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Direct smectic A—smectic Ca phase transition

F. BEAUBOIS, V. FAYE, J. P. MARCEROU*, H. T. NGUYEN
and J. C. ROUILLON

Centre de Recherches Paul Pascal CNRS, Av. A. Schweitzer, F-33600 Pessac,
France

(Received 4 November 1998, in final form 16 February 1999; accepted 10 March 1999)

The anticlinic smectic C, phase belongs to the class of tilted smectic phases with an azimuthal
angle alternating from one direction (¢ =0) to the other (o = ) in successive layers. It occurs
in general at lower temperature than the uniformly tilted smectic C phase, but may be
obtained directly from the untilted smectic A phase. We use the chiral »CTBB9* series
synthesized in this laboratory, in order to obtain a phase transition as close as possible to
second order, as revealed by DSC. We measure the temperature behaviour of the birefringence
and of the optical rotatory power across the transition in order to characterize the tilt angle.
We finally study the optical response to a periodic electric field which excites separately the
smectic C* and C, soft modes. The main conclusion is that the only order parameter
governing the critical behaviour of the phase transition is the tilt angle 6, as we get a common
divergence of both soft modes at the same temperature. This confirms previous high resolution
calorimetric studies by Ema et al. that saw in MHPOBC an initial mean-field second order
phase transition when the tilt appears, followed by sharp first order restructuring transitions
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1. Introduction

The structures of new tilted chiral smectic phases initially
discovered in MHPOBC [ 1] are still controversial, mainly
for the so-called ferrielectric phases. Two of them are well
understood. The helielectric smectic C* phase has a
uniform tilt angle 6 and an azimuthal angle ¢ precessing
around the layer normal together with the permanent
volume polarization P. In the anticlinic smectic C,
phase, 0 is also uniform but the layers have to be
considered as pairs with ¢ and ¢+ 7t values; there is also
a precession of ¢ together with a complex set of surfacic
polarization densities allowed by symmetry [2-4]. The
nature of the phase transition from smectic A to smectic
C* is well understood; it is often mean-field second
order and can be characterized by electroclinic experi-
ments [5,6]. When the more complicated phases like
smectic C, or C, appear, it seems that the mean-field
character is conserved at the smectic A to smectic C,
phase transition where the tilt occurs [ 7], while the other
phase transitions are restructuring ones with small latent
heats. It has been reported that the direct transition
from untilted smectic A to tilted smectic C, can be
achieved in a compound like TFMHPOBC [ 8], so this
direct phase transition can be studied and compared to
the classical A—C* transition [9]. In this paper we

* Author for correspondence;
e-mail: marcerou@crpp.u-bordeaux.fr

briefly recall some available theories for the A-C* and
A-C, phase transitions. We then present a series of
components synthesized in our group, the nCTBB9*
series, which shows a weakly first order direct A-C, phase
transition. Various physical quantities are measured,
such as enthalpy, birefringence, rotatory power and
electroclinic response in order to study this transition.
The main conclusion is that there is only one order
parameter, which is the tilt angle 6, governing both the
A-C* and A-C, phase transitions.

2. Theory

It is usual practice in the physics of phase transitions
in liquid crystals to define order parameters which vanish
in the high symmetry phase and allow the description
of the transition in terms of Landau formalism [ 10, 11].
In the case of the smectic A to smectic C phase transition,
there is a general agreement that the order parameter
has two components (3D-XY analogy). It may be
expressed as a complex number 6 exp(ip) or as a two
component vector (6,, 6,) or may be built from the unit
vector n, & = (nyn-,nyn.), as long as its modulus is pro-
portional to the tilt angle 6 (& =ny+nj} =6+ 6, = 6).
When the anticlinic smectic C, phase is taken into
account, theoreticians [12-14] usually apply the last
expression to individual neighbouring layers 1 and 2:

nixnyz naxnaz
&= &= : (1)
niyni; nayny -
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Then, two order parameters may be built up from &,
and &,:

