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Optical-Field-Induced Birefringence and Freedericksz Transition in a Nematic Liquid Crystal
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Optical-field —induced birefringence in nematic 4-cyano-4'-pentylbiphenyl was measured
with cw pump and probe beams, and the optical-field-induced Freedericksz transition was
observed for the first time. The results are in quantitative agreement with the theoretical
prediction.

PACS numbers: 61.30.-v, 42.65.-h

Laser-induced molecular reorientation is a
common cause of optical nonlinearity in a fluid
medium. In this respect, liquid crystals are of-
ten strongly nonlinear because of their large mo-
lecular anisotropy and strong correlation between
molecules. The nonlinear optical properties of
liquid crystals in the isotropic phase have already
been studied quite extensively by a number of re-
searchers in the past decade. ' This is, however,
not true for liquid crystals in the mesophases.
Not until recently have limited theoretical and ex-
perimental studies of nonlinear optical properties
of mesophases appeared in the literature. ' 4 Ac-
tually, as a result of the collective behavior of
molecules, the optical nonlinearity of a meso-
phase can be extraordinarily large. ' Crudely
speaking, in reorienting the molecules, an opti-
cal field is equivalent to a dc field, with the opti-
cal dielectric anisotropy replacing the dc dielec-
tric anisotropy. (A more detailed description of
the optical-field-induced reorientation is outlined
below. ) It is known that a dc field of - 1 esu is
sufficient to induce a significant reorientation of
the molecules in a mesophase. The same is ex-
pected with an optical field of comparable strength
or - 100 W/cm' in intensity. Such a field can eas-
ily be obtained by focusing a cw laser beam. In
fact, a cw laser beam is best for observing the
molecular reorientation effect because the re-
sponse of the collective motion of the molecules
is usually very slow. Two groups have recently
published the observation of optical-field-induced
effects in the nematic mesophase. We should
like to report here the first quantitative measure-
ments of the very strong optical-field-induced
reorientation of molecules in the nematic liquid
crystal 4-cyano-4'-pentylbiphenyl (5CB). The re-
sults are shown to be in excellent agreement with
the theory. In particular, the optical-field-in-
duced Freedericksz transition is observed as pre-
dicted by the theory below.

In the mesophase, the average direction of mo-

lecular orientation is given by the director n.
For a p-polarized incident beam, the theory of
field-induced molecular reorientation follows the
usual derivation starting from the free-energy
density'

F =-,'[K„(V n)'+K„(n ~&&n)'

+K„(n&«&n)' —Sn„/c]

for a nematic liquid crystal, where K, , are the
Frank elastic constants. The total electromag-
netic energy density E ~ D/4& is here written as
Sn„/c, where S is the magnitude of the Poynting
vector, c/n„ is the ray velocity with n„= f(& ~~+6~)/

—[eg+4c(n')t) ] ), 6~ and e~~ are the op-
tical dielectric constants parallel and perpendicu-
lar to the director n, respectively, ~c = 6)~ —E'g,

and k is the propagation direction. Assume the
sample geometry in Fig. 1 with n lying in the x-
z plane and being a function of z only. If 8(z) is
the angle between n and z at z, then n„= sin8(z)
and n, = cos8(z). The free energy de-nsity be-
comes a function of 8(z). In the infinite- plane-
wave approximation, S is a constant throughout
the medium. ' Then, minimization of the free en-
ergy F = f Fd'r leads to the Euler equation which
can be integrated to give

d 8 G (8) —G (8 )
II(8)

where G (8) = —Sn„(8)/cK», H (8) = cos'8 + (K»/
K») sin'8, and 8 is the value of 8 at the center
of the sample cell (chosen as z =0). The solu-
tion of Eq. (2) with the proper boundary condi-
tions yields 8(z) which describes the molecular
reorientation by the field.

In this paper, we are interested in the case
where the initial molecular alignment is homeo-
tropic. We expect 8(z) =8(-z). With the boundary
condition 8(+ d/2) =0, integration of Eq. (2) yields
for —d/2& z ~ 0

«G(8 )-G(8 ) "'2, a(8)
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The value of 0 can be obtained by setting 0 = 0

at z = 0 in the above equation. A normally inci-
dent probe beam with a wavelength ~~ traversing
the medium should have its extraordinary com-
ponent experience an induced phase shift

=2 "'"
fEQ Rg

(n 'cos'&+n 'sin'e)'"

where n, and n, are respectively the ordinary
and maximum extraordinary refractive indices
of the nematic medium. Equations (3) and (4)
have analytical solutions only in especially sim-
ple cases, but they can in general be solved nu-
merically to give 9(a) and qr as a function of the
pump field intensity I = S = cnJ8

