compound under investigation. Let us now present and
discuss the entire results.

TABLE I. Phase transition temperature (in 'C) of (R)-MHPOBC recorded in our different experi-
ments (all thermometers were previously calibrated with respect to the same reference sample).

Experiment Sample

SmA

SmC*

SmC*

SmC*

SmC*
lT

SmC~

SmC~

SmC„*

Precision of
the

temperature
determination

DSC

ARS
+
ORP

SR

RIA

20 mg
disordered
thickness:
100 pm
homeotropic
thickness:
100 pm
homeotropic
thickness:
-7 pm planar

121.30 119.80 118.90

117.25

121.30 119.75

114.60

118.70

122.5(0) 121.3(5) 119.8(0) 118.9(5) + 'C0. 1

+0.01

+0.05

+0.01
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III. RESULTS AND DISCUSSION

A. ORP, SR, and RIA

The physics of ORP and SR in liquid crystals were es-
tablished, in the case of cholesterics, by De Vries [34].
An extensive literature devoted to this case has been al-
ready published [35]. More recently, these works were
extended to the Sm-C* phases [36,37]. They all assume
that, in the chiral Sm-C* phases, the molecular axis is
uniformly rotated around the layer normal axis Z (see
Fig. 5), with a tilt angle 8 fixed at a value between 0 and
90'. The azimuthal angle is P(z)=(2~/L)z, where L is
the helical pitch. So the orientation of the molecular axis
as well as the components e(z) of the dielectric tensor
functions of both L9 and P(z). The study of electromag-
netic wave propagation along the helical axis in this
periodic structure proves ORP and SR: when the prod-
uct (Xii=Ln, s.) of the helical pitch and the mean in-plane
refractive index n, ff is much smaller than the wavelength
A, of the incident wave, ORP tends to decay asymptotical-
ly to zero as L, while in the case A,0 &&A, an ORP propor-
tional to I. is induced. When A,0=A, , Bragg scattering can
occur and strong perturbation of the propagation ap-
pears: here a linearly polarized incident wave gives rise
to two, respectively totally rejected and transmitted, cir-
cularly polarized components.

We have extended the already published results for the
cholesteric and Sm-C* phases to the case of the Sm-C„*
phase which is considered in this work [38]. Moreover,

I

layer

z

olecule

z

Oxyz: fixed ———————
laboratory
frame
0'123: moving
local frame

y y

FIG. 5. Orientation of molecules in Sm-C* and Sm-C~
phases. Sm-C*: tilted biaxial phase in the local frame. From
layer to layer, the molecular axis 3 is uniformly rotated around
the layer normal Oz. Sm-C& .. untilted biaxial phase in the local
frame with herringbone structure. From layer to layer, the
molecular principal axes 01 and 02 are uniformly rotated
around the fixed 03 axis always parallel to the layer normal Oz.

de Vries' calculat1on of the ORP is based on the assump-
tion that the anisotropy of the refractive index b, n (name-
ly the difference between extraordinary and ordinary
indexes in the Sm-A phase) is weak (nb, n « 1). In fact,
this assumption is not exactly fulfilled in LC (for instance,
hn in the range 0.2—0.3 are often obtained in usual LC
[39]). We also take this point into account.

Figure 5 represents the two assumed microscopic
structures of the Sm-C* and Sm-C~ phases. These mi-
croscopic arrangements lead to strong differences in the
expressions of the dielectric tensors in their principal
frames 0'123:

Sin-C'(quasiuniaxial tensor ):

Ei+0(E, )

0

0

Sm-C~ (biaxial tensor):

ei+0(E, )

0

Ei —0(E, )+e,sin 0

Ei+ E~cos 0

(2)

Here c,, =a~~ —c,i. 0(E, ) is a small positive number that we have evaluated, with the help of Ref. [15],to be about 10
and that we neglect in the following.

Then, after a periodic rotation of period L =2m lq (L is the pitch of the structure), and assuming that at z=O (en-
trance of the sample) 0'3 is in the plane xOz, we obtain the following in the fixed laboratory frame.

