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We present theoretical and experimental results on quasistatic-electric- and optical-field-induced
birefringence as well as quasistatic-electric-field-enhanced optical diffraction effects in a nematic-
liquid-crystal film. For an inclined-incident pump beam, the enhancement of the diffraction effect
and birefringence values due to the quasistatic electric field does not saturate at high quasistatic
electric field strength. Instead, it decreases from the maximum, through zero (i.e., no effect), to a
region of negative coupling between the fields. Locally this novel zero-crossing phenomenon occurs
at a quasistatic electric field strength for which the nematic director has been reoriented by the elec-
tric field to align with the polarization direction of the optical field. The zero-crossing effect mani-
fested by the sample as a whole is the net result of the field-coupling effect on the local director
along the beam path, which locally could be positive, zero, or negative. This novel effect is also in-
dependent of the pump-laser intensity. Our experimental results are in quantitative agreement with

theoretical predictions.

I. INTRODUCTION

Because of its large molecular anisotropy and strong
correlation among the molecules, it is well known that the
director, i.e., the average molecular orientation of the
liquid crystalline material, can be easily reoriented by a
static electric and magnetic field,' and the birefringence of
the sample would change accordingly. This is referred to
as the Fréedericksz transition. Electrically controlled
birefringence (ECB) has since been used for light valves
and other applications.> The optical-field-induced
Fréedericksz transition and associated nonlinear optical
effects in a nematic-liquid-crystal (NLC) film such as
self-focusing,>~® degenerate wave mixing,®~° and optical
bistability'®~'* have also been extensively studied recently.
In particular, interesting nonlinear-optical _?ropagation ef-
fects, e.g., far-field diffraction rings,”>!*~!7 have been ob-
served. This phenomenon has been described as the spa-
tial analog of the well-known self-phase modulation of
light as the laser beam traverses the sample. The diffrac-
tion effect is shown to be further enhanced by biasing
with a quasistatic electric field on the sample.!® It was
also recently shown theoretically that intrinsic optical bi-
stability in a homeotropically aligned NLC cell can be
enhanced or suppressed by a low external field." In a
previous letter”® we have shown that quasistatic-electric-
field-enhanced diffraction effects in a NLC film can be
described by a simple physical model as the combined ef-
fects of the critical behavior of the NLC just above the
quasistatic-electric-field-induced Fréedericksz transition
and the nonlinear coupling of the optical and quasistatic
electric fields. In this paper we present results of a de-
tailed investigation on quasistatic-electric- and optical-
field-induced birefringence and diffraction effects in a
NLC film. In Sec. II we briefly state the essential results
from an approximate theory for field-induced molecular
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reorientation angles and birefringence. In Sec. III our ex-
perimental methods are outlined. In Sec. IV the experi-
mental data are summarized and shown to be in quantita-
tive agreement with theoretical predictions. In particular,
we report for the first time a novel zero-crossing effect for
an inclined-incident pump beam. A number of potential
applications of the observed effects will also be discussed.

II. THEORY

Based on a continuum model of the liquid crystal, pre-
vious workers®® have derived theory for many nonlinear-
optical processes in a NLC film. We have in general fol-
lowed these derivations, except that the effect of a quasi-
static electric field has been taken into account. For sim-
plicity, a homeotropically aligned NLC film of thickness
d is considered. Its unperturbed director i, is along the z
axis. This is illustrated in Fig. 1. The incident light beam
is in the (x,z) plane with the wave vector k making an an-
gle B with the z axis. The quasistatic electric field is also
biased along the z axis. Under the action of the applied
fields, the angle between k and the local director fi(r) is

z=0 Eae z=d

FIG. 1. Configuration for a homeotropically aligned nematic
liquid crystal under the action of a quasistatic electric field and
a light beam at inclined incidence.
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given by ¥=p-+0, where 6 is the reorientation angle of
the director, i.e., the angle between fi(r) and 2 at z. Thus
ny =siné(z), n, =0, and n, =cos6(z).

