
Second optical harmonic generation induced by an electric field in liquid crystals 
with dielectric anisotropy of opposite signs 

M. I. Barnik, L. M. Blinov, A. M. Dorozhkin, and N. M. Sthykov 

Research Institute for Organic Intermediate Products and Dyes 
(Submitted 1 July 1982) 
Zh. Eksp. Teor. Fiz. 84,582-585 (February 1983) 

The components r,, and rl of the cubic nonlinear subceptibility tensor for liquid crystals with 
negative dielectric anisotropy (A& < 0) are determined by the method of generation of the second 
optical harmonic inducted by an electric field. An analysis of the results and a comparison with 
the data for compounds with AE > 0 show that the tensor components r,, and rl of liquid crystals 
with differing molecular structures are chiefly determined by the polar fragments of the mole- 
cules. 

PACS numbers: 78.20.Jq, 61.30.Gd, 42.65.Cq 

The third-order nonlinear susceptibilities rgk, deter- 
mined from the effect of optical second-harmonic generation 
(SHG) induced by an electric field are complicated functions 
of such molecular parameters as the constant dipole moment 
pi, the second-order (quadratic) polarizability flii,, and the 
third-order (cubic) hypolarizability ygkl (Refs. 1 and 2). In 
turn, the parameters pi auk, and ygkl as well as the relations 
between their different components are determined by the 
structure of the molecule as a whole and by the parameters of 
its constituent fragments. Thus, investigations of the SHG 
effect can yield information on the contributions of the dif- 
ferent atomic groups to the micro- and macroscopic nonlin- 
early optical characteristics of the medium. 

In the case of liquid crystals, another factor that deter- 
mines the nonlinear-optical properties of a substance is the 
orientational ordering of the  molecule^.^ This affords addi- 
tional opportunities of studying the form of the tensor rgkl 
and of the relations between its components, for conditions 
of phase-synchronized SHG are reached because of the pres- 
ence of birefringence in the liquid 

We have already investigated previously4 SHG induced 
by a constant electric field in liquid crystals, but confined 
ourselves only to substances from the cyanobiphenyl class 
(5CB and 8CB) with positive dielectric anisotropy (AE = Ell 

- E~ = 0). The purpose of the present study was to investi- 
gate the singularities of SHG induced by an electric field in 
liquid crystals with negative dielectric anisotropy (A& < O), 
followed by a comparative analysis of the result with data.on 
5CB and 8CB in order to determine the connection between 
the molecule structure and the nonlinear optical parameters 
of the medium. 

The investigations were carried out on two nemat- 
ic liquid crystal: 4-n-hexyloxy-4'-n-amyl-a-cyanstilbene 
IHOACS) 

and 4-n-metoxybenzylidene-4'-n-butylaniline (MBBA) 

TABLE I. 

Isotropic phase 

Parameters 

111, flm 
LA, #m 
ec, deg 
r l l .  lot4, cgs esu r,. 10'4, cgs esu 
r,.1014, cgs esu 
-yll*. 1036, cgs esu 
r,*. 10': ccg\ esu 
-+*. 1036,  cgs esu 
l ' I I ~ L  

,lis, flm 5.9 5.6 7.4 8.6 
i i ,  cgs esu 
yis loM, cg$ etu 
st, 10Jl. cgs ew 40.5 39.5 

Note. In the calculations of r, and f l  of the liquid crystals 5CB and 8CB we corrected the 
errors of our earlier paper.4 

Liquid-crystal phase 
Smectic 

Nematic phase A-phase 
HOACS MBBA C B CB I CB.  
(23°C) I 12J. C1 1 (23-CI I (JS C) (23' C) 
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3.4 
8.95 

27.7 
118 
42 
24 

119 
42.5 
24.3 
2.8 

3.3 
8.65 

26.7 
109 
22 
12 
83 
16.7 
9.1 
4.95 

5.4 
12.2 
24.5 

196 
21 
21 

149 
16 
16.0 
9.3 

4.8 
9.88 

26.0 
260 
41 
23 

158 
25 
14 
6.35 

5.85 
11 65 - 

205 
31 - 

156 
23.5 - 
6.6 



which have greatly differing absolute values of AE. 
The experimental setup, the construction of the liquid- 

crystal cells, and the measurement procedure were described 
in detail earlier.4 From the measurements of the intensities 
of the second harmonic and of the coherence lengths I l l ,  I , ,  
and 1, in the nematic and isotropic phases we calculated the 
absolute values of the cubic-susceptibility components 
rll =rzzzz, rL =rxxxx, and rls (the subscripts ( 1  and 1 de- 
note directions along and across the director). For the case of 
SHG and under conditions of phase synchronism of the type 
ee-o, we measured the directions of the synchronism 0, and 
calculated the corresponding nonlinear susceptibilities of 
third order rc. In the approximation in which the factor of 
the local field in theVuks form is isotropic6 we calculated the 
effective cubic polarizabilities yi;, y,+, and y,*, and also the 
cubic polarizability y, in the isotropic phase. From the rela- 
tion' 

where p* = gp is the effective dipole moment of the mole- 
cule and g is the Kirkwood factor, and neglecting the first 
term of the sum, we calculated the projection P, of the vec- 
tor part of the tensor of the nonlinear polarizability of sec- 
ond order Pgk on the dipole-moment direction. The mea- 
sured and calculated parameters are summarized in the 
table. For comparison, the table gives also the data from Ref. 
4 for 4-n-pentyl-4'-cyanobiphenyl(5CB) 

and 4-n-octyl-4'-cyanobiphenyl(8CB) 

