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(Received, July 17, 1984) 

The phase-matched generation of the optical second harmonic was investigated in the 
chiral smectic C* phase of a classical ferroelectric liquid crystal (DOBAMBC). The 
phase-matching was achieved either by incidence angle or by temperature tuning. The 
temperature behaviour of the second order nonlinear susceptibility was studied. 

INTRODUCTION 

There are several papers1-’ where the effect of the second harmonic 
generation (SHG) was investigated for the nematic, cholesteric and 
smectic A phases of liquid crystals. Both the nematic and smectic A 
phases were proved to be centrosymmetric with the nonlinear sus- 
ceptibility xQ) equal to zero. The latter is approximately true even 
for the cholesteric phase. Thus, such nonlinear optical phenomena 
as SHG, parametric generation and Pockels’ effect should not occur 
in these phases in the framework of the dipolar interaction mechanism 
with an electric (optical) field. Only the electric quadrupolar (or the 
supposedly magnetic dipolar) interaction’ could be responsible for a 
weak SHG effect observed in the phases mentioned. 

So, the investigation of the SHG effect in the polar ferroelectric 
phases, such as the chiral smectic S* or smectic H* (G*)  is of special 
interest. The only previous paper8 has, as expected, confirmed the 
idea that the center of symmetry is absent in the smectic C* phase 
of p-decyloxy-benzylidene-p’-amino-2-methylbutyl cinnamate (DO- 
BAMBC). The aim of the present paper is to measure the magnitude 

tPaper presented at the 10th International Liquid Crystal Conference, York, 15th- 
21st July 1984. 
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380 N. M. SHTYKOV er al. 

of the quadratic nonlinear susceptibility x ( ~ )  and to find a correlation 
between x ( ~ )  and the magnitude of the spontaneous polarization Ps 
if such a correlation takes place. The investigation was carried out 
in the regime of the phase-matched (synchronous) optical harmonic 
generation. 

EXPERIMENTAL TECHNIQUE 

When an external field is absent the director in chiral ferroelectric 
phases of DOBAMBC forms a helical structure with an axis perpen- 
dicular to the smectic layer plane. The vector of the spontaneous 
polarization also rotates in space being perpendicular to the director 
and lying in the layer plane. The d.c. electric field applied perpen- 
dicularly to the helical axis untwists the helix resulting in a uniform 
ferroelectric structure with the spontaneous polarization vector di- 
rected along the external field. At the same time, the field induces 
some additional electric polarization according to the usual (Debye's) 
mechanism. Both the terms provide a contribution to the SHG in- 
tensity. The problem to be solved in this work is the separation of 
these terms from each other. 

The usual way to obtain a phase-matched SHG in nematic or smec- 
tic A phases is to change the angle between the wave vector of the 
fundamental beam and the optical axis of a liquid crystal by rotating 
a cell around the direction of the d.c. field inducing SHG.6.7 Such a 
procedure has also been used to study the temperature behaviour of 
SHG in the smectic C* phase of DOBAMBC. In addition, we show 
the possibility of using the temperature dependence of the molecular 
tilt angle 8 in this phase to achieve the phase-matching condition. 
The calculated values es for the direction of the phase synchronism 
obtained from refraction indices N ,  and No of DOBAMBC corre- 
spond to angles -23.5' and 33.8" for the ee-o and oe-o interaction, 
respectively (here ee-o, e.g., means that two waves of the extraor- 
dinary type result in the ordinary wave of the second harmonic). 
Thus, for DOBAMBC where the molecular tilt angle e( T) increases 
from 0 to 29", ref 12, with decreasing temperature, there is an op- 
portunity to obtain the temperature induced phase-matched condition 
in the case of the ee-o interaction. 

An experimental set-up for the SHG investigation has been de- 
scribed earlier.6 We use cells of the sandwich type, Figure la ,  with 
thicknesses of liquid crystal layers from 20 to 90 pm. The cell surfaces 
were treated by chromium stearyl chloride to have the helical axis 
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382 N. M. SHTYKOV er al. 

(z-axis) perpendicular to them. A d.c. electric field untwisting the 
helix was perpendicular to the helical axis (ie the y-axis), Figure lb .  
In the untwisted structure smectic planes remained parallel to the cell 
surfaces. 

RESULTS 

Figure 2 shows the temperature behaviour of second harmonic in- 
tensity Z2w for a light beam incident normally on a cell. The phase- 
matching is observed at a temperature TCeA - T = 8°C which cor- 
responds to the molecular deviation angle (from the normal to smectic 
layers) of 23", ref 12. The latter agrees well with the calculated angle 
OS = 23.5". A small half-width of the phase-matching curve and a 
high degree of the polarization ratio for second harmonic light, p = 
0.95, are indicative of a uniform orientation of a liquid crystal layer. 

