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Second-harmonic generation induced by an electric field is investigated in the nematic and smectic-A phases 
of liquid crystals. The temperature dependences of the coherence lengths and of the nonlinear third-order 
susceptibilities are measured, and the effective hyperpolarizabilities of the second and third orders are 
calculated. The directions of the phase synchronism and the cubic susceptibilities responsible for the 
generation of the second harmonic are determined for interactions of the ee-o type. 

PACS numbers: 78.20.Jq, 78.20.Dj 

1. INTRODUCTION phase (Pji, I , , . , )  and in the isotropic (I&, 1 ,,); from 

Investigations of the second-harmonic (SH) genera- 
tion, induced by a constant electric field a re  used to 
determine the hyperpolarizabilities of second (/3) and 
third (7)  orders of molecules of organic substances in 
the liquid and gaseous phases. These investigations 
also provide a convenient method of studying the effect 
of intramolecular and intermolecular interactions on 
the hyperpolarizability and of obtaining new information 
about the electronic structure of the 

It i s  of interest to investigate the generation of a SH, 
induced by an electric field, in liquid crystals, since 
the value of the cubic nonlinear susceptibility r in this 
case i s  determined both by the molecular hyperpolar- 
izabilities Pi,,  and y,,,, and by the long-range orienta- 
tional ordering of the molecules in the mesophase. In 
this connection, measurement of the parameter r may 
serve a s  a means of investigating the degree of order 
and the structure of the liquid-crystalline phases. 
Furthermore, the presence of double refraction in 
liquid crystals may be used to attain a condition of 
phase synchronism. The promising character of in- 
vestigation of nematic liquid crystals by the method of 
electric-field induced generation of a SH was demon- 
strated in Refs. 5 and 6. 

The present paper i s  devoted to investigation of non- 
linear optical properties of liquid crystals that possess 
nematic and smectic-A phases. We studied SH genera- 
tion induced by a constant electric field in p-n-octyl- 
pf-cyanobiphenyl (8CB). The choice of the material 
8CB was determined by the presence in it of smectic 
and nematic phases within a temperature range conven- 
ient for measurements and by the availability of reli- 
able data on the temperature variations of the index of 
refraction, the order parameter, and the dielectric 
constants. 

Because nonlinear optical properties of liquid crys- 
tals have been little studied, special attention was paid 
in this work to questions of method. For this purpose, 
we made measurements also on p-n-pentyl-pf-cyano- 
lsi-phenyl (5CB), which had been studied in detail ear- 
l i e r . ' ~ ~  We measured experimentally the intensity I,, 
of the second harmonic and the coherence length I and 
their temperature dependence, in the liquid-crystalline 

these we calculated, respectively, the-two characteris- 
tic components of the third-order susceptibility, r,,,, 
= r,, and rxxxx= r,, and r is (here it is supposed that 
the director of the liquid crystal i s  oriented along the z 
axis, and the indices (1 and 1 correspond to the direc- 
tions along and transverse to the director, i.e., to the 
optic axis). From the results  of these measurements, 
we found the effective hyperpolarizabilities of second 
order, P j ,  and of third, y f , ,  . 

2. EXPERIMENTAL METHOD 

A sketch of the experimental setup for investigation 
of electric-field induced generation of a second har- 
monic i s  shown in Fig. 1. For pumping we used a Q- 
switched NdS+-YAG pulsed laser  LTIPCh-7 (1) with 
radiation wavelength 1.064 pm, with pulse-repetition 
frequency 2-125. GHz. The peak power of the pumping 
pulses was 200-300 kW. At the output of the laser was 
installed the fundamental-radiation filter (2). The 
fundamental radiation of the laser was focused on the 
specimen (6), which was enclosed in a thermostat, by 
the long-focus lens (3), with f = 43 cm. By means of 
the light-splitting plate (4), a part of the radiation was 
directed to the photocell (5) for monitoring of the level 
of the pumping. Installed past the specimen were the 
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FIG. 1. Sketch of experimental setup: 1, laser; 2, filter for 
main radiation; 3, long-focus lens; 4, light-splitting plate; 
5, vacuum photocell; 6, temperature-controlled chamber with 
cell; 7, attenuator for main radiation; 8, analyzer; 9, neu- 
tral-density filters; 10, attenuator for fundamental fadiation; 
11, interference light f i lkr;  12, photomultiplier FEU-79; 13, 
high-voltage pulse generator; 14, analog switch; 15, integra- 
tor. 