1 1
éczz(él-'_é’l) éazz(él_é’l)' (2)

If one reasonably assumes that the tilt angle is the
same in successive layers, so that n;, =n,, = cos 0, one
has to obey the constraints &+ £ =@ and &, & =0.
It is easy to see now that the smectic C phase is described
by & # 0 and &, =0, while the smectic C, obeys & =0
and & # 0 and that intermediate ferrielectric phases
could be described in a two layer model by requesting
simultaneously & # 0 and &, # 0. The usual procedure
when writing a Landau free energy describing the phase
transitions is to start with quadratic terms:

S N
F:5a050+2aaéa (3)

followed by higher order and coupling terms¥ that would
allow one to describe the full phase diagram [ 12-14].
One would then introduce two temperatures 7, and 7,
where the Landau coefficients vanish: a, = o, (T — T.)
and a, = o, (T — T,), and try to explain the experimental
phase sequences by a classification based on the values
of T, and 7,. On the other hand, the constraint
&+ & =@, together with high resolution calorimetry
results [ 7] suggest that the two order parameters are
not independent and that there is only one critical
temperature 7, = 7, where the tilt angle 6 appears. The
aim of this study is to try to derive experimentally a
proof of this assertion.

3. Material
We have used successively two members of the
nCTBB9* series (n =8 and n=11) [15] that show a
direct phase transition from the smectic A to the smectic
C. phase.

8CTBBY*:

c 8Hl7COO‘©—Cﬁ @—Coo OCOO —CH(C,H5 )CH, 5

Crystal - < 50°C— Sml;, — 68.5°C— SmC, — 82.6°C—
SmA — 106.9°C— Isotropic.

11CTBBY9*:

C, H,,COO C=C — 00 *
1o O @-c @-coow HCHS)CH,

Crystal —» 74.3°C — (Sml; — 58.4°C)— SmC, — 85°C—
SmA — 934°C— L, — 96°C— Isotropic.

+Note that in reference [ 13] the first coupling term reads
(&,.&. 7 and is identically null under the constraint of constant
tilt angle.

The second compound presents a new phase
(named L, ), which has been discovered for the first time
[15] and characterized in this chemical series.

4. Experimental
4.1. Calorimetry

The transition enthalpies were measured with a
Perkin-Elmer DSC7 apparatus and show (figure 1) that
the SmA-SmC; phase transition is weakly first order and
should reveal pretransitional phenomena in the experi-
ments. These enthalpies are respectively 0.24kJ mol-'
for SCTBB9* and 0.54kJ mol-' for 11CTBB9* [ 15].

The DSC results compare well with the high resolution
calorimetry results of Ema et al. [7] for the reference
compounds MHPOBC and MHPOCBC. These authors
found that the excess heat capacity AC, linked to the
emergence of the tilt angle 6 at the SmA-SmC;, phase
transition is well described by a mean-field second order
Landau equation with a sixth order term. The total
integrated enthalpy in MHPOBC is reported [7] to be
0.37kJ mol-"!, while the latent heats of the first order
restructuring transitions between tilted subphases go from
9 to 16 Jmol-'. In the case of the compounds under
study here, the order of magnitude of the integrated
transition enthalpy is the same as the main contribution
in MHPOBC, suggesting that it contains an excess heat
capacity AC, and a latent heat contribution due to
the weakly first order character of the SmA-SmC;
phase transition; this contribution is much smaller for
the n = 8 compound which may present a second order
phase transition.

