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(Received Jury 30, 1984) 

Large nonlinear optical effects are associated with nematic order. This is due to 
reorientation of the nematic by the optic field and or reduction in nematic order by 
absorption of optical energy. These effects were analyzed taking into account viscosity 
and turbidity. Experiments were performed using an absorption cell containing dye 
doped pentylcyanobiphenyl. A thermal grating is induced by absorbing interfering 
10-ns YAG laser pulses. The grating is continuously monitored by a HeNe laser 
readout. The amplitude and response time of the grating increase as the isotropic phase 
transition temperature is approached. A diffraction efficiency of 1 percent with 200-ns 
response is observed for a write energy of I mJ/cm2, I T  below the transition 
temperature. Modulating the thermal grating across the phase transition produces an 
index grating with a nonthermal decay characteristic - 10 ms, typical of the reorienta- 
tion time of a disordered nematic. 

INTRODUCTION 

Nonlinear optics is concerned with effects such as harmonic genera- 
tion and wave mixing which follow from a nonlinear dependence of 
polarization on electric field.' The response at optical frequencies in 
the liquid crystal phase is discussed elsewhere.2 Here we are interested 
in nonlinearities based on director reorientation and thermal effects in 
the nematic phase. 

The control of director orientation by a static magnetic or electric 
field has been established for many years. It follows as a direct 
consequence that the director will be influenced by an optical field. 
This has been demonstrated in recent years; however, the effect was 
observed much The current activity stems from potential 
application of liquid crystals in nonlinear optical devices. 
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60 D. ARMITAGE and S. M. DELWART 
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FIGURE 1 Degenerate Four-wave mixing. 

For example, the phase coqjugate operation is of particular interest 
in optical systems.", '' In identifying the wavefront phase distribution 
+(x, y ) ,  a phase conjugate operation produces a counterpropagating 
wave with opposite phase -+((x,y). Therefore, it is possible to 
construct systems where the phase aberrations are automatically 
cancelled by a double pass through the distorting media via a phase 
conjugate mirror. 

Figure 1 shows phase conjugation via degenerate four-wave mixing. 
This can be interpreted as the interaction of the probe and pump 
beams to form a hologram in the nonlinear medium, which is also 
read by the pump beam. The relation between the four waves is 
described analytically in terms of the nonlinear third-order suscepti- 
bility tensor. The advantage of liquid crystals in such applications is a 
very large effect for small input power. The disadvantage is a slow 
viscous response and optical path length limited by turbidity. 

The response can be accelerated by increased optical power. Even- 
tually the retarding force is dominated by viscosity. We calculate the 
response in this regime. 

Recently it has been observed that the thermal grating response of 
a nematic is unusually The property exploited is the tem- 
perature dependence of the refractive index. This effect has consider- 
able history, where prior experiments used a solvent containing a dye, 
e.g., rhodamine 6G in ethanol.'63 " The optical energy is absorbed by 
the dye and then transferred to the solvent, resulting in a thermal 
grating and consequent index grating. The time constant of this 
process in ordinary liquids is of nanosecond order. 

The temperature sensitivity of the nematic refractive index, particu- 
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NONLINEAR OPTICS IN NEMATICS 61 

lady close to the isotropic phase transition, is determined by the 
temperature dependence of the order parameter. However, the greater 
sensitivity is associated with a larger response time of 100-ns order. 
We show that when submillisecond response is demanded, the ther- 
mal effect is more efficient than the orientation effect. 

TURBIDITY 

Turbidity is a distinctive feature of the nematic phase. This is a 
consequence of large birefringence and weak elasticity. These proper- 
ties favor low power devices. The optical path length in a nematic 
device is limited -100 pm by turbidity. The following expression for 
the optical scattering cross section can be written in the limit An/n 
+ 0'8 

u = V(can/X2f(kT/Kq2)P 

where u = scattering cross section/solid angle, I/ = volume = Ad, 
= optical dielectric anisotropy = 2nAn, X = vacuum wavelength 

= 5 X lop5 cm, kT = thermal energy, K = elastic constant N 

dyne, q = scattering vector = (4nn sin 1/2+)/A, + = scattering angle, 
n = refractive index = 1.5, An = birefringence = 0.2, P = polarization 
and orientation factor- 1; for the case shown in Fig. 2, we calculate 
P = 1.5. 