935 Sov. Phys. JETP 54(5), NOV. 1981 - 0038-5646/81/110935-03$02.40 0 1982 American Institute of Physics 935 



fundamental-radiation attenuator (7) and the analyzer 
(8) for control of the polarization of the SH. The SH 
signal, attenuated by the neutral-density glasses (9) 
the number of t imes required in order to bring the Te- 
cording system into the linear range, fell on the FEU- 
79 photomultiplier (12). Directly in the housing of the 
photomultiplier, in front of the photocathode, were 
placed the SZS-22 glasses (10) for absorption of the 
pumping radiation and the interference light filter (11) 
a t  wavelength 532 nm. The pulsed electric signal from 
the photomultiplier, through an emitter follower 
mounted directly within the housing of the photomulti- 
plier, entered the analog switch with preamplifier (14) 
and then an oscilloscope. The amplified signal from 
the vertical-deflection plates of the oscilloscope was 
fed to the integrator (15). The integrated signal is 
measured with a V2-23 digital voltmeter. Use of the 
oscilloscope a s  an amplifier provided a possibility of 
simultaneously observing the shape of the signal pulse. 
The laser was triggered by pulses from a G5-26 gener- 
ator. The delay pulse of a Pockels cell was fed from 
the control system by the SUM-? modulator to trigger 
the G5-30 and G5-54 generators. From the delayed 
channel of the first  generator, a trigger pulse was fed 
to the high-voltage pulse generator (13). From the de- 
layed channel of the second generator, a strobe pulse 
of duration 0.7 psec, synchronous with the pumping 
pulse, was fed to the analog switch (14). The purpose 
of the analog switch was to transmit the signal pulses 
from the photomultiplier to the subsequent elements of 
the recording system only at the instant of action of the 
strobe pulse. The generator (13) produced voltage 
pulses of duration 20 psec and amplitude up to 4 kV, 
which were fed to the liquid-crystal cell. When the dis- 
tance between the electrodes was 2 mm, the field on 
the cell reached 20 kV/cm. The pulse duration was se- 
lected on the basis of the condition T < t )  < T, where T 
is the relaxation time of dipole polarization and T is 
the relaxation time of the director. Some of the exper- 
iments on 5CB were carried out at constant electric 
field with voltage up to 300 V. The temperature of the 
cell was stabilized with accuracy 0.1 "C. 

The coherence lengths I,, and I, and the intensities 
la', andl;, of the second harmonic at the maxima of 
the Maker oscillations, which were necessary for cal- 
culation of the nonlinear susceptibilities 11 and I, were 
measured in wedge-shaped cells Fig. 2(a) . The values 
of I,,, 1!lw, and rll were determined on cells with planar 
orientation of the liquid crystal at the glass (director 
oriented along the z axis). Here the directions of the 
inducing electric field and of the electric fields of the 
pumping radiation and of the SH were parallel to the 
director. The measurements of the values of I,, I;,, 
and rL were made on cells with homeotropic orientation 
of the liquid crystal at the glass (director oriented 
along the y axis), and the directions of all the electric 
fields were perpendicular to the director (along the z 
axis). To obtain a planar orientation: the glasses were 
covered with a film of polyvinyl alcohol of thickness 
=500 A and were rubbed with fabric. Homeotropic ori- 
entation was achieved by coating the glasses with films 
of chromolan (chromium stearylchloride). Aluminum 

FIG. 2. Configuration of cell of planar type (a) and cell for ob- 
servation of angular phase synchronism (b): 1, plane-paral- 
lel glass plates; 2, electrodes; 3, liquid crystal; 4, 30-de- 
gree glass prisms. The y axis is  the direction of propagation 
of the radiation. 

foil, of thickness 20 and 50 pm, was used a s  elec- 
trodes. The quality of the orientation of the liquid 
crystal was periodically checked with a polarization 
microscope. The angle of the cell wedge was measured 
with a G-5 goniometer. The accuracy of measurement 
of the coherence lengths I , ,  and I, was S3%. The abso- 
lute values of rl, and rL were measured relatively to 
the component dl ,  of quartz, which was taken a s  0.8 
x lo-' cgs esu. 

For  investigation of the generation of the SH under 
conditions of phase synchronism, a cell was used that 
was composed of right-angled prisms, one of the acute 
angles of which was 30". In this case,  the measure- 
ments were made on cells  with homeotropic orientation 
of the liquid crystal at the glasses. 

3. EXPERIMENTAL RESULTS 

In both experimental geometries (all fields parallel 
o r  perpendicular to the director), the intensity of the 
SH was proportional to the square of the intensity E, of 
the inducing electric field and to the square of the pow- 
e r  P, of the pumping radiation. The variation of I,, 
with E: is  shown in Fig. 3 for the cases of constant 
and of pulsed fields. For pulsed fields, I,, varies lin- 
early with E: over the whole range of measurement of 
E,. But for a constant inducing field, the variation of 

FIG. 3. Variation of intensity of second harmonic Z m  with 
square of intensity of inducing field E! (kv2/cm2), for the case 
of a constant voltage (1) and of a pulsed voltage (2) (5CB, t 
= 23°C). 
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TABLE I. 