The dependence of (Z2w)1'2, taken at  the maximum of the synchro- 
nism for various temperatures, upon an external electric field E is 
shown in Figure 3. The experimental curves have three different parts: 
a) the region of a weak field where the helix is almost not distorted 
and the SHG signal is very small; b) the region of a sharp increase of 
Z2,,, corresponding to the untwisting of the helix and appearance of the 
phase-matching conditions; and c) the region of the rather slow linear 
increase in I,, which is due, supposedly, to the polarization induced 
by the field. The extrapolation of the latter part of the curves to the 
zero value of E, gives nonzero intensity of SHG only in the smectic 
C* phase (Z2JY2 (and not in the smectic A phase) which confirms 
the existence of the spontaneous dipolar ordering in this phase. The 
extrapolated values for the effective quadratic susceptibilities d, were 
calculated from experimental data on (1,,)i'2and shown in Figure 4 
as functions of temperature. The total effective susceptibility d in the 
smectic C* and smectic A phases is shown in Figure 5 .  

The molecular tilt angle 0 may be calculated from our data. Let 
us assume that refractive indices N ,  and No in the smectic C* phase 
do not differ strongly from the same indices in the smectic A phase 
near the A-C* transition point. Then the phase-matching angle should 
be the same in both phases @ = €Is* and the molecular tilt angle 
cound be found from equation 

sina, 0; = 0 - y = 8 - arcsin - 
NB 
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FIGURE 2 Temperature behaviour of the second harmonic intensity (layer thickness 
= YO pn. d.c. field = 3 kV . cm-I) .  

where 02  is the phase-matching angle in the smectic A ,  as is the 
angle of light incident at the phase-matching (Figure lb) ,  and N ,  is 
the refractive index of glass. In this equation the refraction at the 
glass-liquid crystal interface is not taken into account. The result of 
such a calculation is shown in Figure 6 where a solid line corresponds 
to data taken from reference. l2  It is seen that our method gives rather 
accurate results. 
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30 20 10 0 
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FIGURE 4 Temperature dependence of the spontaneous effective nonlinear sus- 
ceptibility and the spontaneous polarization for DOBAMBC. 

DISCUSSION 

There is no strict theoretical consideration for the x'$) value. Thus, 
we will try to analyse qualitatively the dependence xL2) on microscopic 
parameters of a liquid crystal following the method described in refs. 
9 and 10. For a liquid crystalline ferroelectric with its helical structure 
untwisted by an external field we have 

Here, L is a local field factor, Pijk is a second order polarizability, 
yijkl is a hyperpolarizability of third order, p/ is a molecular dipole 
moment, PI is the spontaneous polarization, EI is a d.c. electric field, 
N and k ,  are number of molecules in unit volume and Boltzman's 
constant respectively. Angular brackets mean a statistical average 
over the zero-field distribution for the molecular axes of a ferroelec- 
tric liquid crystal. 

It is easily seen from equation (1) that the total nonlinear suscep- 
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0 
30 20 

FIGURE 6 Temperature dependence of the averaged molecular tilt angle. 

tibility consists of two parts, (a) a part independent of the external 
field which is due to the polar structure of a ferroelectric and (b) the 
field-induced part which is analogous to the field-induced nonlinear 
susceptibility in nonpolar  phase^.^,"' The only difference is in the 
averaging procedure. In the case of a ferroelectric phase averaging 
yijkl and plpijk is carried out over the polar orientational distribution 
function and the results, in principle, differ for the two cases. These 
is also an additional term in equation (1) which depends on the 
magnitude of the spontaneous polarization. The equation may be 
rewritten in the simplified way: 

According to ref. 11 a ferroelectric liquid crystal layer has a C, 
symmetry. For this point group (ie helix untwisted by a field E )  the 
tensor of the quadratic nonlinear susceptibility in the Cartesian (1, 
2, 3) system has the form 

) (3) 
0 0 0 x123 0 XI12 

x211 x222 x233 x213 . 
x323 x3lZ 

The effective susceptibility d measured in our experimental ge- 
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388 N.  M. SHTYKOV er al. 