NEMATIC 

I 

TRANSPARENT 
ELECTRODES 

FIGURE 2 Configuration of liquid crystal, laser beams, and electric fields. 
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62 D. ARMITAGE and S. M. DELWART 

The integrated scattering is written 

2 n p s i n t $ d + =  1.6 x K-'At~~Adln(2/+~) (2) 

where cp is a minimum angle determined by the minimum energy of 
fluctuations. The nematic is contained in an optical cell with spacing 
d < 200 pm. Assuming a strong anchoring condition, the minimum 
distortion energy corresponds to taking q = n / d  or fp0 = X/2nd = 

Hence, the scattering attenuation of optical intensity I is written 
3.4 x 10-3. 

Z a exp( -ad) = exp( 1.6 x K-'An2d) (3) 

The result is insensitive to the choice of +o. For typical values, the 
1 /e point N 0.2 mm. 

ORIENTATIONAL RESPONSE 

A beam propagating at B to the nematic axis as shown in Fig. 2 
experiences a local birefringence An sin%, in the limit An << n. This 
exerts a torque given by7 

Torque = 2ZAnc - 'sin 8 cos B (4) 

where c = 3 X 10'' cm/s and'8= 45' for maximum torque. 

bution in the nematic. 
Coherent input beams, as shown in Fig. 2, give an intensity distri- 

I = I, + I, + 2(z,12)1/2cosqx 

This modulates the nematic orientation at spatial frequency A 
= 2a/q, producing a phase grating. Using the thin phase grating 
approximation (J:(+) = +2/4), the equilibrium diffraction efficiency 
has the form.' 

substituting typical values gives q0= 1 percent for (Z,I2)'I2 N 1 
W/cm2, when d = A = 100 pm. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
02

 2
0 

Fe
br

ua
ry

 2
01

3 



NONLINEAR OPTICS IN NEMATICS 63 

In the high speed limit the response is viscous limited. Therefore, 
ignoring the elasticity gives the torque balance equation. 

IAn/c = yde/dt (7) 

where y = effective viscosity -0.1 poise. 
This implies a diffraction efficiency" 

qo = I, 12( 2ndAn'Aty - 'A - 'c - (8) 

where Ar is the integration time. 

exp( - cut) and vo attenuated exp( - ad). Hence, Eq. (8) becomes 
Taking into account turbidity, I should be averaged according to 

substituting Eqs. (3) and (8) gives a maximum 

when 

exp(l.6 X K-'An2d) = 3 (11) 

If d is optimized according to Eq. (1  l), q favors materials with high 
( K / Y ) ~ .  Substituting the given typical values and requiring q = I 
percent for At = s gives (III2)'l2 = lo00 W/cm2 and optimum 
d = 160 pm. 

Equation (6) can be similarly optimized for turbidity. Making the 
assumption A < d, optimum d e  160 pm and q ~ 0 . 1  qo. However, 
the averaging process used in deriving Eq. (9) introduces error in this 
case. The q described here characterizes the performance in a 4-wave 
mixing configuration. 

SUPPRESSION OF SCATTERING 
BY APPLIED ELECTRIC FIELD 

Applying an electric field reduces the thermal fluctuations and hence 
light scattering.'" 2o Therefore, q could be raised by increasing d.I9 

The applied electric field introduces an energy term E 'Ae/2, where 
A€ is the low-frequency permittivity anisotropy . This term is added to 
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the elastic term Kq2, and the scattering cross section becomes", 2o 

D. ARMITAGE and S. M. DELWART 

Integrating as before, results in a field-dependent beam attenuation 

I = exp[ -7.84 X w 5 A n 2  K-'ln(l + 2.8 X 10"K/E2Ac)] (13) 

Taking an upper limit E = lo5 V/cm and Ac = loco, the l / e  point 
becomes 2.2 mm, which is a factor 15 over the zero field case. 

The applied field also suppresses the optically written phase grat- 
ing. However, since we are committed to short optical pulses, we can 
take advantage of the slow viscous relaxation when the applied field is 
removed. 

When the field is switched off, the fluctuations grow at rate 

for 

FIGURE 3 Sequence of laser and voltage pulses. 
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NONLINEAR OPTICS IN NEMATICS 65 

This implies a higher cutoff angle +o in the scattering integral. 
Approximating +o according to q2 = y /  KAt, the beam attenuation 
becomes 

I = exp{ -79An2d[26 + ln(KAt/y)]} 

for At = s the I/e point is 0.44 mm, which is 2.9 over the zero 
field case, implying 77 x (2.9)2. Figure 3 indicates the pulse sequence. 

THERMAL GRATINGS 

The absorption of optical energy is associated with a temperature rise 
and hence a change in refractive index. This effect is exploited in the 
dye cell, where the absorption is controlled by a dye which is 
solubilized in a solvent chosen for high dn/dT.I6* ' 7 * 2 1 * 2 2  

In the nematic phase, drr/dT is exceptionally large. A wide range of 
soluble dyes are available. The potential of thermal gratings in nema- 
tics has already been re~0gnized.I~ We analyze the performance of the 
nematic dye cell as follows. 

