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The unusual properties of liquid crystals'
suggest interesting applications to nonlinear
optics. The unparalleled optical activity of
the cholesteric mesophase may be important
in optical frequency mixing' and in demonstrat-
ing phase matching using optical rotatory dis-
persion. The large, controllable birefringence
of nematic liquid crystals in magnetic fields
of only a few kilogauss, and the reported fer-
roelectric behavior~ of this mesophase, sug-
gest the use of nematic materials in tunable
parametric optical oscillators and amplifiers. '
We report here what we believe to be the first
observations of second-harmonic generation
in a liquid crystal, the first experimental dem-
onstration that second-harmonic scattering
measurements can yield information on angu-
lar correlations in fluids, 6 and the first direct
determination of the range of angular corre-
lations in a liquid crystal.

The material we have studied is cholesteryl
2-(2-ethoxyethoxy) ethyl carbonate, ' a liquid
crystal at room temperature. ' We have observed
second-harmonic generation in ordered films'
and in bulk samples, but we report here only
our results on bulk samples. A Q-switched
ruby laser and conventional associated equip-
ment were employed. Variations in laser pow-
er and mode structure were compensated for
by simultaneous measurement of the second
harmonic produced in a quartz wedge. " The
observed emission from the liquid crystal was
demonstrated to be due to second-harmonic
generation as follows: (a) The emission from
the liquid crystal was found to have the same
dependence on laser power as the second har-
monic from crystalline quartz over a 30-fold
range of intensities. " (b) The frequency of
the liquid-crystal emission was observed to

0

be within 0.05 A (the instrumental uncertain-
ty) of the second harmonic frequency of quartz.
(c) The emission from the liquid crystal was
collimated along the direction of the laser beam.
(d) The emission disappeared above the liquid
crystal-isotropic liquid transition temperature.

Liquid crystals are believed to consist of
random ensembles of ordered regions known

as swarms. ' It is also believed that within each

swarm there eixsts a high degree of molecu-
lar angular correlation. The range of this an-
gular correlation was determined from mea-
surements of the angular dependence of the
second-harmonic intensity, by the method sug-
gested by Bersohn, Pao, and Frisch. 6 The
experimental second-harmonic intensity ver-
sus scattering angle is shown in Fig. l. A least-
squares procedure was used to smooth the da-
ta, and the broadening due to the laser diver-
gence and finite instrumental resolution (ob-
tained from measurements on quartz) was re-
moved using standard procedures. " The rel-
evant portion of the resulting curve was effec-
tively a Gaussian, and had a half-width of 8
mrad. Bersohn, Pao, and Frisch' have shown
that this curve is described by

S.H. (~) ~~ r'dr fdic fdic@(r, Q, Q )

where ~ is the difference in wave vector between
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FIG. 1. Second-harmonic scattering intensity versus
detector position. A least-squares fit to the data yields
a curve with a half-width of 11 mrad. The larger
dashed arrow is the half-width of a similar curve for
crystalline quartz (half-width of 7 mrad). The smaller
arrow is the detector resolution.
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the incoming laser and outgoing second harmon-
ic photons, and is given by Bersohn, " the P's
are the molecular nonlinear susceptabilities,
and g(x, &» &2) is the two-particle angular cor-
relation function for molecules separated by
distance x; it measures not only the loss of
angular correlation with distance, but also,
in the usual way, the decreasing contributions
to the structure factor of increasing interpar-
ticle separations. In writing (1) we have ne-
glected incoherent contributions since these
are much too weak to be measured in our ex-
periment. The quantity we obtain experimen-
tally is the intensity relative to zero angle.
The Gaussian shape of the experimental scat-
tering curve suggests as the simplest choice
that the angle-averaged correlation function
also be chosen as Gaussian. ' Using our data
and recently measured refractive indices, "
we obtain a value of 13+ 6 p for the average
distance over which this angle-averaged cor-
relation function falls to 1/e times its initial
value. "

The assumption that the liquid crystal is com-
posed of an ensemble of randomly oriented
swarms, a necessary condition for the appli-
cability of (1), leads directly to the prediction
that the second-harmonic intensity is a linear
function of sample thickness. " When absorp-
tion at the second-harmonic frequency is ac-
counted for, the second-harmonic intensity
is found to be proportional to 1-T, where T
is the fractional transmission of the sample.
A confirming experimental plot of second-har-
monic intensity versus measured sample trans-
mission is shown in Fig. 2.

Our experiments support the conventional
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FIG. 2. Second-harmonic intensity versus fractional
transmission of sample. The points are for sample
thicknesses of 10, 5, 2, and 1 mm.

view of a liquid crystal; demonstrate that the
molecular arrangement within the swarms of
the liquid crystals we have studied is such that
an effective center of symmetry does not ex-
ist, as shown by the generation of second har-
monics; and lead to the first direct measure-
ment of the range of angular correlations in
a liquid crystal.

We are grateful to H. L. Frisch and Y. H.
Pao for numerous discussions, to R. C. Mill-
er for many very valuable suggestions, and
to L. Kopf for technical and programming as-
sistance.
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