For all the investigated liquid crystals we obtained also 
a phase-synchronized SHG for the interaction of the oe-o 
type without an inducing electric field; this second harmonic 
was interpreted within the framework of the multipole 
mechani~m.~ The effective nonlinear susceptibilities of sec- 
ond order ~ ~ ( 1 - 3 ) - 1 0 - ' ~  cgs esu, calculated from the ex- 
perimental data, are typical of this SHG mechanism. 

The dielectric properties of 5CB and 8CB are deter- 
mined by the strongly polar group-C=N. The dipole mo- 
ment of the molecules ( p =: 5 D) is directed practically along 
their long axis, therefore 5CB and 8CB have at frequencies 
lower than the relaxation frequencies of the dipole plarizabi- 
lity a large positive dielectric anisotropy: A&=: + 10 at 
E~~ z 15-17 and E, ~ 6 - 7 .  The dielectric properties of 
HOACS are in the main also determined by the polar group 
- C r N ,  while those of MBBA by the somewhat less polar 
groups CH,O- and -CH = N-. In the last two cases, how- 
ever, the dipole moments (respectively ~4 D and 2 D) make 
appreciable angles with the long axes of the molecules 
(a =: 60"). Therefore the dielectric anisotropy of HOACS and 
MBBA is negative: we have respectively A&=: - 5 
(,zll ~ 5 ,  E ,  =:lo) and AE = - 0.5 (ell ~ 4 . 8 ,  E ,  ~ 5 . 3 ) .  

We begin the analysis of the data in the table with the 
isotropic phase. It  can be seen that the quadratic polarizabi- 

lities PP for all the investigafed 'subtandes are practically 
equal, despite the substantial difference in the structure and 
in the atomic composition of the molecules of these com- 
pounds. We note also that the polarizability P, for the given 
liquid crystals is approximately double that of nitrobenzene. 
On the basis of the obtained data we can conclude that the 
main contribuiton of the quadratic polarizability P,, as 
made by the molecule benzene core characterized by a sys- 
tem of conjugated r bonds. We note also that the y,, are 
nearly equal for SCB, 8CB, and HOACS, which have ap- 
proximately equal dipole moments. The fact that y,, is sub- 
stantially less for MBBA than for the aforementioned com- 
pounds, particularly HOACS, is due to the smaller (by an 
approximate factor of 2) constant dipole moment. Thus, in 
the isotropic phase one observes that the cubic polarizability 
y,, is proportional to the constant dipole moment, a fact that 
reflects the different degree of orienting action of the con- 
stant electric field on molecules with different dipole mo- 
ments. 

In liquid-crystal phases the situation becomes more 
complicated by the appearance of orientational order, and to 
interpret the results we must take into account not only the 
dipole moments of the molecules but also their directions 
relative to the molecular axes. The parameters that charac- 
terize the nonlinear-optical properties of different liquid 
crystals vary in this case in a wide range. Thus, for example, 
the parameters rll and y r  of liquid-crystal compounds 5CB 
and 8CB are substantially larger than the corresponding pa- 
rameters of HOACS and MBBA. The reason is that in the 
geometry in which rll and yi; are measured, when all the 
fields are directed along the long axes of the molecules, the 
orienting action of the constant field on the molecules 5CB 
and 8CB with longitudinal dipole moments are substantially 
larger than in the case of HOACS and MBBA. 

In the geometry of the measurement of r, and y?, on 
the contrary, all the fields are directed transverse to the long 
axes of the molecules, and the orienting action of the con- 
stant electric field is already larger for HOACS and MBBA, 
whose molecule dipole moments make a considerable angle 
( =: 60") with the long axis of the molecule. Indeed, the param- 
eters r, and y: have the largest values for HOACS. The fact 
that the parameters rl and y: of MBBA are nevertheless 
smaller than even those of 5CB and 8CB is due to the sub- 
stantially lower dipole moments of the molecules. 

Comparing the ratio r l l /T ,  of the investigated com- 
pounds, which can be naturally called the anisotropy of the 
nonlinear susceptibility of third order, it is easy to note that 
on going from liquid crystals with negative dielectric anisot- 
ropy to liquid crystals with positive dielectric anisotropy the 
value of this ratio increases substantially. The smallest an- 
isotropy is that of HOACS, and the largest is reached in the 
smectic phase of 8CB. 

Thus, from the aggregate of the presented experimental 
results and from their analysis it follows that the cubic-sus- 
ceptibility tensor components and the relations between 
them are determined for the types of liquid crystals investi- 
gated here principally by the character and orientation rela- 
tive to molecular of the polar fragments. 
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