FIG. 4. Variation of coherence lengths with temperature for 
8CB. 

I,, with EE goes to saturation a t  voltages on the cell 
'200 V. By special experiments on observation of the 
motion of solid part icles of foreign impurities, it was 
established that for  voltages 2100 V on the cell,  an 
electrohydrodynamic instability develops in the liquid- 
crystal  layer; th is  is evidently responsible for  the 
limitation on the increase of I,, with increase of E,. 
This  i s  also indicated by the fact that for  al l  pulsed 
voltages and also for  constant voltages up to  -100 V, 
the polarization of the SH was  parallel to E,,  -but for  
constant voltages above 200 V there  appears  in the SH 
some radiation with a polarization perpendicular to E,, 
i.e., there actually occurs  a depolarization of the SH. 

The temperature variations of the coherence lengths 
for  8CB a r e  shown in Fig. 4. As  was shown in Ref. 5, 
there a r e  the following simple relations between the 
coherence lengths in the liquid-crystalline (I,,,,) and 
isotropic (I ,) phases: 

1 1  1 1 K  - - - = K ( p 2 ) ,  ---=- ? ( P J ,  
11, 1 is l i s  1, - 

where ( P , )  is the degree of orientational order.  Using 
the results  of the measurements of I,,,,, we calculated 
the temperature behavior of the order  parameter .  The 
constant K was found from the condition that when t 
- t i s  = 17"C, the parameter  (P , )  = 0.64.7 The curve 
obtained i s  shown in Fig. 5, in which, for  comparison, 
i s  also shown the temperature dependence of ( P , )  ob- 
tained from measurements of the index of r e f r a ~ t i o n . ~  
As is seen from the figure, the two methods of deter-  
mination of ( P , )  give resul t s  in qualitative agreement. 

The coherence lengths for  5CB were measured only 
in the nematic phase, at  room temperature ( t  = 25 "C). 
As is seen from Table I, the experimental data agree  
well with a calculation based on the index of refrac-  
tion.' 

The experimental temperature variations of the in- 
tensities I$,  and I:, at  the maxima of the Maker os-  
cillations, normalized on the value of the intensity l ; ,  
of the SH in the isotropic phase, a r e  shown in Fig. 6.  

FIG. 5. Temperature variation of the order parameter for 
8CB. 1) results of Ref. 7; 2) calculations by formula (1). 

The accuracy of the measurement was 10%. The ~ a l -  
culations of the relative nonlinear susceptibilities R,, 
= r,,/r !, and R, = r,/r were made with the formulas 

Parameters 

~ I I ,  rrm 
1 1 ,  lrm 
1nb.pm 
I'll. 10lL, cgs esu 
r ~ . 1 0 " ,  cgs esu 
rc.lOL', cgs esu 
rnh.lO1', cgs esu 
00, deg 
' f ~ * . 1 0 ~ ~ ,  cgs esu 
Yr*.1@: cgs esu 
yo*. 1OJ8 cgs esu 
ynh*.lO", cgs esu 
ps*.lWl, cgs esu 
3n6103i, cc esu 

where KII = l ~ l , / I ~  and K ,  = I ~ , / I ~ ;  n$, Igl, and 
rgi a re ,  respectively, the index of refraction, the co- 
herence length, and the cubic nonlinear susceptibility 
of g l a ~ s ~ * ~ ;  n; is the index of refraction of the liquid 
crystal  in the isotropic phase. In the derivation of 
formulas (2), we have neglected the slight temperature 
dependence of r,, , I , : ,  and n$.  The temperature 
variations of R,, and R, a r e  shown in Fig. 7. 

Fo r  5CB and 8CB at  room temperature,  we mea- 
sured the dependence of the intensity of the second har-  
monic on the angle 0 between the direction of the direc- 
t o r  n and the wave vector K, of the pumping wave, un- 
d e r  interaction of the ee - o type Fig. 2(b) . The vari- 
ation of the intensity of the SH with the angle 0 in the 
case  of 8CB i s  shown in Fig. 8, and the angles of phase 
synchronism 0, and the corresponding components of 
the cubic susceptibility r, for  both liquid crys ta ls  a r e  
given in Table I. We note the good agreement of ex- 
perimental and calculated values of 0, for  8CB. 