ometry, Figure 1, is defined by equation 

where 8 is the molecular tilt angle and y is the angle between smectic 
layer normal and the wave vector k for a fundamental beam. Angle 
y is positive to the left from the z-axis and negative to the right from 
it. The polar 2-axis and the electric field E are directed along the 
y-axis. Taking into account the structure of tensor xijk(E),  eqs.(l) 
and (2) the effective quadratic susceptibility may be written as follows 

d = ds t- A * E, ( 5 )  

where the part ds is due to the polar dipolar ordering. Equation (4) 
is also true for ds if one takes only that part of xijk. ( E )  which is 
independent of E .  The A-value includes hyperpolarizabilities and 
determines the slope of linear high field parts of curves (Z2J2 in 
Figure 3. It is seen that the slope decreases monotonically with de- 
creasing temperature. It follows from eq.( 1) that this decrease results 
from the third term (p/pi'k)/Nk,T which increases with increasing 
spontaneous polarization hs = {PI} .  The decrease in A also follows 
from consideration of the difference d - ds = A.E which is largest 
near the phase transition from the smectic A to the smectic C* phase. 

Unfortunately, using only the ee-o interaction it is impossible to 
separate three different terms in ds resulting from different compo- 
nents of X & .  Thus, it is difficult to discuss the temperature behaviour 
of d,, which is probably due to the different dependencies of com- 
ponents of x& on the value of the spontaneous polarization.* It should 
be noted that near the C* - A phase transition the temperature 
dependences of ds and Ps are correlated. 

Such a correlation between the spontaneous polarization and the 
corresponding (spontaneous) term of the nonlinear quadratic sus- 
ceptibility d, was observed over the whole temperature range of the 
chiral smectic C* phase for another liquid crystalline ferroelectric. It 
consisted of an achiral ester compound doped with a chiral dipolar 
impurity. The temperature behaviour of Ps and d, for this mixture is 
shown in Figure 7. It should be noted that for almost equal Ps values 
for DOBAMBC (Figure 4) and for the mixture the value of d, for 
the ester mixture is 2-3 times less than that for DOBAMBC. The 
reason is a lower value of molecular polarizability for ester com- 
pounds confirmed by smaller values of the refractive indices. 
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2 

20 10 
AT ( " C )  

FIGURE 7 Temperature dependences of the spontaneous polarization Ps and spon- 
taneous term in nonlinear susceptibility d, for a mixtureof an ester matrix with a chiral 
additive. 

In conclusion, the temperature dependence of the second order 
nonlinear susceptibility of the ferroelectric phase of DOBAMBC has 
been measured using a phase-matched second harmonic generation. 

Acknowledgments 

Authors are grateful to Dr. E. P. Pozhidayev for useful discussions and supplying data 
o n  the temperature dependences of the spontaneous polarization of DOBAMBC and 
the mixture. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
58

 2
0 

Fe
br

ua
ry

 2
01

3 



390 N. M. SHTYKOV et ul. 

References 

1. I. Freund, P. M. Rentzepis, Phys. Rev. Lett., 48, 393 (1967). 
2. G. Durand, C. H. Lee, Mol. Cryst.. 5 ,  171 (1968). 
3. L. S. Goldberg, J.M. Schnur, Rad. Electr. Engr., 39, 279 (1970). 
4. Shi-Jie Gu, S. K. Saha, G. K. Wong, Mol. Cryst. Liq. Cryst., 69, 287 (1981). 
5. S. M. Arakelyan, G. L. Nersisyan, and Yu. S. Chilingaryan, Zh. Eksp. Teor. 

6. M. I. Barnik, L. M. Blinov, A. M. Dorozhkin, and N. M. Shtykov, Zh. Eksp. 

7. N. M. Shtykov, L. M. Blinov, A. M. Dorozhkin, and M. 1. Barnik, Zh. Eksp. 

8. A. N. Vtyurin, V. P. Yermakov, B. I. Ostrovsky, and V. F. Shabanov, Krystul- 

9. S. Kielich. Molekularna Optyka Nieliniowu, Warszawa - Poznan, (1977). 

Fiz., 80, 1883 (1981). 

Teor. Fiz., 81, 1763 (1981). 

Teor. Fiz., 85, 142 (1982). 

logrufiyu., 26, 546 (1981). 

10. L. M. Dorozhkin, G. A. Lyakhov. and Yu. P. Svirko, Kvant. Elektron., 10, 183 

11. R. B. Meyer, Mol. Cryst. Liq. Cryst., 40, 33 (1977). 
12. B. I. Ostrovsky, A. Z. Rabinovich, A. S. Sonin, and B. A. Strukov, Zh. Eksp. 

(1983). 

Teor. Fiz., 74, 1748 (1978). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
58

 2
0 

Fe
br

ua
ry

 2
01

3 