4.2. Birefringence

The smectic A phase is truly uniaxial with the
birefringence (1, — n, ) while the smectic C, phase is biaxial
at the local level with three main indices n, > n, > n,.
When the characteristic helix is wound around the
layer normal, it becomes uniaxial by compensation with
an apparent birefringence [16] An=n, — (n, +n, )2~
(n, — n, )(1— 3 sin® 9/2). Therefore the emergence of the
tilt angle 0 induces a decrease of the birefringence that
may be used to measure 6. We have done this experi-
ment with 5 pm thick planar samples which were mostly
helicoidal in the bulk and probably unwound at the
surfaces. We used a technique of compensation of the
birefringence in monochromatic light (632.8 nm) with a
quarter-wave plate. The result obtained with 8CTBB9*
is shown in figure 2:

The birefringence [figure 2(a)] shows a plateau in
the SmA phase followed by a steep decrease in the
SmC, phase, like the layer spacing in an X-ray experi-
ment. The low temperature part of the corresponding
0 curve [figure2(h)] can be fitted to a power law
6,[(T, — T)/T, T**. The exponent is close to the tricritical
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Figure 1. Differential scanning cal- 0.6 : —— S
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Figure 2. Birefringence and tilt angle 1%
6 versus temperature for a 5 um 0.160 b |
thick planarly aligned 8SCTBB9* evene geotert ]
sample. The phase transition is 0.155 : _ R —
weakly first (or second) order, 75 76 77 78 79 80 81

as confirmed by the vanishingly
small discontinuity of An.

value 0.25 in accordance with the high resolution calori-
metry results of Ema ez al. [ 7] who fitted the MHPOBC
data with a mean-field Landau equation with a large
sixth order term. If the sixth order term cannot be
neglected, it is reasonable to assume that the vanishing
of the fourth order term at the tricritical point is not
too far away.

4.3. Optical rotatory power
The biaxiality of the anticlinic phase may be evidenced
by the measurement of the optical activity induced by
the helicoidal rotation about the layer normal [16]. The
rotation per unit length of the polarization for a beam
propagating normal to the layers reads, far away from
any selective reflection:

g sin* 04

o7 e 2) @

p=-T

Temperature/ °C

where ¢ sin*> 6=n} — n? is a measure of the in-plane
anisotropy, n, = (n, +n, )/2, A is the laser wavelength at
632.8nm and A, =n, p where p is the helical pitch.

The ORP has been measured for 11CTBB9* (figure 3)
showing that there is a discontinuity at the A—C,* phase
transition (i.e. a jump of the tilt angle 6) with a small
coexistence region about 85°C. This confirms the first
order character of the transition. In figure 3 is also
plotted the minimum light intensity after the crossed
analyser. One sees that there is only a small increase at
85°C due to the coexistence and a regular divergence at
lower temperatures due to the approach of the selective
reflection at 632.8nm that renders the polarization
elliptic. This also shows that there is no divergence of
the depolarized Rayleigh scattering at the transition
which could have been interpreted [ 16] as the signature
of a critical phenomenon linked to the uniaxial to biaxial
character of the phase transition.



19: 08 25 January 2011

Downl oaded At:

1354

F. Beaubois et al.

' 1 1 I M ) )
0 - R 1 500
. @ *
g. - o a
b s be M . 1400 @
~ -54 So, 00 ¢ e
. SCI P smA 1
o ) N
: o T 10 &
Figure 3. Optical rotatory power 2 .104 SmC, R N ; @
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The previous sections have shown that when one
isolates the direct transition SmA (untilted) to SmC,
(tilted), the natural order parameter £ can be identified
with the tilt angle 6 and that the memory of the usual
SmC order parameter £ seems to be lost. Let us show
now that the SmC character is still underlying and can
be revealed by the coupling to an external electric field.

44. Electroclinic experiments

It is well known since Garoff and Meyer [ 5] that an
electric field applied in the smectic A phase of a chiral
compound induces a polarization parallel to itself and
a tilt angle in a plane normal to it. Let us define an axis
frame where z is the layer normal and y the direction of
the applied field. Close to the tilted—untilted phase
transition, if the applied field is E,, one may introduce
two soft modes, the ferroelectric SmC* mode [5] that
describes a uniform tilt 6, =|& | and the anticlinic
SmC, mode, with an alternating tilt 6, =|&,| that may
appear if the dielectric anisotropy is positive. The free
energy density that describes these soft modes may be
written as:

