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Surface molecular relaxation in smectic C* phase as studied by 
dielectric spectroscopy 

by A. M. BIRADART, S. HILLER*, S. A. PIKIN$ and W. HAASE 
Institut fur physikalische Chemie, Technische Hochschule Darmstadt, 

Petersenstr. 20, 64287 Darmstadt, Germany 

(Received 26 Muy 1995; in jinal form 22 September 1995; accepted 12 October 1995) 

The molecular relaxation process of a ferroelectric liquid crystal with a high tilt angle and a 
high spontaneous polarization in a homeotropically aligned cell has been studied by the 
dielectric relaxation method in the frequency range 10 Hz to 10 MHz. The measurements 
have been done using thin (3-5 pm) cells with gold coated electrodes and samples aligned by 
a magnetic field. It has been observed that the molecular relaxation around the short axis of 
the molecule is detected in the chiral nematic and smectic C* phases. The surface molecular 
process is observed in the S,* phase down to nearly 6 to 7 K below the transition temperature 
of the N* to the S: phase. The experimental results of the surface molecular process are 
analysed by theoretical calculations. The experimental results agree with the theoretical 
predictions. 

1. Introduction 
Dielectric spectroscopy of ferroelectric liquid crystals 

(FLCs) has become of increasing interest in the past few 
years. It gives not only the collective modes directly 
associated with the ferroelectricity (Goldstone mode, 
soft mode and domain mode), but also the molecular 
modes. These have been studied very extensively in the 
past, particularly for second order phase transition 
FLCs, for which microscopic and statistical theories 
exist and account for the observed behaviour [l-31. On 
the contrary, very little is known [4,5] about first order 
phase transition FLCs, possessing the S$ to N* phase 
transition, probably due to the difficulty of alignment. 
However, first order phase transition FLCs are very 
interesting, because their material constants such as tilt 
angle are very large and do not depend greatly on 
temperature and these materials are better suited for 
preparing electro-optical switches [ 61 and guest-host 
displays [ 7). 

In this article, we present dielectric studies of a first 
order phase transition FLC material using homeotrop- 
ically aligned cells in the frequency range 10Hz to 
10 MHz. The molecular relaxation around the short axis 
of the molecule is observed in the chiral nematic (N*) 
and smectic C* ( S l )  phases. Deep in the SE phase, the 
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surface molecular relaxation has been observed experi- 
mentally. A theoretical explanation has been given for 
the surface molecular relaxation process which can exist 
very close to the surface. 

2. Experimental 
The dielectric studies were performed mainly using 

cells with gold coated electrodes, although I T 0  coated 
electrodes were used for checking the alignment optic- 
ally. The dielectric measurements were done in a shielded 
parallel-plate condenser [ 81. The cell thickness was 
3.5 pm. The cell was first calibrated using air and toluene 
as standard references for calculating the absolute values 
of the electric permittivity. The first order phase trans- 
ition FLC material (CS-2004, Chisso Corporation, 
Japan) used in this study has the following phase 
sequence: 

Cr + -9”C-t SE t 62”C+N* + 71°C +I 

The FLC material was introduced into the cell by means 
of capillary action in its isotropic phase. To minimize 
the surface anchoring effect, no surface treatment was 
given to the electrodes for achieving alignment. 
Homeotropic alignment was obtained by putting the 
sample into a magnetic field of 1.2T and cooling it 
slowly at the rate 8 K h-  from the chiral nematic to the 
smectic C* phase. The cooling and heating cycles were 
done several times to get better homeotropic alignment. 
The detailed procedure of alignment by a magnetic field 
is given elsewhere [9]. 

The dielectric measurements were done using a 
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Hewlett-Packard impedance analyser (HP 4192 A), con- 
trolled by a modified Atari Mega ST2 computer in the 
frequency range 10Hz to 10MHz using homeotropic 
alignment. The bias field (generated by the impedance 
analyser) was used to detect the surface molecular relaxa- 
tion in the Sg phase. The temperature and frequency 
dependences of the molecular mode in the homeotropic 
alignment have been analysed experimentally and 
theoretically in the S: and N* phases. 

3. Results and discussion 
The measuring electric field in the homeotropically 

aligned FLC cell is parallel to the liquid crystal molecules 
and one can measure the E~ component of the complex 
dielectric permittivity, connected with reorientation of 
the molecules around their short axes. Figure 1 shows 
the relaxation frequency versus temperature of the 
molecular rotation around the short axis (squares) i.e. a 
180" jump around the short axis over the whole N* 
phase. This process is seen even in the S z  phase, nearly 
6 to 7 K  into the S,* phase. The only difference is that 
the molecular process is detected when the collective 
dielectric processes of the planar component are sup- 
pressed by applying a high bias field to the cell; this 
will be discussed in the next paragraph. As seen in the 
figure the relaxation frequency of the molecular mode is 
temperature dependent and continuous even at the 
transition temperature of S? to N* phase. 

