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A temperature scanning attachment for the polarizing microscope is described that offers
a simple but powerful technique with which to detect even subtle paramorphotic phase
transitions in liquid crystals with high temperature resolution. This technique was applied to
CES8, a well known reference compound exhibiting rich mesomorphism. All smectic transitions
in CE8 were clearly detected by distinct singularities in the temperature dependence of the
transmitted light intensity. Repeated temperature scans across the second order ferroelectric
smectic A*~C* transition with various orientations of polarizer and analyser provide high
resolution data of optical birefringence and optical tilt angle. These data confirm a mean-field
to tricritical crossover in the power law exponent of the optical tilt.

1. Introduction

Since the very beginning of liquid crystal research,
phase transitions in liquid crystals have been detected
by polarizing microscopy, as these transitions are closely
related to distinct changes in birefringence and/or the
orientation of the optic axes of the liquid crystal sample.
The clearing point and all phase transitions accompanied
by changes in the textural topology are easiliy observed
in the polarizing microscope. It is more challenging to
detect paramorphotic transitions in which the morpho-
logy is conserved. For these transitions only subtle
changes in the intensity and colour of the transmitted
light are observed. An attachment to the microscope
of an automated temperature scanning device, contain-
ing a computer-controlled hot stage with a temperature
sensor, and a photodiode to measure the transmitted
light intensity, offers a simple but powerful technique
to detect even these subtle paramorphotic transitions
by measuring distinct singularities in the temperature
dependence of the transmitted light intensity. In the
case of well aligned, optically uniform samples, repeated
temperature scans at various orientations of polarizer
and analyser provide additional information on the
birefringence and the optic axis of the liquid crystal
sample.

2. Experimental
2.1. Temperature scanning set-up
The temperature scanning set-up is schematicall y shown
in figure 1. The sample cell is placed in the computer-
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Figure 1. Scheme of the experimental set-up; S=sample,
L =light source, M = monochromator (interference filter),
P = polarizer, A = analyser, PD = photodiode FG =
function generator, AMP = amplifier, Ry = load resistance,
PT100 = temperature sensor.

controlled hot stage (Instec mK2) of a polarizing micro-
scope (Olympus BH-2). The temperature sensor (PT 100)
is placed next to the sample. A photodiode (Photo-
detector Pin 20, FLC Electronics, Gothenburg) is
mounted on the phototube of the microscope to detect
the transmitted light intensity. The temperature sensor
and photodiode are read out by a data logger (Hewlett
Packard 34970A) at certain time intervals, e.g. every
second. By continuously heating the sample at a rate of,
for example, 0.6 K min~ ' and sampling the temperature
every second, a temperature resolution as high as 107> K
is easily obtained. Temperature gradients, which would
smear out singularities at the transition points, are
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avoided by using a high microscope magnification which
restricts the measurement to a very small section of the
sample, e.g. 400 um.

Photomicrographs are taken during the scans by a
digital camera (Nikon Coolpix 990) replacing one ocular
of the binocular microscope. Alignment procedures and
electric field dependent measurements are enabled by
connecting the cell to a function generator (Hewlett-
Packard 8116A) and an amplifier (Krohn Hite model
7500). The light beam can be monochromatized by an
interference filter if necessary (see § 3.2).

2.2. Material and sample preparation

The temperature scanning technique was applied
to the chiral liquid crystal 4-(2-methylbutyl)phenyl
4'-n-octylbiphenyl-4-carboxylate , referred to as CES.

The CES8 sample was placed in a test cell (E.H.C. Co.,
Ltd., Tokyo) with a cell gap of 4um and an active
electrode area of 16 mm?® After filling the cell, non-
aligned textures with random orientation of the smectic
domains were observed. Well aligned textures were
obtained by shear-flow induced by mechanical oscillations
of about 100 Hz frequency applied to the upper glass
plate of the E.H.C. cell during the N*—A* transition by
the vibrator of an electric tooth brush.

3. Results

CES8 is a well known reference compound with rich
mesomorphism, exhibiting several smectic phases (F*, I*,
C*, A*), crystal phases (G*, J*), a cholesteric phase (N*),
and a blue phase [ 1-4]. Since the phase transitions in
CES8 have been disputed for more than 20 years, it is a
good selection with which to check the perfomance and
reliability of the temperature scanning technique.

3.1. Phase transition temperatures

As described in § 2.1 the sample was placed in the hot
stage and heated from the crystal G* phase at 40°C to
the isotropic phase at about 145°C. During heating at a
constant rate of 0.5 K min~', the temperature T and
transmitted light intensity I were read out by the data
logger every 3 s leading to a temperature resolution of
0.025 K between adjacent data points. These temper-
ature scans I(T) were recorded for non-aligned and
uniformly aligned CES8 samples in polychromatic light,
ie. without the interference filter mentioned in §2.1.
Typical results for aligned and non-aligned samples are

Figure 2. Structure of CES.

shown in figures 3 and 4, respectively. Microphotographs
of the liquid crystalline phases, simultaneously taken
during the measurements, are also found in these figures.