1
F= E(acﬂi.-l- a,6;,)— CP,0.— P,E,

P L
200, +x, sin’ 0,) 8w

(5)

where @, and a, vanish at 7, and 7,, P, is the
number of permanent dipoles aligned by the field E,,
Xy = x0T 2, SIN® 6, 1s the susceptibility in the y direction
and ¢ is the dielectric constant without the contri-
bution of permanent dipoles. Within the mean-field

approximation, one gets:

~ X Ey
=
| 2
a (6)
éx _ E nyEy .
a, 1— nyC
a.

c

In these expressions, if the anisotropy of the susceptibility
x. 1s negative (i€. x;< x. ), one should simply get 6,=0
and y,, = x, . Otherwise, 6, has to adjust in order to
minimize:

.1 1 kS
F=—%9§)——L}q (7)
21_)(},},0
a,

c

and as y,, =y, + x, Si® 6, is a non-linear function of 0,
the solution has to be found numerically or graphically
(figure 4) as:

vi
~ a, S A
a,0,=y. | ——— | Esin 20,.
%y L (ac—xyyCz) ! y

The optimal value of 6, is found by the crossing of the
straight line and the sine function in figure 4. If the phase
transition is dominated by the anticlinic order parameter,
the Landau coefficient @, vanishes at a higher temper-
ature 7, than «, (7,> T,). In that case, 6, should diverge
as soon as the slope of the straight line in figure 4 is
small enough to cross the sine function; on the contrary,
equation (6) shows that there is no dramatic effect to be
expected on 6, as the effective Landau coefficient [17]
(a, — x,,C*) does not vanish.

(8)
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Figure4. Graphical determination of the anticlinic tilt angle
0, as a function of the applied field E,, provided », > 0.

On the contrary, if the transition temperatures 7, and
T, are the same, the Landau coefficient (a, — x,,C*) will
drive a simultaneous divergence of 6, via equation (6)
and 6, via equation (8) and figure 4.

44.1. Characterization of the electroclinic responses
under an a.c. field

Let us consider application of a sinusoidal field
E, cos(wr) in a planar cell. On the one hand, the ferro-
electric soft mode [6] will lead via equation (6) to a
uniform periodic tilt 0, in the x direction, proportional
to the electric field and modulated at the same frequency.
On the other hand, the anticlinic soft mode (provided
that y;> », ) would induce an alternating tilt angle 6,
normal to the first one, which is also periodic but even
with respect to E,. So, one may write down that 6, is of
the form A Ej) + w( E}) cos(2w1)+ ...; 1.e. 6, has a zero
frequency and 2w components quadratic in the applied
electric field E, cos(wr). At the same level of approxi-
mation, one may assume that sin(6,), which can be
revealed by birefringence measurements, has the same
field dependence.

44.2. Experiment

In order to obtain evidence for both the 6, and o,
contributions, we have used the classical electroclinic
set-up [ 6] shown in figure 5:

When the polarization of the incoming light is at an
angle o, from the layer normal z, the intensity recovered
after the crossed analyzer reads:

A
[ =1, sin® 2(a, + 6,) sin’ ( %) 9)

P.LN.

Analyzer

225°

il

sample

Z

—___|optical axis

———

Polarizer

HeNe Laser

Figure 5. Electroclinic set-up. The axis frame reads Oxyz
where z is the layer normal, y is the in-plane direction
normal to the glass holders (which is the direction of both
the laser beam propagation and the applied electric field)
and x is the remaining in-plane direction. The response
to the field is the sum of a uniform tilt 6, in each layer
and of an alternating tilt + 6, in adjacent layers.

where e is the sample thickness of about 5 pm and 2 is
the HeNe laser wavelength of 632.8 nm. The first sine
factor depends only on 6, and can be linearized if one
chooses «, = 1/8; when the applied field has the form
E, cos(wt), this factor is modulated at the frequency of
the field without any harmonic component.