~
'/8z and the angle

ot. For n =0, there is a threshold intensity I,„
= (c/no)(e „'/e ~)(E»/4e) (v /d ), below which no
molecular reorientation can be induced. This is
analogous to the dc-field- induced Freedericksz
transition. Unlike the dc case, however, the op-
tical-field-induced Freedericksz transition can-
not occur for initially planar molecular align-
ment. This is a consequence of Mauguin's "adia-
batic theorem" which states that a light beam
with ordinary or extraordinary polarization ro-
tates its pola, rization to follow a slow distortion
of the director. '

The dynamic behavior of the optical-field-in-
duced Freedericksz transition is also analogous
to the dc case. ' The initial response of the in-
duced molecular reorientation to the laser switch-
on and the long-time response to the laser switch-
off are both exponential with relaxation times ~,„
and ~,«, respectively.

of the sample by -2 K was noticed. Therefore,
the sample cell was placed horizontally to rnini-
mize the convection flow that may affect the
measurements. A He-Ne laser was used to probe
the optical birefringence y resulting from the in-
duced molecular reorientation. I'o make sure
that the transverse variation of the pump beam
intensity has little effect on the result, the probe
beam at the sample should have a radius less
than 2g/~Vp~. This was achieved by focusing the
He-Ne beam tightly and using a diaphragm to lim-
it the probe region to ( 6 pm as compared to the
Ar' laser spot of - 800 p. m at the sample. The
measured cp were collected and analyzed by a,

microcomputer.
To observe the optical-field-induced Freede-

x'icksz transition, the angle of incidence of the
pump beam was set at -O'. The observed bire-
fringence versus pump intensity at T» —T = 9.2
K is shown in Fig. 1. It exhibits a threshold in-
tensity at I&- 155 W/—cm'. According to Eq. (5),
I@ can a,lso be obtained from the measurements
of ~,„'vs I, which exhibits a critical slowing
down behavior as I approaches I@. Our results
are shown in Fig. 2. The linear fit to the data al-
so yields I,„=155 W/cm', in very good agreement
with the direct observation. It also gives a value
for the viscosity coefficient y, =0.89 P, using n,
= 1.54 and n, = 1.73 for 5CB. The measured value
of I,„allows us to find E» = 0.8& 10 ' dyn. Then,
substituting the values of y, * and R» in Eq. (5),
we obtain 7,ff 70 sec, which is in good agree-
ment with our directly measured value of ~,&&= 63

50

T.„=y, *d'/K„m',
(5)

Ar
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where y,* is a I eslie viscosity coefficient cor-
rected for the backflow effect. Measurements of
~,„and v,«as a, function of I allow us to deter-
mine y,*, I@, and K33 if the other parameters
are known.

In our experiment, we used a 250-p, m-thick
sample of 5CB sandwiched between glass slides
treated with dimethyl-n-octadecyl-3-aminopro-
pyltrirnethoxysilyl-chloride to give homeotropic
molecular alignment. The sample was situated
in an oven with a temperature stability of + 0.05
K. A cw Ar' laser was used as the pump beam
to induce the molecular reorientation. At high
Ar' laser intensity () 350 W/cm') local heating
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FIG. 1. Experimental points and theoretical curves
for the induced birefringence at different angles &:
circles and solid curve, e= 0; solid triangles and
dashed curve, ~ = 3'; squares and dotted curve, ~ = 11';
open triangles and dot-dashed curve, n= 30 . Inset
shows experimental geometry.
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FIG. 2. Turn on time constant for & = 0'; the straight
line for vp„ is least-squares fitted and determines the
curve for Tpg.

FIG. 3. Temperature dependence of threshold inten-
sity at n= 0 . The norma1ized curve shows the tempera-
ture variation of the order parameter (P2), computed
from data in Ref. 11.

sec. We notice that our values of y, * and K» are
fairly close to those found in the literature (Ref.
10), y,*=0.67 P and K»=0.85x 10 ' dyn. The dis-
crepancy presumably arises from the fact that
the optical field had a transverse dimension of
only - 800 JL(, m.

With the pump beam incident at an angle n and
the probe beam at normal incidence, the observed
biref ringence as a function of pump intensity,
shown also in Fig. 1 for several values of a, ex-
hibits no threshold behavior. Theoretical curves
for these cases can be calculated from Eqs. (3)
and (4) using our value of K» and the values of
Ã»(K», n„and n, from the literature. ' " ln the
actual experiment, the pump beam suffered a
scattering loss in traversing the medium, and the
probe beam experienced a small transverse vari-
ation of the pump intensity and hence the induced
birefringence when a is finite. It is difficult to
include these effects rigorously in the theoretica. l
calculation. In obtaining the theoretical curves
in Fig. 1, we simply assumed that the scattering
loss would decrease the pump intensity uniform-
ly through the sample, and the transverse varia-
tion of the induced birefringence seen by the
probe beam could be accounted for by a crude
averaging (which a.mounts to a reduction of q by- 5@ at a = 30'). As shown in Fig. 1, the experi-
mental data are in fair quantitative agreement
with the theoretical curves, considering that no

adjustable parameter was used in the calculation.
The discrepancy may be due to the crude approx-
imation used to take into account the scattering
loss and the probe-beam averaging, but it is also

because the theory assumes a free-energy den-
sity with no transverse variation.