4. DISCUSSION OF RESULTS 

5 CB 

theory I experiment 

The third-order nonlinear susceptibilities r,, and r, 
depend on the molecular parameters  of the substance 
and on the degree of orientational order  in the meso- 
phase5: 

r ~ ~ = N ( f ~ f ~ ~ f ~ . ) ~ ~ ' ~ ~ = N  ( f o f - ' f 2 . )  ,, (y , ,+ ' / ,a (P , ) f  ' / , P ( P , ) ) ,  (3) 

r ,=N ( f o f , Z f i ~ ) r y ~ = ~ ( f o f f z f ~ 2 ) ~ ( ~ i s - ' / ~ ~ P + P ) .  (4) 

4.88 
9.96 - 
- 
- - 
- 

25.9 
- 
- 
- 
- 
- 
- 

8 CB 

23.C I 33.12 

Here N i s  the number of molecules in unit volume; 

4.80 
9.88 
8.30 
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55 
21 

167 
26 05 
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36 
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20 

5.4 
12.2 - 

580 
77 
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23.5 
330 
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15 - 
- - 

FIG. 6. Temperature variation of the intensity of the second 
harmonic for 8CB. 
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FIG. 7. Temperature variation of the cubic nonlinear suscep 
tibility for 8CB. Absolute value of ria = 265. lo-" cgs esu. 

(fof$fzw)II and (fofif2w)l a r e  local-field factors in the 
mesophase for  directions respectively along and trans- 
ve r se  to the director  a t  the frequencies of the inducing 
field (f,), of the field of the main radiation (f,), and of 
the field of the second harmonic (f,,) ; y,, and y, a r e  the 
total molecular hyperpolarizabilities of the third order  
along and t ransverse  t o  the long axes  of the molecules; 
y, i s  the total hyperpolarizability for  an isotropic ori- 
entational distribution function of the molecules; a, and 
p a r e  the contributions to the nonlinear susceptibility 
pe r  molecule due to the presence of orientational order  
of the liquid crystal ;  and (P , )  and (P,) a r e  coefficients 
of the expansion of the orientational distribution func- 
tion of the molecular axes  with respect  t o  the direction 
of the director .  

According to  formulas (3) and (4), the total third-or- 
de r  hyperpolarizabilities y,, and y, can be calculated if 
the local-field factors a r e  known. The effective hyper- 
polarizabilities y l  and yf obtained in the approxima- 
tion of an isotropic local-field factor, in Vuks form, 
a r e  given in Table I. Also given there a r e  the effective 
second-order hyperpolarizabilities P: =@,,, +p,,, 
+ &,,. For  comparison, the table gives also the non- 
l inear susceptibility r,,, the hyperpolarizabilities yn, 
and fin,, and the coherence length I, ,  of nitrobenzene 
according to the data of Ref. 4. 

Since b<< o! and ( P,) < ( P,), the third t e r m s  in pa- 
rentheses in equations (3) and (4) a r e  negligibly small  
in comparison with the f i r s t  two. By neglecting also 
the slight temperature dependence of N and introducing 
the notation ( fo f~ f2w) l l=FI I  and (fof32,)l =Fl, we re-  
duce equations (3) and (4) to the form 

rl - FL T.s 1 a R i- ----(F---  
r i s  Fis 7 Tis 

If we suppose that F,, = F, = F,, , then i t  i s  easily seen 
that, f o r  example, formula (5) gets into contradiction 
with experiment for 8CB. In fact, it follows from for- 
mula (5) that on transition from the nematic to the 
smectic phase, the nonlinear susceptibility rll should 
increase because of increase of the degree of ordering 
(P,) (see Fig. 5). But experimentally, a decrease  of 

FIG. 8. Variation of the intensity of the second harmonic Z2, 
with the angle @ between the director and the wave vector of 
the primary wave, for 8CB (t= 23°C). 

the parameter  r,, i s  observed a t  the phase-transition 
point (see Fig. 7). 

The dielectric constant el, of the compound 8CB un- 
dergoes a s imi lar  anomaly of the temperature behav- 
ior." In th is  case,  a decrease  of E,, is caused by the 
increase of antiparallel correlation of dipoles in the 
smectic phase.g This leads to a decrease  of the effec- 
tive dipole moment p*  per  molecule. Consequently the 
decrease  of r,, can be attributed to a decrease  of the 
parameter  a, which i s  a combination of the constant di- 
pole moment p of the molecule and i t s  second-order 
hyperpolarizability Pi,*.  It i s  possible that the reor-  
ganization of the spatial molecular s t ruc ture  of the 
liquid crys ta l  on transition from the nematic to the 
smectic phase and the enhancement of the antiparallel 
correlation of the dipoles exert  an influence also on the 
second-order hyperpolarizability. And in fact the de- 
c r ease  of r,, cannot be described quantitatively solely 
on the bas i s  of the decrease  of the dipole moment p*, 
calculated from the temperature variation of E, , .  

In conclusion, we note that an alternative explanation 
of the decrease  of r,,, which was  described above in the 
language of effective parameters  p *  and b*, can ap- 
parently be given in t e r m s  of a change of the local-field 
factors on transition from the nematic to the smectic 
phase. 
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