Wave propagation in the NLC film is governed by
Maxwell’s equations. An incident light field would ex-
perience an effective dielectric constant,

616”

€,cos’+€;sin’y

Eeff= (1)

where € and €, are dielectric constants along and perpen-
dicular to the director, respectively. Equation (1) is field
dependent due to field-induced reorientation of the mole-
cules. The angle 6(z) can be calculated as usual by
minimizing the total free energy of the sample,
F= f Fdv. The free energy density ¥ is given by
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In Eq. (2), X is the elastic constant of the NLC in the so-
called one-constant approximation;* E,. and E,, are
quasistatic and optical electric fields inside the sample;
and Ae,, and Ae€,, are the dielectric anisotropies,
Ae=¢;,—¢€,, due to the quasistatic electric and optical
fields, respectively. This minimization procedure yields
the usual Euler-Lagrange equation, which can be rewrit-
ten as

2
49 } =C —2(A sin*y+ B sin’9) ,

iz (3)

where
A =(A€,,/8TK)EL,, B=—(A€,/87K)EL, ,
C =2[ A sin*(B+6,,)+Bsin®6,,],

and 8,, is the maximum reorientation angle at the center
of the sample cell. With the boundary condition 6=0° at
z=0 and z=d, integration of Eq. (3) in the region
0<z <d /2 yields
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Similar expressions can be derived for E,, <<E,. <<E,.
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The value of 6,, is obtained by setting 6=6,, at z =d /2
in Eq. (4).

Typically, numerical integration of Eq. (4) is required
for solving 8(z). The effect of superposed quasistatic elec-
tric and optical fields on molecular reorientation is most
evident by examining Eq. (3) in the limit of weak fields,
i.e., minor distortion of the director. In this limit, Eq. (3)
can be rewritten as

2
d* A€y | | Eqe
2476 _ Zac
2& 5 + [2cos(2B)—2 Ae,, E., 0
+sin(2B8)=0, (5
where £2=4nK /A€, E2,. Let us define
2
= |2cos2pr—2 | 2% | | B | g Ginc2p) (©)
$= A€y | | Eop '
Equation (5) becomes
2
(§')Z%+¢=O, @)

where
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The solution of Eq. (5), subject to the boundary condition
60=0"at z=0and z =4, is

$=sin(2B) | cos(z/&') + lzifl‘(’;‘jg/,) L sin(z/€) | .

(8)

In the limit of weak fields, i.e.,, E,. <<E,, <<E,, where
E, is the critical field for the Fréedericksz transition, one
can easily show that z/£ <d /§' <<1. The reorientation
angle 6(z) can be obtained by using Egs. (5) and (8) upon
expansion of the sine and cosine terms:

2cos(2B)A€pE2, —2 A€, EL
87K
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Both terms enclosed in the large parentheses in Eq. (9) are
positive. For the sample we investigated, MBBA
[p-methoxy-benzylidene- p-(n-butyl)aniline], A€y, >0,
whereas A€,.<0. Thus the quasistatic electric field
should help reorient the director toward the direction of
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polarization of the light field.
The effective dielectric constant becomes

Eeff~ €|

A
1+—?BZ]+&<0> (11)
1

and
8e(0)=2¢, Ae,,BO(2) , (12)

where 6(z) is given by Eq. (9) in the weak-field limit.
8e(0) gives rise to nonlinear-optical propagation effects
through self-phase modulation of the laser beam travers-
ing the NLC film. Since 8e(8)> 0, self-focusing results
for an incident beam with a typical Gaussian profile. At
higher laser intensities (7 >1000 W/cm? for a 75-um-
thick nematic MBBA sample),® the director reorientation
can induce phase changes greater than 27 across the beam
profile and far-field diffraction rings can occur. In a first
approximation, the number of rings observed can be es-
timated by maximum phase change across the beam pro-
file, N~(phase change)/27. It is not immediately obvi-
ous, however, that applying a quasistatic electric field
would increase the number of laser-induced rings because
such a field alone only produces a uniform phase change
across the laser-beam profile. Equation (9) does indicate a
nonlinear coupling between the two fields. It is also ex-
pected through ECB data that phase changes should show
a typical critical behavior and increase dramatically just
above the quasistatic-electric-field-induced Fréedericksz
transition. Thus quasistatic-electric-field-enhanced opti-
cal diffraction effects can be explained by a combination
of the above two effects. Field-induced birefringence and
hence 6(z) can be measured by a normally incident (along
the z axis) probe beam through the beam center of the
pump beam. Its extraordinary component then experi-
ences a phase shift with respect to the ordinary component:

CI-LING PAN, SHU-HSIA CHEN, AND H.-H. LIAO 33

where ng and n, are, respectively, the ordinary and max-
imum extraordinary refractive indices of the NLC. A, is
the wavelength of the probe laser. The factor 2 is due to
symmetry of the sample. For E,. <<E,, << E,,
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9
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III. EXPERIMENTAL

A block diagram of our experimental apparatus is
shown in Fig. 2. MBBA films of 68, 90, and 138 um
thick maintained at 23+0.1°C are used. They are
sandwiched between glass windows coated first with indi-
um oxide as transparent electrodes and then obliquely eva-
porated with SiO to prevent E,.-induced space charges in
the nematic medium. Finally, the cell windows are treat-
ed with octadecyldimethyl[3-(trimethoxysilyl)-propyl] am-
moniumchloride (DMOAP) for homeotropic alignment.
The alignment is checked with conoscopy. It is found
that the samples show a pretilt of 2°—3° at most. A quasi-
static electric field at 1 kHz is applied normal to the glass
window. An unfocused Ar* laser (beam diameter ~2.25
mm) incident at 30° provides the pump beam.

The field-induced birefringence at the pump-beam
center is measured by a tightly focused He-Ne probe laser
using a modulation technique originally devised by Lim
and Ho.?! Briefly, the probe beam is split and the main
measurement beam passes through, successively, the sam-
ple, a A/4 plate, and a rotating polaroid before being
detected by photodiode 4. The projection of E,, on the
same plane is at an angle of 45° to the probe laser polari-
zation direction. The axis of the A/4 plate is aligned with
the probe laser polarization direction. A polaroid is

2r pdn non,
8=2X"— —ny |dz ,
A fo (n¥cos?0+n2sin?9)!/2 0’
(13)
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FIG. 2. Block diagram of the experimental setup.
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mounted at the end of the open shaft of a synchronous
motor. The shaft of the motor also carries a chopper
which intercepts the reference beam. The phase differ-
ence between the signals from the photodiodes is mea-
sured with a phase-sensitive detector and recorded. Be-
tween birefringence measurements at two different volt-
ages the pump laser is blocked to reduce the heating ef-
fect.

IV. RESULTS AND DISCUSSION

Through quasistatic-electric-field-induced birefringence
measurements, it is determined that the Fréedericksz tran-
sition critical potential V,;,=3.72+0.04 V. From the ex-
pression Vy=m(47K/|Ae|)'/? and Ae=-—0.5 for
MBBA, we obtain K =6.2x10~7 dyn. This is in good
agreement with values for K, and K; in the literature.!
The phase change due to the quasistatic electric field only
and that due to the sugerposed fields at a pump-laser in-
tensity of ~10 W/cm* (400 mW) are illustrated for the
region around the critical field in Fig. 3. At this intensity,
Eq. (14) predicts a phase change of 1.28° without E,. and
2.36° at 1 V. These are in good agreement with experi-
mentally measured values (not shown in the figure) of
1°+0.3° and 2.7°+0.4°, respectively. For the above calcu-
lation, we have taken into account the fact that the ray
direction is different from k. Using the refractive index
data of MBBA (Ref. 22) and the relation