As mentioned earlier, in the homeotropic alignment, 
the measuring electric field is parallel to the molecules 
(i.e. the smectic layers are assumed to be parallel to 
the sample surface in the SY phase). However, when the 
FLC material is cooled down to the S: phase, the 
molecules are tilted, depending upon the tilt angle of the 
material [lo], resulting in tilting of the smectic layers 

(instead of parallel orientation) with respect to the 
sample surface. Particularly, in this FLC material, where 
the tilt angle of the molecule is quite large (44"), the 
measuring electric field makes a wide angle relative to 
the smectic layer plane and hence the dielectric permittiv- 
ity due to the planar component would be dominant in 
homeotropic alignment measurements. As is well known 
[ 11,121, the dielectric permittivity in the planar com- 
ponent is dominated by collective dielectric processes 
such as the Goldstone mode, soft mode, domain mode 
etc. in the S y  phase. It should be mentioned here, that 
the soft mode contribution in the first order materials is 
usually negligible. To suppress the collective dielectric 
processes (particularly the Goldstone mode) of the 
planar component due to the tilting of the smectic layer 
planes with respect to the samplc surface in homeotropic 
measurements, a strong bias field has been applied to 
see the pure E~~ component in the S: phase in the present 
investigation. It is worth stating here that in a perfectly 
planar alignment (for the cI componcnt), where the 
measuring electric field is perpendicular to the smectic 
layer normal, the applied bias field has a pronounced 
influence on the Goldstone mode (unwinding of thc 
helix) in the S$ phase; this has been reported recently 
[I 131 for this material. Figure 2 shows the absorption 
spectra (q versus frequency) at different temperatures in 
the '3: phase which were obtained at a bias voltage of 
30V.  This dielectric process can only be due to the 
molecular relaxation (vibration) near the surface layers 
of the substrate, which must be connected with orienta- 
tional deformations of the molecules near the surface for 
the following reasons: (i) the Goldstone inode contribu- 
tion to the dielectric permittivity is suppressed by means 
of the bias voltage; (ii) soft mode relaxation plays only 
a negligible role in first order FLC materials (moreover 
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Figure 1 .  Temperature dep- 
endences of the relaxation 
frequencies of the molecular 
process in the SE and N* 
phases with horneotropic align- 
ment (q component) i.e. 
molecular relaxation around 
the short axis of the molec- 
ule (m) and surface molecular 
relaxation (A), 
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Figure 2. Absorption curves 
(E! versus frequency) for the 
surface molecular process at 
different temperatures in the 
S$ phase measured at a bias 
voltage of 30 V. 
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the observed process was recorded deep in the S z  phase); 
(iii) in a perfectly planar alignment, which was achieved 
by applying an electric field, just below the transition 
temperature of SE to N* phase [ 141, we did not observe 
any dielectric processes (i.e. no domain mode) for high 
biasing voltages in the S;E. phase. Therefore, there is no 
reason why a domain mode process should occur with 
homeotropic alignment. More experimental evidence of 
the surface molecular process in the homeotropic align- 
ment of high tilt angle FLC materials, which appears to 
be due to the tilting of the smectic layers near the sample 
surface, will be published elsewhere [ 151. Similar results 
have been observed by Pave1 and Glogarova [16] in 
planar aligned FLC cell of S$ phase. 

As seen in figure 1 (triangles) and figure 2, the surface 
molecular process is temperature dependent. The 
molecular process in the N* and Sg phase shows 
Arrhenius-type behaviour as seen in figure 3. The activa- 
tion energy calculated for the molecular relaxation 
around the short axis is about 85 kJmol-1 and for the 
surface molecular process in the S z  phase is about 
65 kJmol-'. The activation energies for the molecular 
process suggest that the molecular motion in the surface 
layers is easier in the SE phase than the molecular 
relaxation around the short axis. 

Theoretically, we prove here that surface molecular 
relaxation should be possible in the S z  phase with 
homeotropic alignment by considering the spontaneous 
polarization and tilt angle of the FLC material investi- 
gated. The theoretical calculations agree well with the 
experimental results, predicting that the surface molecu- 
lar process should appear nearly 10K below the trans- 
ition temperature of N* to S z  phase. At this temperature, 
a change in the texture was observed. The homeotropic 

alignment disappears and a partial planar alignment 
becomes visible which was confirmed by the fact that 
switching in the sample starts to appear at this temper- 
ature (approximately 10 K below the transition temper- 
ature) when seen in the polarizing microscope. The 
change of texture in the S z  phase with the spontaneous 
polarization P, = p 0 ,  where p is the piezoelectric coeffi- 
cient, at a certain temperature below the phase transition 
point T,, can be related to some orientational deforma- 
tions in a sufficiently thin sub-surface layer with thick- 
ness A, which appears as a result of the concurrence 
between a surface influence (the surface tension W )  and 
an internal electric field (Ein) effect resulting from the 
interaction of P, with Ein in such a sub-layer. The surface 
tension W can be considered as an expansion in terms 
of the tilt angle 0, 

w = p @ 0  + w o 2 ,  (1) 