Assume intersecting laser beams of equal intensity I, which give an 
interference pattern 

intensity = 21( 1 + sinqx) (16) 

The absorbed energy spatially modulates the refractive index, which 
in the adiabatic approximation is written 

Sn = 2C-'dn/dTltaexp( - az)sinqx (17) 

In the thin phase approximation (J: ($)  = J12/4) 

where t = integration time, C = heat capacity/volume, T = temper- 
ature, a = absorption coefficient. 

This is maximum at a = l . l /d  when 

77 = 5.8512t2X-2C-2 ( d  n /q2 ('9) 

Clearly, the material property C -2(dn/dT)2 should be maximized. 
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The refractive index can be appr0ximated.2~ 

D. ARMITAGE and S. M. DELWART 

dn,/dT = 1/2nidp/dT + 2/3An'dS/dT (20) 

dno/dT = l/2nidp/dT - 1/3An'dS/dT (21) 

where n, = extraordinary index, no = ordinary index, ni = index in 
isotropic phase, p = density, S = order parameter, An' = h / S .  

Clearly IdnJdTJ > )dno/dTI. As the isotropic point is approached, 
dS/dT dominates and IdnJdTI + 12dno/dTI. The normalized bire- 
fringence An/S  should be used in comparing nematogens. 

The mean field appro~imation~~ 

S = (1 - 0.98 TV2/ T,, V:f22'  (22) 

gives some indication of the behavior over a wide temperature range. 
Experimental data for methoxybenzylidenebutyaniline (MBBA) 

and pentylcyanobiphenyl (5CB) are available. Two sets of refractive 
index data were compared for each material and found consistent 
when expressed in terms of reduced temperature T, - T.24-26 The 
heat capacity as a function of temperature is available for MBBA.27*2s 
For 5CB the value at T,, - T = lOoK is known:9 and assuming the 
same reduced temperature dependence as MBBA should introduce 
negligible error in this calculation. 

The experimental values of C-2(dn/dT)2 are plotted against re- 
duced temperature in Fig. 4. The values derived from the mean field 
expression (22) are also plotted. As expected, the mean field approxi- 
mation is poor close to the transition point. 

There is about a factor 100 variation with temperature. At T,, - T 
= 1°K, the predicted 5CB, TJ = 1 percent for input energy 0.8 
mJ/cm2. 

A further advantage of the nematic follows from the incorporation 
of pleochroic dyes?' The dye is oriented by the nematic and results in 
a polarization-dependent absorption coefficient. This can be exploited 
by orthogonally polarized write and read beams. The ratio of optical 
densities can be written.30 

L dye a,/ao = r, = ( I  + 2S)/(1 - S )  (23) 

Tdye ao/ae = rT = (2 + S)/(1 - S) (24) 

where L and T refer to dyes absorbing light polarized along or 
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67 NONLINEAR OPTICS IN NEMATICS 

\\ \ \\ 

Tkl - T (K1 

FIGURE 4 Nematic materials parameter (C- ’ dn/dT)’ against reduced temperature 
T,, - T .  (A) MBBA extraordinary axis, (B) 5CB extraordinary axis, (C) mean-field 
prediction for 5CB extraordinary axis, (D) MBBA ordinary axis, (E) 5CB ordinary axis. 
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68 D. ARMITAGE and S. M. DELWART 

perpendicular to the optic axis. The order parameter of the dye in the 
liquid is approximately the same as the nematic order parameter. 

Substituting the a ratios in Eq. (18) and recalculating the maximum 
gives the result 

qL = 39.5[ 1 - (1 + 2rL)-'I2(1 + 2r,)-"r"12f2h-ZC-2(dno/dT)2 

qT = 39.5[ 1 - (1 + 2rT)-'I2(l + 2rT)-'/r,Z2r2h-2C-2(dn,/dT)2 

Note the association of L with no and T with n,. The dyes are more 
effective for increasing S, but high dS/dT  favors low S. Substituting 
S = 0.5 in Eqs. (23)-(26) gives qL = 3.08 qol and qT = 2.29 qe,, where 
q, = the efficiency for a polarization independent dye. This is about 
the level of improvement that can be attained in pursuit of high q, 
which is dominated by dS/dT hence S < 0.5.. 