GHtanﬂ'=€ltanB N (15)

we obtain the actual angle of incidence inside the sample,
B —14.2°,
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FIG. 3. ECB and superposed quasistatic-electric- and
optical-field-induced birefringence in the Fréedericksz transition
region. The solid curves are drawn freehand as a guide to the
eye.
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FIG. 4. Theoretical fit of the superposed-field-induced
birefringence data as a function of V.
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FIG. 5. Maximum phase change across the pump-beam pro-
file as a function of pump-laser intensity, with and without ¥V,
at 4 V. The solid curve is drawn freehand as a guide to the eye.
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The difference in phase change with and without the op-
tical field increases dramatically to 210° at 3.8 V, just
above the quasistatic-electric-field-induced Fréedericksz
transition critical field, illustrating the strong enhance-
ment in the transition region (Fig. 3). To compare with
theory, we numerically solved Eq. (4) and substituted into
Eq. (13). This is drawn as the solid curve in Fig. 4,
which fits the experimentally measured birefringence
quite well.

In Fig. 5 we have plotted the maximum phase differ-
ence across the pump-beam profile, A8, as a function of
pump-laser power. As we mentioned earlier, there is a
nonlinear coupling between E,, and E,.. This is also ex-
pected to enhance the phase difference besides the critical
behavior of the nematics. In particular, the nonlinear
coupling would cause the enhancement to be nonuniform
because of the Gaussian beam profile. For example, A8
increases from 2.8° at 400 mW (~10 W/cm?) to 192°
when a superposed quasistatic electric potential of 4 V is
applied. This physical picture is shown in the inset of
Fig. 5. An enhanced phase difference of multiples of 7,
presenting itself as alternating bright and dark rings in the
far-field pattern, could thus be realized with superposed
optical and quasistatic electric fields.

Figure 6 shows the number of far-field rings of a 90-
um-thick sample as a function of pump-laser intensity
with E,, only and with a superposed quasistatic electric
potential of 4 V. Photographs of the far-field pattern for
a 138-um-thick sample are shown in Fig. 7. As many as
12 rings are observed for V,.=4.1 V and a pump-laser in-
tensity as low as 600 W/cm?. This is a six-fold enhance-
ment in the number of diffraction rings compared with
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FIG. 6. Number of far-field rings for a 90-um-thick sample
is plotted as a function of pump-laser intensity. The solid cir-
cles show data with a biased quasistatic electric potential of 4.1
V. The solid curves are drawn freehand as a guide to the eye.

the case without the quasistatic electric field. No ring has
been observed at high electric potential (e.g., V,.>5 V)
and a very low laser intensity of 5 W/cm?. This verifies
that the far-field pattern shown in Fig. 7 is not due to dif-
fraction by domains.?

It is expected that the enhancement effect due to direc-
tor reorientation in the nematics by the superposed fields
should increase drastically just above the Fréedericksz
transition critical field and then gradually saturate to a
maximum value at high field strengths. To examine this,
we have subtracted ECB from superposed-field-induced
birefringence for four different pump intensities and plot-
ted the phase difference A8 as a function of biased voltage
Va in Fig. 8. It can be seen that A8 reaches a maximum
value at 3.91+0.2 V, just above the Fréedericksz critical
field. This corresponds to the point where d6/dV,. or
d8d/dV, is a maximum. With further increases in V,,
the gradients decrease. The phase difference A8, however,
does not approach a saturated value as expected. In fact,
the A8 vs V,. curve goes through zero and then becomes
negative for V. larger than 5 V. We also note that the
field strength for which zero crossing occurs is indepen-
dent of the pump-laser intensity.

This novel phenomenon can be understood by examin-

(b)

FIG. 7. Far-field pattern of a 138-um-thick sample at a
pump-laser intensity of 600 W/cm? (a) with and (b) without a
superposed quasistatic electric potential of 4 V.
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FIG. 8. Difference of superposed-field-induced birefringence
and ECB as a function of biased voltage for a 138-um-thick
sample at four different pump-laser intensities. The solid curves
are drawn freehand as a guide to the eye.