where @ and w are the phenomenological parameters; 
the first term in equation (1) describes, for example, the 
gain in energy when the spontaneous polarization P, is 
parallel to the cell surface (in the homeotropic director 
orientation), and the second term describes an increase 
in the surface energy when the director orientation differs 
from the homeotropic orientation (in the C* phase, the 
director takes a position at the cone surface at an angle 
of 0 to the surface normal). By analogy with considera- 
tion of bistability effects [ 17-20], we shall assume that 
the field Ein tends to change the polarization and direc- 
tor orientations to new orientations if the interaction 
P,Ein = pOEin overcomes the potential barrier K02/A2 
inside the sub-layer, where sub-layer thickness 
,I - K Q 2 /  W is the spatial scale of inhomogeneity arising 
under the influence of the cell surface. It is useful to note 
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Figure 3. Arrhenius plot for 
the molecular relaxation 
around the short axis of the 
molecule (m)  in the S$ and N* 
phases and for the surface 
molecular process in thc S: 
phase (A) 

[hat the qualitative condition 

3.5 4r01 i.. 

determines the threshold field value Eth for the existence 
of bistability effects [ 17-19], i.e. the new orientational 
state could be stored even after switching off the field 
Ei,. It was shown analytically [ 171 and by simulation 
methods [19] that equation (2) really works for various 
initial director distributions. Let us consider two limiting 
cases when (1 )  p@ >> w0, i.e. the piezoelectric term in 
thc surfacc tension is dominant, and (2) w 0  >> / I @ ,  i.e. 
thc director anchoring energy in W is predominant. In 
the first case. it is seen from equation (2) that, at a given 
field Ein, this condition can be fulfilled only if the angle 0 
i s  sufficiently large, i.e. we can estimate the threshold 
(minimum) value of 0 ( 0 t h )  as a function of E,, from 
cquatioii Eth = Ei,: 

Thus 0 t h  is finite and, therefore, the effect is only possible 
at temperatures below the corresponding threshold tcm- 
perature T h  < T,. This effect i s  more probablc for first 
order phase transitions than for second order ones 
because the values of the tilt angle 0 can be sufficiently 
large near to the first order transition point K .  Though 
thc tilt anglc depends weakly on temperature in thc case 
of a first order transition, a certain increase of 0 with 
decreasing T must exist below z, and the value 0 t h  can 
occur at an intermediate tempcrature Th < T,. Since 
we have no information about all the thermodynamic 
paratneters for the first order phase transition, we shall 

use, for rough estimates of the order of the values, 
typical data for the free cnergy expansion F =  
a ( T -  T,)02 + b 0 4  + . . . , describing second order trans- 
itions, which is not bad at intermediate temperatures 
for first order transitions also. Such a rough cstimatc 
gives a magnitude O ( T )  - ( (a/b)(T,  - T))'/' and the 
corresponding threshold tempcrature '&,: 

b (r, - Th)K ~ Ofh. i 4) n 

Thus, below the temperature Th, the interaction 
between the spontaneous polarization and the internal 
field in the sub-layer with thickness i, is sufficiently 
strong to create a stable orientational deformation on 
the scale i. Therefore. the relaxation frequency 

can be observed in the dielectric spectrum. 

account equation ( 2 )  result in the estimates 
In the second case, similar calculations taking into 

If one uses some typical data for material parameters. 

K z 10-"N, w(homeotropic)z 10-6Jn1C'. 

;I- 10-'Pas. 

then equation ( 6 )  rcsults in  estimates of i - 10 pm and 
w - 1 Hz. which are obviously incompatible with the 
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experimental data. If one uses typical data 

p%10-4Cm-2,  a %  1O3JmP3K-', hZ106Jm-3,  

( T ,  - &,) Z 10 K, 0 Y lo4 HZ, 

then equations (3)-( 5) result in the estimates: 1" % 0.1 pm, 
@ ~ 0 . 1  V, Ei, % 1O6VmP'. 

We would like to emphasize here that we determine 
these unknown parameters from the measured magni- 
tudes w and T h .  Thus, the last estimates are rather more 
compatible with the experimental data, and, taking into 
account a possible 'electric' nature of the ).-length 
appearance, one can conclude that 3. represents a typical 
estimate of 0-1 pm of the electric screening radius. 

Equations (3) and (5) also show a certain temperature 
dependence of the relaxation frequency due to the tem- 
perature dependence of the viscosity coefficient y ,  which 
must increase gradually with decreasing temperature. 
Therefore the relaxation frequency must decrease gradu- 
ally with decreasing temperature below the threshold 
temperature, this can explain the observed smooth 
dependence w( T ) .  

4. Conclusions 
In conclusion, it can be said that there should be a 

molecular process very close to the surface of the sub- 
strate due to deformation of the homeotropic alignment 
in the S: phase of a high tilt angle FLC material. The 
experimental results of the surface molecular process 
agree with the theoretical prediction. The molecular 
relaxation around the short axis of the molecule (180" 
jump around the short axis) is also detected in the N* 
and S,* phases in the first order phase transition 
ferroelectric liquid crystal material investigated. 
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