For the Sm-C* phase,

E; (z)=
c.~+ —,'E, sin 0

0

Eg+ 2 Egsln 0

0

Ey+ Eg cos 0

cos2qz sin2qz 0
+—,

' E, sin 0 sin2qz —cos2qz 0 + —,
'

E,,sin20
0 0 0

0
0

0
0

cosqz sinqz

cosqz

sinqz
-0

(3)

and, for the Sm-C~ phase,

Ey+ —E Sln 0

E, (z)=

0

Eg+ ~E Sln 0

0

E.~+E. cos 0

cos2qz sin 2qz 0
+—,

' E, sin 0 sin2qz —cos2qz 0
0 0 0
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The last term of Eq. (3) is now missing, in agreement
with the assumed structure of Sm-C&, which supposes
that Oz is one of its principal axes.

In ORP experiments, the laser beam propagates a plane
wave with a wave vector parallel to the normal of the lay-
ers Oz (see Fig. 5, normal incidence). It has been previous-
ly shown [37] that two eigenmodes —each consisting of
two circularly polarized plane waves —exist. The main
result is that, except in the close vicinity of ko= A, , ORP
is given by

In RIA experiments performed in planar samples, the
long molecular axis is, in the Sm-A phase, assumed to be
parallel to the Oz axis (see Fig. 5). In other phases, the
helix axis (if it exists) is in the Oz direction (see Fig. 5).
The light wave propagates along Ox and probes the
difference b,n, „~

=QE„—Q(e„„+e~~ )/2 of the corn-
ponents of the dielectric tensor given by Eqs. (3) or (4).
We immediately see that the distinction between SmC*
and SmC& phases in the ORP description is unnecessary.
In the two cases we obtain

(5)
2 = 2

~zz ~~~ ~a n ~ max

(e +E~~)/2=Ei+(Eo/2)sin 8=n
(12)

p is the optical rotation per unit length (we assumed that
p «L), 8 is the tilt angle, and n, s is an efFective mean re-
fractive index in the layer plane given by the following.

which leads to a measured anisotropy of the reAective in-
dex An, „given by

exp max- min

In Sm-C*,

(E, /ei)sin 8
n, ff

= c~ 1+
2[ 1+( E, /Ei )cos 8]

In Sm-C&,

=[(&ll —n i)/(&, „+n;„)](I——,'sin 8) .

(6) When E, /Ei((1, Eq. (13) leads to

b,n,„=b,ns z(1 —
—,'sin 8),

(13)

(14)

~a
n =c 1+ sin L9 (7)

E ff is an effective anisotropy of the dielectric tensor
given by the following.

In Sm-C*,

~a Ej.
~a, ea

E,asin 0

In Sm-C~,

&a,ca= &a (9)

with

L~"sm-A sin 0

4A, [1—(A, /A, o) ]
(10)

We must note that, in the case of small anisotropy
E, /ei((1, the distinction between formulas relative to
the two phases disappears, and Eq. (5) leads to

an asymptotic and simpler expression valid only in the
hypothetical case of very weak anisotropy.

In all our studies, we use the general relations (5) and
(13): we measure b, ns „and Ao, respectively, by RIA
and SR techniques. An auxiliary measurement of
n =(nll+2n )i/3 allows the determination of nil, ni, Ell,
c.~, and c, Then we can check the self-consistency of our
different experimental results by using the general rela-
tions given by Eqs. (5) and (13) and, if successful, obtain
physical parameters for the structures and their thermal
variations.

The ORP results are presented in Fig. 6. In the two
phases Sm-A and Sm-C*, QRP is less than 0.2'mm
(zero or at least smaller than that of ordinary liquids with
chiral molecules [41]). By using Eq. (5), we can calculate
the smallest value of A,o (A,o;„),leading to a possible ex-
perimental detection of ORP (0.1'mm ). With the usu-
al values already cited and with 8-7' (at the low temper-
ature edge of the Sm-C* phase) we find Ao;„=310nm,
corresponding to a minimal pitch L;„=207nm.

hns „=nil ni =+E
30

0.4
k

0..3

which is exactly the result already obtained by de Vries
[34] and Ong [37]. In fact, the correcting term distin-
guishing Sm-C and Sm-C„' phases is ei/(si+ e, cos 8)
=1/(1+E, /Eicos 8). With the usual values nil =1.7,
ni=1. 5 [39,15], and 8=10' [40], e, is about 0.64 and
E,cos 8/E&=0. 3. This correction cannot be neglected as
we discuss experimental results obtained in the various
phases of MHPQBC.