ing the local picture of a director under the action of the
applied fields. The geometry has been shown in Fig. 1.
Because Ae,, > 0, the optical field E,, will always reorient
the director toward the direction of polarization. If the
director reorientation caused by E,; 0,.(z), is less than
(m/2)—B, the two effects will enhance each other, and A
is positive. When the quasistatic electric field reorients
the director such that it is exactly aligned with E,, the
optical field can reorient the director no further and hence
Ab5=0. The negative coupling case, A8 <0, corresponds
to 0,.(z)>(m/2)—pB. The senses of reorientation of the
director for E,, and E,. are opposite to each other in this
regime. It is also evident from the above discussions that
the zero-crossing effect is peculiar to the inclined-
incidence geometry. For a normally incident pump beam,
i.e.,, =0, the effect will always be enhancement. Because
the direction of director reorientation is independent of
the pump-laser intensity, the zero-crossing potential
should be likewise.

The liquid-crystal cells investigated are of finite thick-
ness. For a given quasistatic electric field strength, the ef-
fect of the applied field on the local director along the
beam path could be positively coupled, noncoupled, or
negatively coupled. Thus the zero-crossing effect mani-
fested by the sample as a whole is the net result of the lo-
cal contributions along the beam.

Our diffraction experiments also correlate with the
birefringence experiments discussed above. The number
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FIG. 9. Number of far-field rings at a pump-laser intensity
of 600 W/cm? for 90- and 138-um-thick samples are plotted as
a function of bias voltage V,.. The solid curves are drawn free-
hand as a guide to the eye.

of far-field rings at 1~600 W/cm? is plotted for samples
90- and 138-pum thick as a function of V,. in Fig. 9.
Each of these curves exhibits a peak corresponding to
(d60/dV o )max- The zero-crossing and negative coupling
effects manifest themselves as decreasing ring numbers at
higher voltages.

Finally, we briefly commment on the heating effect.
MBBA is not transparent at the pump-laser wavelength.
The molecules can absorb light, and the birefringence of
the NLC film would be changed because of the
temperature-dependent indices of refraction. It is estimat-
ed that the temperature of sample does not rise by more
than 2° during the experiment. We have therefore neglect-
ed the heating effect. The long-term degradation of the
samples due to heating was avoided, however, by reducing
as much as possible the irradiating time of the liquid crys-
tal by the pump laser.

V. CONCLUSIONS

We have investigated both theoretically and experimen-
tally quasistatic-electric- and optical-field-induced direc-
tor reorientation and birefringence in a NLC film. These
studies help shed light on nonlinear-optical propagation
effects such as far-field diffraction rings. It is found that
a properly biased quasistatic electric field can enhance dif-
fraction effects in a NLC film. The enhancement effects
are attributed to the critical behavior of the NLC film just
above the quasistatic-electric-field-induced Fréedericksz
transition and nonlinear coupling between the optical and
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quasistatic electric fields. Experimental results are in
quantitative agreement with theoretical predictions.

For an inclined-incident pump beam, the enhancement
does not saturate at a high-bias field. On the contrary,
birefringence measurements show that the optical-field-
induced phase difference with a superposed quasistatic
electric field goes from positive through zero to negative.
Maximum enhancement occurs just above the
quasistatic-electric-field-enhanced Fréedericksz transition
critical field, at a point where d6/dV,. is maximum. Lo-
cally, the zero-crossing phenomenon occurs at a quasi-
static electric field strength for which the NLC director
has been reoriented to an exact alignment with the polari-
zation direction of the optical field. The macroscopic
zero-crossing effect manifested by the NLC film as a
whole is the net result of the applied fields on the local

directors along the beam path.

There are a number of potential applications for the ob-
served effects. First of all, the number of laser-induced
rings, i.e., beam divergences of the laser, can be controlled
by a properly biased NLC cell. The novel zero-crossing
effect can be viewed as stabilization and maintenance of
ECB by an inclined-incident light beam. One could also
envision fine adjustment of ECB utilizing this effect. Our
results are also of interest for the enhancement of
nonlinear-optical effects such as optical bistability and
wave-front conjugation in NLC cells by external fields.
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FIG. 7. Far-field pattern of a 138-um-thick sample at a
pump-laser intensity of 600 W/cm? (a) with and (b) without a
superposed quasistatic electric potential of 4 V.