In general, the liquid crystal phase transitions are
reflected by distinct singularities in the I(T) plots. The
non-paramorphotic transitions, i.e. the N*—A* A*-C*,
and C*-I* transitions, are easily observed in the aligned
and non-aligned samples as discontinuous steps or as
abrupt changes in the slope of the I(T) curves; see figures
3(a) and 4(a), respectively. The singularities observed in
the I(T) curve are not related simply to the order of the
underlying transition. The second order smectic A*—C*
transition is seen as a discontinuous stepwise change of
the transmitted light intensity in the aligned sample,
figure 3 (a). In the non-aligned sample the same transition
is seen as a discontinuity in the slope of the I(T') curve,
figure 4 (b).

At temperatures below the smectic I* phase a number
of transitions between higher ordered smectic and crystal
phases are resolved in the expanded temperature scale
in figures 3(b) (aligned sample) and 4(b) (non-aligned
sample). The paramorphotic J*~F* and G*-J* transitions
are easily seen as stepwise changes in the transmitted
light intensity of the aligned sample, figure 3(b). The
SmI*-SmF* transition is difficult to detect in figure 3 (b)
as the transmission of the aligned sample changes
smoothly throughout the transition. This SmI*-SmF*
transition is better seen in figure 4(b) where the trans-
mission of the non-aligned sample passes a pronounced
maximum at the transition point.

From the experimental data in figures 3 and 4, the
following phase transition temperatures in °C are
obtained with an accuracy at least better than 0.1°C:

Cr 40.0 G* 63.5 J* 66.1 SmF* 67.6 SmI* 69.5
SmC* 86.4 SmA* 137.3 N* 142.0 I

The designation of the higher ordered phases was
adopted from the ‘LigCryst’ database by Vill [4]. Our
phase sequence, i.e. the number of higher ordered phases,
confirms the phase sequence found by Kuczynski and
Stegemeyer [2], except for the blue phase which was
not observed in our thin (4 pm) samples.

In conclusion, the temperature scanning technique
clearly leads to the identification of the complex phase
sequence of CE8 including all paramorphotic transitions
between higher ordered smectic and crystal phases. It is
seen from the example of the SmI*~SmF* transition in
CES8 that the information obtained from aligned and
non-aligned samples is somehow complementary: changes
in the transmission of aligned samples are due to changes
in the birefringence and changes in the tilt of the optic
axes. Since the latter are averaged out in randomly aligned
samples, only changes in the birefringence contribute
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Figure 3. Temperature scan of the aligned CE8 sample: (a) complete scan from 40 to 145°C; (b) magnification of the higher
ordered crystal and smectic phases. U denotes the photovoltage measuring the transmitted light intensity 7.

to the change in transmission of non-aligned samples.
The reliability of the temperature scanning technique is
considerably improved by the investigation of various

sample configurations.

3.2. Optical tilt angle and birefringence at the
SmA*-SmC* transition
In a transition from the smectic A to smectic C
phases, the director inclines with respect to the smectic
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Figure 4. Temperature scan of the non-aligned CE8 sample: (a) complete scan from 40 to 145°C; (b) magnification of the higher
ordered crystal and smectic phases. U denotes the photovoltage measuring the transmitted light intensity 1.

layer normal. The differences in the physical properties
between smectic A and smectic C phases are directly
related to the director tilt. Hence, the director tilt is
considered to be the characteristic order parameter of
smectic A-C and chiral smectic A*~C* transitions. It is

conveniently measured by the tilt of the optic axis with
respect to the layer normal (‘optical tilt angle’ 6). The
temperature scanning technique can be used to measure
the optical tilt and the birefringence in a smectic A*—C*
transition with high temperature resolution by scanning
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the sample transmission at various orientations of the
polarizer and analyser.

The liquid crystal is aligned in the so-called ‘bookshelf
geometry’ [ 5] with the smectic layers perpendicular to
the substrates. Under correct surface conditions the SmC
director (optic axis) points parallel to the substrates at
angles + 6 with respect to the smectic layer normal. The
sample is considered as a uniaxial birefringent slab with
a spatially uniform orientation of the optic axis. At
normal incidence of plane-polarized light with wave-
length A and intensity I, the transmitted light intensity
I of the sample (thickness d, birefringence An) between
polarizer and analyser is given by [6]:

dA
=1, I:cos2 ¥ — sin 2¢ sin 2(p — y) sin’ T ; n]

where y denotes the angle beween polarizer and analyser
and ¢ is the angle between the polarizer and the pro-
jection of the optic axis into the substrate plane. Using
the general equation (1) four selected situations are
considered:

(1) =0, y=m/2: The polarizer is directed along
the smectic layer normal (p = 6) and the analyser
crossed with respect to the polarizer (y =m/2).
The resulting light intesity 7, is given by:

ndAn
A
(2) p=m/4+ 0, y =m/2: Polarizer and smectic layer

normal include an angle of n/4 giving ¢ = /4 + 6.
The light intensity I, passing the crossed analyser