In SR experiments, we directly measure A,o at various
temperatures (i) when selective reflection really occurs in
the studied phase and (ii) when A,o is included in the
wavelength range of detection allowed by the experimen-
tal setup.

20c0I~
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8.4 119.4 120.4 121.4 122.4 123.4 124.4
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FIG. 6. The overall variation of optical rotation as a function
of temperature in (R)-MHPOBC [homeotropic sample; thick-
ness (100+5)pm].
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This very small pitch is, of course, very difFicult to
detect. But this result does not contradict a previous
qualitative conclusion [14] deduced from circular di-
chroism at 360 nm in this compound, and which assumes
the existence of a helix in the Sm-A and Sm-C* phases.

No pretransitional effect is observed at the second-
order Sm A —Sm-C phase transition. However, such a
pretransitional effect has already been reported [42,43] in
the vicinity of the Sm-A —Sm-C* phase transition in p-
( n )-decyloxy-benzylidene)-p-amino-(2-methylbutyl) cinna-
mate (DOBAMBC), which exhibits an ORP of a few
deg mm ' in the Sm-C* phase (the same order of magni-
tude as MHPOBC). This experimental result is probably
linked to the zero or very weak value of the pitch in the
Sm-C* phase.

The inset in Fig. 6 exhibits a finite jump in ORP of
about 0.1' (ten times larger than the experimental uncer-
tainty) at the Sm-C* —Sm-C* phase transition, in agree-
ment with the unchallenged existence of a helix in the fer-
roelectric phase. ORP then increases as the temperature
decreases, and changes its sign between 119.90 and
119.95 C. At this temperature A,0=632.8 nm. ORP then
exhibits another finite jurnp at the Sm-C* —+Sm-C* phase
transition.

In the Sm-C* phase, a large and noisy signal is record-
ed. However, a polarizing microscope observation un-
doubtfully reveals the bad orientation of the sample [32].
Thus the signal may include some contribution coming
from birefringence and must be considered as an ap-
parent ORP. At last, the well-oriented Sm-C~ phase ex-
hibits an ORP of about 20 mm ' in its high temperature
edge.

The SR results (obtained from different runs using both
refiectometer and spectrograph) are presented in Figs. 7
and 8. SR occurs in the visible range in the whole Sm-C*
phase. We note that A,0=632 nm for t =119.82 C a
value close to the one (119.92+0.02) obtained in the ORP
experiment. In the Sm-C~ phase, SR lies in the near in-
frared range and increases quickly as temperature de-
creases, in good agreement with previous observations
[10], proving a divergence of the pitch at low tempera-
ture. Finally, let us point out that we never detected SR
phenomena (in our experimental range 200 —2200 nm) in
either Sm-C* and Sm-C* phases, confirming the absence
of detectable ORP in the Sm-C * phase, as well as
Fukuda's prediction (A,o-3.3 pm) in the SmC& phase
[14]

Combined results of ORP and SR reveal two facts.
(i) They allow us qualitatively to picture both the

thermal variation and the signs of the ORP (p) and SR
wavelengths (A,o) in all phases (see Fig. 9): we can also
determine the sign of the helix: in the temperature range
explored, the only inversion (from left handed to right
handed) occurs at the Sm-C*~Sm-C* phase transition,
and not at the transition to Sm-C&, contrary to the previ-
ous report [10].

(ii) By using Eqs. (5)—(9) we can accurately determine
the thermal variation of the tilt angle 0 in Sm-C* and
Sm-C~ phases. We have used n

~~

= ( 1.70+0.01),
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FIG. 7. The SR wavelength as a function of temperature in
the SM-C phase of (R)-MHPOBC [homeotropic: (100+5)-
pm-thick sample]; different dots represent different runs.
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FIG. 8. The SR wavelength as a function of temperature in
the Sm-C„* phase of (R)-MHPOBC [homeotropic: (100+5)-pm-
thick sample]; different dots represent different runs.