In some applications, low attentuation of the readout beam is 
important. Therefore, expanding the exponentials in Eq. (1 8) 

(27) 
2 

qT = 'Tqef 

with a similar expression for qL. It should be noted that for T,, - T 
> 20"K, r; > 10 and r: > 30 

EXPERIMENTAL 

The nematogen used in the experiments was 5CB containing a small 
quantity of L-dye D8 1 (EM Chemicals). The glass sample cell spacing 
was 10 or 100 pm, (Hellma Cells). Uniform parallel alignment of the 
nematic was achieved by the rubbed PVA process. The glass sample 
cell was inserted into a temperature controlled aluminum block. 

Figure 5 shows the optical arrangement. A 10-pm period thermal 
grating is written via M1 and M2. Continuous readout with a HeNe 
laser records the grating evolution. Insertion of M3 allows readout 
with the YAG pulse. 

Pure 5CB, without dye, fails to show diffraction for write energy as 
high as 0.2 J/cm2. Inclusion of a small quantity of dye provides 
optical absorption, and diffraction is easily seen. 
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I 
I /  

M 3  
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i I 
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- 

FIGURE 5 Optical arrangement, MI, M2, M3, M4 mirrors, BI ,  B2 beamsplitter. R 
polarization control, F red filter, D diode detector. 

The first-order diffraction intensity is recorded on a storage oscillo- 
scope. The YAG pulse is 10 ns long, and the detector time constant is 
10 ns. This must be kept in mind when interpreting the scope trace. 

The response time of the nematic to an absorbed energy pulse is 
determined by the order parameter response. Here a connection can 
be made to experiments on ultrasonic The order 
parameter cannot change faster than a molecular vibration period. 
Since S is determined by the interactions of many molecules, the 
characteristic time is much longer than the molecular time scale. 
Moreover, as the phase transition point is approached, there is a 
slowing of order parameter response typical of critical phenomena.'* 
This has been verified by ultrasonic experiments. Therefore, the 
thermal grating response time should be comparable with the ultra- 
sonic 

Figure 6 shows the time evolution of the first-order diffraction 
intensity in the isotropic phase. An experimental time constant r % 30 
ns is indicated at T - T,, = 6°K. The time constant is not sensitive to 
temperature T - T,,. The magnitude of the time constant is compara- 
ble with ultrasonic result, r = 25 ns?' However in the ultrasonic case 
there is a strong temperature dependence 7 a (q - T)- ' .  

Figure 7 shows similar recordings for the nematic phase at three 
temperatures. The time constant 7 = 60, 140, and 220 ns at T,, - T 
= 14, 2, and 0.4"K. The magnitude is of the same order, but greater 
than observed in the ultrasonic experiment. However, the temperature 
dependence is weaker.32 
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70 D. ARMITAGE and S. M. DELWART 

I L I I 1 I 1 I 1 I I 1 

0 50 100 150 200 nS 
FIGURE 6 Time response of first-order diffraction intensity in isotropic phase of 
5CB. T - T, = 6°K. Cell thickness = 100 pm. 

The decay of the thermal grating is determined by normal heat 
transfer processes. It can be shown33 that the decay rate rd = (D:)-' ,  
where D, = 1.25 X and Do = 7.9 X loe4 cm2 s - '  in the extraor- 
dinary and ordinary directions respectively, and q is the grating wave 
vector. This is consistent with the decay trace shown in Fig. 8 for a 
10-pm grating period. 

The grating can be modulated into the isotropic phase, forming 
alternating layers of nematic and isotropic liquid. The discontinuity in 

- 
0 400 800 

nr 
FIGURE 7 Rise time of first-order diffraction intensity in nematic phase of 5CB at 
Tn - T =  14, 2, and 0.4'K. Rise time increases at T approaches T,. Cell thick- 
ness = 100 pm. 
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NONLINEAR OPTICS IN NEMATICS 71 

0 20 40 60 80 p s  

FIGURE 8 Decay of first-order diffraction intensity in nematic phase of 5CB at 
T - Tn = 6'K. Cell thickness = I00 pm. 

refractive index -0.1 at the nematic-isotropic interface implies a 
large amplitude, approximately rectangular phase grating. In this case 
8 diffraction orders are visible. The rise time -100 ns is consistent 
with Fig. 7. 

The decay time as shown in Figs. 9 and 10 is of order 10 ms. This is 
much longer than the thermal decay. When modulated into the 

I I I 1 I I I 1 I I I I 

0 1 2 3 4 PS 
FIGURE 9 First-order diffraction intensity for modulation across nematic-isotropic 
transition cell thickness = 10 pm. 
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12 D. ARMITAGE and S. M. DELWART 

I I 1 I I I I I 1 1 1 
0 4 8 12 16 20 mS 

FIGURE 10 Decay of first-order diffraction intensity for modulation across nematic- 
isotropic transition. Cell thickness = 10 pm. 

isotropic phase, the consequent rapid quench results in a disoriented 
nematic. The following reorientation of the nematic is viscous limited, 
which is consistent with a 10-ms time constant. 