We also measured, for the Freedericksz transi-
tion, I,„as a function of temperature, as shown
in Fig. 3. We found that, more or less, I@ is
proportional to the order parameter S. This is
expected from the expression of I@ since K33
«x:S' and Ae cc S.

From our results, we have estimated that for
a pump intensity of 100 W/cm' at a = 30', the
maximum reorientation angle of n is 0 - 30,
which corresponds to An- 0.04. This is compared
to hn-2&10 "in CS, at the same pump intensity.
We therefore expect that nonlinear optical propa-
gation effects in a nematic liquid crystal are eas-
ily observable. ~ We did, in fact, observe strong
wavefront distortion of the pump-laser beam in
our experiment. The nonlinearity can be further
enhanced with a proper dc electric or magnetic
bias field on the medium. '~ Novel nonlinear op-
tical experiments arising from such large non-
linearities can be anticipated.

This work was supported by National Science
Foundation Grant No. DMH-78-18826.

( ~on leave from Erevan State University, Erevan,
Armenia, USSR.

G. K. L. Wong and Y. H, . Shen, Phys. Rev. Lett. 30,
895 {1973),and Phys. Rev. A 10, 1277 {1974);J. Prost
and J. R. Lal~»e, Phys. Rev. A 8, 2090 {1973);S. M.
Arakelian, G. A. Liakhov, and Yu. S. Chilingarian,
Vsp. Phys. Nauk. 130, 3 {1980) t.Sov. Phys. Usp. 23,
245 {1980)].

1413



VOLUME 47, NUMBER 1'9 PHYSICAL REVIEW LETTERS '9 NOVEMBER 1981

2J. %. Shelton and Y. R. Shen, Phys. g,ev. Lett. 25,
23 (1970), and 26, 538 (1971), and Phys. Rev. A 5,
1867 (1972).

3g,. M. Herman and H. J. Serinko, Phys. B,ev. A 19,
1757 (1979); B. Ya, Zel'dovioh and N. V. Tabiryan,
Pis'ma Zh. Eksp. Teor. Fiz. 30, 510 (1979) [JETP
Lett. 30, 478 (1979)].

4B. Ya. Zel'dovich, N. F. Pilipetskii, A. V. Sukhov,
and ¹ V. Tabiryan, Pcs'ma Zh. Eksp. Teor. Fiz. 30,
287 (1980) [JETP Lett. 31, 263 (1980)1; A. S. Zolot'ko,
V. F. Kitaeva, N. Kroo, N. N. Sobolev, and L. Chillag,
Pis'ma Zh. Eksp. Teor. Fiz. 32, 170 (1980) [JETP
Lett. 32, 158 (1980)]; I. C. Khoo and S. L. Zhuang,
Appl. Phys Le.tt. 37, 3 (1980); I. C. Khoo, Phys. Rev.
A 23, 2077 (1981).

'See, for example, P. Sheng, in Introduction to &iq-
iud C~ystals, edited by E. B. Priestley, P. J.%ojtow-
icz, and P. Sheng (Plenum, New York, 1975), p. 103.

6Because of the spatially varying anisotropy, the

optical field varies in traversing the medium, but the
magnitude of the Poyntiag vector remains constant
assuming negligible loss. Not only the electricial en-
ergy, but also the magnetic energy, of the optical field
participate in reorientation of the molecules. This is
different from the dc case where the applied electric
field is usually a constant and is solely responsible for
the molecular reorientation.

7P. G. de Gennes, The Rzysics of Liquid Crystais
(Clarendon Press, Oxford, 1974), p. 88.

8P. Pieranski, F. Brochard, and E. Quyon, J. Phys.
(Paris) 34, 35 (1973); N. Aneva, A. G. Petrov, S. So-
kerov, and S. P. Stoylov, Mol. Cryst. Liq. Cryst. 60, 1
(1980).

9R. G. Horn, J. Phys. (Paris) 39, 105 (1978).' K. Sharp, S. Lagerwall, and B. Stebler, Mol. Cryst.
Liq. Cryst 60, .215 (1980).

'K. C. Chu, C. K. Chen, and Y. R. Shen, Mol. Cryst.
Liq. Cryst. 59, 97 (1980).

1414