+0.02), obtained from the experimental values
n

~~

n~ =—(0.191+0.001), (the RIA measurement) and
n =(1.573+0.007) (the measurement of the mean refrac-
tive index in the isotropic phase).

All these data are obtained at A, =632.8 nm. The re-
sults are shown in Fig. 10. We have included two previ-
ously published results coming from conoscope observa-
tion without applied electric field [15] and electro-optic
investigation [40]. We may notice that a relatively large
dispersion of the results (by almost a factor of 2). In the
latter case, the sample in Sm-C* is induced by the elec-
tric field at any temperature, and large differences appear.
We have also plotted the calculated values of sin 0 using
Eq. (10), i.e., in the de Vries —Ong approximation: the
discrepancy with Eq. (5) is in the range 10—20%%uo.

The RIA results are reported in Fig. 11. Three obser-
vations are made.
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placed at the level of the sample and looking
toward the light source, observes a right-
handed rotation of the polarization); com-
pound: homeotropic (R )-MHPOBC; wave
vector of the light parallel to the normal of the
layers.

(i) A large shift ( —5.2 K) appears at the Sm-A ~Sm-
C* phase transition, which occurs now at 117.25'C. This
may be due to the strong planar surface anchoring, al-
ready observed in the thin planar sample [44,45], and is
more generally connected to the recent interesting results
observed in thin films [46] and confined geometries [47].

(ii) A slight discontinuity of the experimental points
appears 2.65 K below the Sm-A ~Sm-C* phase transi-
tion temperature, corresponding to the difFerence of 2.70
K observed in DSC between Sm-A —+Srn-C* and Sm-
C'~Sm-C' phase transition temperatures (see Table I).
It corresponds to the Sm-C*~Sm-C& transition. This
observation is not fortuitous because (a) we observe it in
each run (performed with difFerent samples), and (b) it
also appears in Fig. 4 of Ref. [40]. It seems linked to the
misalignment in the Sm-Cz phase which, in the case of
thin samples, leads to a demixtion between ferroelectric

and antiferroelectric microdomains [48], and can perhaps
perturb RIA investigations at lower temperature.

(iii) The measured anisotropy in the Sm-A phase is
about (0.191+0.001), larger than the one obtained from
conoscope observation [15].

By using Eq. (13) we have calculated sin (9 versus tem-
perature. The results are shown in Fig. 12, and confront-
ed with the data given by ORP and SR in Fig. 10. They
are in rather good agreement with these, showing the
self-consistency of results given by very di6'erent optical
techniques and sample alignments. Moreover, they per-
mit us to validate our treatment of ORP without the de
Vries-Ong approximation of weak anisotropy, which is
not fulfilled in the case of MHPOBC (E, -0.6 does not
obey E, « 1).

B. ARS

0 ~ 08 ".-

0.07

0.06

sin' (8)

oo~ RD
—~ h
~ +g

ARS mainly reveals the in-plane (XY shown in Fig. 1)
orientational fluctuations. These Auctuations generate
Rayleigh scattering of a light wave with a wave vector
along the OZ axis. They are related to fluctuations of the
dielectric tensor c., associated with the sample according
to the following relation:

(15)

where Exi (q, ) is the Fourier transform of Exi, (r), Ixr is
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alignment.
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the XY component of the scattering intensity, and q, the
scattering wave vector. The theoretical and experimental
studies [49,50] on the XI' components of the ARS in Sm-
A phases have been performed in the vicinity of the tran-
sition to Sm-C. The Ixr(q, ) scattering intensity consists
of two contributions, which can be written as follows:

(16)

jzi (q, ) is an integral involving orientational variables in
the laboratory frame and linking both the fluctuating
director of the phase and the normal of the layer.
bExi'(q, ) describes the local biaxial character of the
phase. Then the first term e, & l jxi (q, )

l ) is directly con-
nected to the orientational Auctuations of the director of
the phase, while the second one & lb, Ex'r'(q, ) l) is a local
term introducing the local biaxial properties of the sam-
ple. It has been shown that, in classical Sm-A phases, (i)
the first term is largely dominant (absence of local biaxial
character), and (ii) it has a flat thermal behavior down to
10 K close to the Sm-A ~Sm-C phase transition, in
agreement with theoretical predictions. Then ARS inves-
tigations could be a well adapted tool for the study of the
biaxial-properties in MHPBC: the second term of Eq.
(16) is expected to diverge in the vicinity of the phase
transition between two locally uniaxial and biaxial
phases, whereas the first term must show a Aat back-
ground in this region.