An initial peak or oscillatory response is shown in Fig. 9 and 10. 
The detail varies considerably from pulse to pulse. In this regime, a 
sinusoidal form is a poor approximation to the grating structure. Also, 
the transition to the isotropic is associated with large phase modula- 
tions > 297. Therefore, the behavior should be sensitive to write pulse 
conditions. Detailed interpretation of these effects requires an im- 
provement in experimental control. 

The visibility of high-order diffractions is enhanced by the long 
integration time -10 ms. Readout with the YAG pulse restricts 
visibility to second-order. 

The measured diffraction efficiencies qe or qo as a function of 
temperature for T,, - T > 1°C are consistent with data presented in 
Fig. 4. Discrepancies as large as a factor 2 can be attributed to 
fluctuations in the YAG output. For T,, - T < l"C, the observed 7 
does not achieve the predicted increase. This is explained by a 
number of practical restrictions. Fluctuations in the write pulse en- 
ergy and hence average heating limit the temperature uniformity and 
stability. The light scattering increases close to the transition. 
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NONLINEAR OPTICS IN NEMATICS 13 

Acoustic waves can be generated by optical pulses. Laser induced 
phonon spectroscopy is a technique applied to the study of molecular 
processes.34 In our case the 10-pm grating implies an acoustic period 
less than the 10-ns YAG pulse; therefore, the acoustic response is 
weak and can be neglected. 

RESPONSE TIME 

For an energy pulse input the order parameter response can be 
approximated 

S = So + ASexp( - t / 7 )  (28) 

where So is the new equilibrium value for the increase in energy or 
temperature. A single relaxation time 7 is less applicable close to the 
transition point. The change in order AS controls the diffraction 
efficiency via Eq. (18): 

The analysis of ultrasonic data is complicated by coupling to both the 
magnitude and local orientation of the order There 
does not appear to be a simple connection between the optical and 
ultrasonic relaxation times. 

In the isotropic phase the ultrasonic wave couples to scalar order 
parameter fluctuations.'* An analytic treatment is consistent with 
experimental  result^.'^ 

The order parameter fluctuations in the isotropic phase are a weak 
optical effect which is not directly significant in the thermal grating 
diffraction. Therefore, again there is no direct relation between the 
optical and ultrasonic relaxation. In the isotropic phase the refractive 
index change is due to density change Ap; therefore 7 (Y Ap2. Nematic 
correlation in the isotropic phase will influence the relaxation time 
observed in the optical experiment. However the weak temperature 
dependence of T implies that this is not substantial. 

The optical energy absorbed by the dye is transferred to the liquid 
crystal over a finite time known as the thermalization time. For 
ordinary solvents this is typically -nanosecond, but can be as high as 
-10 ns.21.22 The observed response time in the isotropic phase could 
be attributed to dye thermalization and viscous limited response. 
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The order parameter response is now the difference between the 
nematic and isotropic phase responses. Because of the square law 
response in Eq. (29), the optical response should be about a factor 2 
longer than the ultrasonic relaxation time. When these adjustments 
are made, 1/2(7 - 30/2 ns), becomes 22, 62, and 102 ns at T, - T 
= 14, 2, and 0.4'K. This approaches the ultrasonic data, e.g., 16 and 
50 ns at 14 and 2°K.32 

CONCLUSION 

We have derived a simple expression for the diffraction efficiency of 
the orientational response in the limit of viscous retarding force. This 
allows a simple incorporation of optical scattering effects to predict 
an optimum cell thickness -100 pm. A similar optimum follows 
when the elastic forces are included. 

The thermal grating response of a nematic is analyzed. The large 
effects are related to the temperature dependence of the order param- 
eter. The magnitude of the response is offset by an increasing re- 
sponse time as the transition temperature to the isotropic is ap- 
proached. 

The observed optical response time is related to ultrasonic relax- 
ation rates. It is noted that the optical response time can be identified 
with the order parameter, allowing simple interpretation of the result. 

At the nematic-isotropic transition, the response time -300 ns. 
Modulating the thermal grating into the isotropic phase results in a 
viscous limited decay associated with a quenched disordered nematic 
phase. These results could be of interest in the analysis of thermally 
written smectic display devices, where the picture element is pulsed 
into the isotropic phase.29 
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