The second factor depends only on the anticlinic tilt
angle 0, by means of the birefringence An=n, — n,
where n; =n; cos’ 0,+n; sin° 0, and n, =n, are the
refractive indices seen by the laser beam. It cannot be
linearized at will like the first one, but one realizes that
the birefringence An behaves like (n, — n,)— wu( E5) +
Y E}) cos(21)... under a periodic field.

So the light intensity 7 must reflect, by its component
at the frequency /27 the uniform tilt angle 6, and
by the harmonic at 20/2m the anticlinic angle 6,. We
have analysed the light intensity recovered by a photo-
multiplier with a lock-in amplifier (EGG PAR5301) for
the two members of the nCTBB9* series.

443, Results
With SCTBB9* we made frequency scans up to 100 kHz
at fixed temperatures (figure 6) with an EGG-PAR 5301
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Figure 6. Typical Lorentzian fre- 102
quency scan in 8CTBB9* for
the fundamental harmonic.

lock-in amplifier. We obtained for the fundamental
harmonic f = w/2m the classical Lorentzian shape (figure 6)
with a plateau amplitude diverging at the approach of
the A-C, phase transition and the relaxation frequency
/. decreasing linearly in parallel. The only exception was
a scan at 86.9°C (slightly above the phase transition) for
which the signal amplitude decreased dramatically and
the Lorentzian shape was lost. For the second harmonic
at 2f = o/T a signal was detected at the magic angle
a, = TY8 where no signal should exist in the pure A-C*
phase transition [ 6]. This signal also showed a tendency
to increase when approaching the phase transition. Due
to an uncertainty in the determination of the relaxation
frequency caused by too high a value of the RC time
constant of the cell (RC> 2 ps), we did the next series
of experiments on 11CTBB9* at a constant frequency
of 1kHz, but by varying the temperature on a very
slowly decreasing ramp at — 02K h-' and recording
the amplitude of the signal versus the temperature.
For the fundamental harmonic [figures 7 (@) and 7(b)]
this leads to a very peculiar shape of the light signal
which vanishes at a given temperature above the phase
transition and then diverges close to it. The applied
voltages were respectively 0.5 V peak-to-peak and 1 Vpp,
with a vanishing temperature further away from 7, in
the latter case. The second harmonic signal was also
recorded under the same conditions (figure8) and
shows a simple divergence when approaching the phase
transition.

44.4. Discussion

These unusual results may be interpreted as showing
that there exist two simultaneous soft modes diverging at
the same temperature (see for example figures 7 and 8),
thus proving that there is only one relevant order

10

3

Frequency /Hz

845 85.0 87.0

+ a ' '

855 86.0 86.5

T T T T T

11CTBBY"|

0.06

g
losv app|ie§i

0.04 B

9
g
S
o

0.02
(@) ]

0.00 Fr——

harmonic /a.u.

0124 1v applied

st

0.08

0.044 smcC,”

® |

87.0

0.00 -jem—
845 85.0

T T T T
85,5 86.0 86.5

Temperature /°C

Figure 7. Temperature scans in 11CTBB9* for the funda-
mental harmonic () at 0.5 V, (b) at 1 V. The signal vanishes
in the SmA phase due to the contribution of the field
dependent birefringence to the intensity.

parameter which is the tilt angle 6. The vanishing of the
fundamental harmonic signal close to the transition
backs up this interpretation as it is probably due to the
vanishing of the second sine term of equation (9), when
the birefringence, which is a function of the applied field
and of the temperature via the anticlinic angle 6,, is
such that (Ane) is a multiple of the wavelength A.
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11CTBB9*

smc,*

)

11CTBB9* for the second har- .

monic showing the (2w) com- 84.0
ponent of the birefringence, see
equation (9).

5. Summary

We have shown with two members of a new series of
compounds that the direct transition from the untilted
smectic A phase to the tilted anticlinic smectic C, is
governed by the tilt angle 6. This same order parameter
governs the A-C* phase transition that may coexist
with the previous one under application of an external
electric field.
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