The ARS experimental results are reported in Fig. 13.
They have been corrected for thermal variations of the
transmission of the sample pictured in Fig. 14. This
transmission is quite flat (within 10%%uo) except in the vicin-
ity of the selective reflection phenomenon (119.92+0.02)
where a reduction of about —,

' must be noted, in agreement
with the physics of the phenomenon predicting the back-
ward reQection of one of the two incident circular waves.
This eftect is of course responsible for the large signal ob-
served in ARS at 119.29'C (see Fig. 13), corresponding to
the transformation of the linear polarized incident wave
to a circularly polarized one passing through the linear
analyzer ( A ) in Fig. 1.

Two main facts must be pointed out.
(i) We do not detect any divergence of ARS in the vi-

FIG. 13. The overall variation of ARS as a function of tem-
perature in (R)-MHPOBC; homeotropic geometry; thickness:
(100+5) pm; inset: enlarged view of the Sm-C& phase.
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FIG. 14o Transmission of (R)-MHPOBC (homeotropic align-
ment); thickness: (100+5) pm; k=632.8 nm; wave vector of the
light parallel to the layer normal.

cinity of the Sm-A —+Sm-C* phase transition, reported to
be of second order [23]. This is a clear indication of the
nonexistence of local biaxial character of the Sm-C
phase, which appears to be locally uniaxial, in contradic-
tion with already published reports [11,14], but in agree-
ment with recent prediction [21] involving, in this phase,
a finite azimuthal correlation length smaller than the
light wavelength.

(ii) As approaching the Sm-Cz ~Sm-C* phase transi-
tion from the left (see the inset in Fig. 13), we observe an
increase (by at least a factor of 18) of the ARS signal, fol-
lowed by an intense peak at the phase transition. This in-
crease cannot be due to selective reflection (A,o is far from
the 632.8-nm value in this region). Moreover, it cannot
be explained by the thermal variations of A,o, which are of
very small amplitude in the vicinity of the phase transi-
tion. It seems more probably linked to the divergence of
the second term in the right member of Eq. (16) and re-
veals a biaxial-uniaxial phase transition likely to appear.

One must note that a major difhculty for ascertaining
such a hypothesis comes from the fact that the high tem-
perature side of the transition cannot be studied: large
Auctuations of both ARS and ORP signals occur, due to
the poor alignment obtained in the Sm-C phase. How-
ever, recent results performed on the related compound
(R)-MHPBC exhibit the same divergence of ARS at the
Sm-C —+Sm-Cz phase transition between the two well
aligned phases.
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IV. CONCLUSION AND PERSPECTIVES

We have shown how precise ORP and SR investiga-
tions can lead to accurate estimations of the tilt angles in
both Sm-C* and Sm-Cz phases. We also proved that the
anisotropy of the dielectric constant cannot be neglected
in the calculations. Moreover, we have shown that re-
sults obtained by dielectric investigation under an applied
electric field lead to largely different tilt angles, especially
in the Sm-C& phase: the tilt angle must not be con-
sidered to depend only on the temperature but also on the
structure of the phase.

The Sm-C* phase does not reveal any helicoidal struc-
ture in the visible and near-IR range. If it exists, the
pitch is very small. We have not detected any biaxial
character at the borders of the phase. It appears to be
very dificult to distinguish Sm-C* from Sm-A phases by
using ORP or SR (while the Sm-A ~Sm-C transition is
the transition easily detected by calorimetry).

Let us also point out that ARS has unambiguously es-
tablished the biaxial character of the Sm-C~ phase,
which appears to be optically equivalent to a chiral biaxi-
al Sm-A phase, as proposed four years ago for the corre-
lated Sm-0 phase of MHTAC. Then the natural per-
spectives of this work include the investigation of
uniaxial-biaxial transitions, for instance, of Sm-
C* —+Sm-Cz and Sm- A —+Sm-Cz phase transitions,
which have very recently been shown to exist in related
compounds [29].
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