(y=m/2)is:

I, =1, sin” 20 sin® (2)

ndAn
A

(3) p=0, y =0: Same as case 1 but with parallel
polarizers (y =0) leads to:

dA
IL=1, (1 — sin®20 sin? “} ") (4)

I, =1, cos® 20 sin’ (3)

(4) p =m/4+ 0, y =0: Same as case 2 but with parallel
polarizers giving:

dA
14:10(1—00322051112 “} ") (5)

Elimination of the incident light intensity I, leads to
the transmissions

1 1 . ., (mdAn

=== =sin~ 26 sin (6)
Iy, L+ A
I I dA

1, =—=—>— =cos>20 sin’ e (7)
IQ 12+ 14 /1

of the cell between crossed polarizers in the orientations
discussed above. It is important to mention that both
transmissions t; and t, are invariant under a sign
inversion of the tilt (0 — — 6). Since opposite tilt directions
appear with the same light intensity, equations (6)
and (7) also apply to SmC and SmC* samples which,
at zero external field, separate into domains of opposite
tilt directions. The same holds for a ferroelectric SmC*
sample switching between opposite tilt directions in an
a.c. electric field.

Considering equations (6) and (7) it is seen that, for
given d and A, any change in the transmission is directly
related to changes in the tilt 6 and/or the birefringence
An. These variables are separated as follows. The tilt 6
is obtained from the transmission ratio t,/t,:

— =tan”(20) (8)
T2
to be:
1 7 \"?
0 = — arctan (—) . 9)
2 T,
The birefringence An is calculated from the sum 7; + 1,:
., [ mdAn
7, + 1, =sin ; (10)
as:
A . 1/2
An =— arcsin(t, + 1,)"% (11)
nd

This approach has been applied to CES8 as follows.
As the evaluation of equations (6) and (7) requires a
defined wavelength, an interference filter with 2 = 514 nm
was inserted into the set-up (see §2.1). Repeated temper-
ature scans were taken during heating the well aligned
CES8 sample from 80 to 90°C in the four different
orientations discussed above. The corresponding light
intensities 7, ..., I, are depicted in figure 5. From the
intensity data in figure 5 the optical tilt 6 and the
birefringence An are calculated using equations (9) and
(11), respectively. The results are shown in figure 6.

Below the smectic A*~C* transition at T, = 86.4°C the
optical tilt is continuously increasing, clearly reflecting
the second-order smectic A*~C* transition in CES8, see
figure 6 (a). Well below the transition at T — Ty = — 6°C
the tilt is about 10°, a comparatively small value which
was also observed in other experiments [7]. The
birefringence remains basically unchanged during the
A*~C* transition see figure 6 (b). The drop observed
directly at the transition temperature is most probably
an artefact due to critical fluctuations lowering the
transmission of the sample by light scattering, which is
not included in equations (6) and (7). From the width
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(a) Optical tilt angle 6 and (b) birefringence An of
CES at optical wavelength 1= 514 nm.

of the scattering peak in figure 6 (b) the critical regime is
estimated to about 0.4 K in the case of the CE8 smectic
A*~C* transition.

The tilt angle exponent f which is the critical exponent
of the smectic A*~C* order parameter in the case of
T — T4 is obtained from the power law:

Ox (Tea—T)P (12)

with T <T.,. The log-log plot of the temperature
dependence of the optical tilt angle is shown in figure 7
and a clear power law behaviour is observed. Close to
the transition to smectic A* in the range of Tcxa — T =
0.04...0.25 K the classical mean-field exponent §=0.53~
1/2 is found. At about Tc, — T'=0.3 K the crossover to
the tricritical exponent f =0.32~ 1/3 is observed. These
results agree with the results of Musevi¢ et al. [7] who
found a crossover from =049 to § =0.35. The cross-
over temperature (86.1°C) comes close to the onset of
critical fluctuations which are observed by the drop in
birefringence An(T) between about 86.1 and 86.5°C in
figure 6 (b).

4. Conclusions
The results obtained from CES8 clearly lead to the
conclusion that the proposed scanning technique offers
a simple but powerful tool in the optical investigation
of liquid crystal phase transitions, specifically:

(1) Even in the case of rather complex mesomorphism,
liquid crystal phase transitions are clearly detected
by singularities in the temperature dependence of
the sample transmission between crossed polarizers.
In CE8 all transitions between six smectic and
crystal phases were detected and the phase sequence
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Figure 7. Determination of the order parameter exponent f§

in the smectic C* phase of CES8. Close to the transition
the classical mean-field exponent f~ 1/2 is found.
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found by Kuczynski and Stegemeyer [2] was
confirmed.

(2) In well aligned samples high resolution data of
the optical tilt angle and the effective birefringence
are accessible by repeated temperature scans at
various orientations of polarizer and analyser.

(3) The resolution of the obtained tilt data allows
a reliable determination of power-law exponents
and, in the case of CES8, confirms the mean-field
to tricritical crossover found by Musevic et al. [ 7].

Financial support from the Fonds der Chemischen
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