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OPTICAL-DC-FIELD INDUCED SPACE CHARGE FIELDS AND
PHOTOREFRACTIVE-LIKE HOLOGRAPHIC GRATING FORMATION IN
NEMATIC LIQUID CRYSTALS

I. C. KHOO

Electrical Engineering Department
The Pennsylvania State University
University Park, PA 16802

Abstract We present a detailed theoretical discussion of the fundamental
mechanisms for dc field assisted optically induced space charge fields and
molecular reorientation effects in nematic liquid crystal films. In fullerene
Ceo-doped film, persistent director axis reorientation is observed, allowing the
recording of holographic and other optical phase gratings.

INTRODUCTION

Nematic liquid crystal director axis reorientation by an optical field with or without
the aid of low frequency or dc electric/magnetic field has been investigated by many
workers for almost two decades [1-4]. It is well known by now that these processes
result in large refractive index changes with the use of low power lasers. In some
dye-doped nematic films almost two orders of magnitude improvement in the
nonlinear response was achieved by Janossy et al. [5] and others [6]. The
enhancement is attributed to molecular torque exerted by the photo-excited dye dopant
molecules on the nematic liquid crystal molecules. The molecular torque, I, arising
from [dc] intermolecular fields is larger than those exerted by the optical field Iy,
ie, T, = nI‘OP (with n > > 1), because of several factors; one obvious factor is the
largeness of the dc dielectric anisotropy Ae = ¢} - ¢, compared to the optical
anisotropy (4¢),, = ‘T - ¢”. Typically, Ae ~ 5 whereas A¢*? = 0.5.

Recently, we have [7] revisited the process of dc field assisted optically
induced molecular reorientation effects in nematic liquid crystal film, and observed a
new class of electro-optical process that yields by far the largest known optical
nonlinearity in nematic liquid crystal film. The effects were observed in undoped or
lightly doped film of high transparency, in contrast with the heavily absorbing dye-
doped systems [5, 6]. Similar results have also been obtained by Rudenko and
Sukhov [8], who attributed the effect to a photorefractive-like space charge field (9]
arising from the photoinduced conductivity anisotropy. On the other hand, our
experiments and theoretical analysis show that space charge field arising from
conductivity and dielectric anisotropies as well, the well-known Carr-Helfrich effect
[10].
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DC SPACE CHARGE FIELDS, TORQUES AND DIRECTOR AXIS
REORIENTATIONS

The field-nematic liquid crystal interaction configuration is depicted in figure 1.
Experimental evidence and our recent theoretical analyses {11] have shown that these
observed effects involve the following processes and scenario as schematically
depicted in figure 2.

@ Charge generation - ions drift/diffusion -» charge separation and
space charge field formation - director axis reorientation —»
refractive index change.

(ii) Charge generation - ionic conduction plus director axis reorientation
- space charge field formation through dielectric and conductivity
anisotropies - further director axis reorientation —» refractive index
change.

(iii) Charge generation -» material flows — velocity gradient and shear
stresses —» director axis reorientation — refractive index change.

Process (i) is analogous to those occurring in photorefractive crystals [9].
Following photo-charge production, space charges and dc fields are set up through
diffusion, ion drifts and recombination processes.

The photorefractive-like space charge field -E.ph due to photo-induced
conductivity (ionic) inhomogeneity is given by [8):

mkgT a-0
E, = 2: qv__"sm(q E) (1)

(°)squ

where kg = Boltzman constant, 0 = illuminated state conductivity, ¢, = dark state
_D* -D"
D*+D"
positively and negatively charged ions, respectively. Notice that E,, is x/2 phase
shifted from the optical grating function (and m is the modulation ratio in the input
optical intensity I, = Il + mcos(gn). This x/2 phase shift is responsible for the
two-beam coupling effect reported in reference [7].

conductivity, v where D* and D- are the diffusion constants for the

Processes (ii) and (iii) are unique to nematic liquid crystals (NLC), and are
simply due to the fact that the director axis of the uniaxial birefringence NLC could
be reoriented by the fields present. In combination with the anisotropies in
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Figure 1 Schematic depiction of the interacting fields in a nematic liquid
crystal film. +3 and -3 are first order self-diffractions from the
grating generated by the incident +1 and -1 beam.
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Figure 2 Spatial distribution of various parameters involved in the nonlinear
photorefractive effects. (a) photoinduced conductivity modulation
(b) flow velocity and space charges, (c) dc space charge fields, (d)
director axis reorientation profile (4 is normal to the dotted line; 6 is
the reorientation angle).
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conductivity and dielectric constants, space charges and dc fields are formed [10, 11].
For the geometry depicted in figure 2, these space charge fields can be shown to be:

- - cosfsing
E,0 = | ,U*) > 51:1 E,~ a@Ez (for small 6) (2a)
oy sin’d + o cos’f oL
and
- - inf -
Eye = €) el)c050s1:1 E, ~ AeﬂEz (for small 6) (2b)
€|sin®d + €, cos’ €,

where Ao = oy - 0 is the conductivity anisotropy and Ae = ¢| - ¢, the dc dielectric
anisotropy.

Notice that these space charge fields are proportional to the applied dc field
E,, i.e., larger applied dc field will create larger space charge field. Secondly, the
magnitude of these space charge fields are an increasing function of the induced
reorientation angle 8, for small J. A small initial reorientation angle and space
charge field will thus reinforce each other; once the reorientation is established, we
cani see from equations (2a) and (2b) that the space charge fields can be maintained by
simply applying the dc field, without participation from the incident optical field at
all. Such effect was observed in our reported study [11] of the holographic grating
formation dynamics.

All three processes outlined above involve the basic mechanism of photo-
charge production. Since the incident photonic energy hw is less than the ionization
potentials of the dopant and the impurities molecules in the liquid crystals, the photo-
charge productions are attributed to excited state photochemical processes. In the
case of R6G dye or other laser dye molecules, studies [8] have shown that the ions
are generated by dissociation, whereas in Cg, molecules, the formation of charge
transfer complexes [12] is the likely cause. Some hitherto undetermined electro-
chemical processes may also play a role in the persistent holographic process, as
evidenced by the observed difference in the grating storage time. In R6G dye doped
sample, the written grating lasts for tens of minutes, whereas grating written in Cgy-
doped sample persists indefinitely. A series of preliminary investigations involving
various laser dyes (R6G, methyl red, phthalocyanine-based laser dye, dichroic dyes
D2, D16 [S, 6], and Cg, have shown that indeed the photo-charge production yield is
characteristic of the molecules excited structures, and is not correlated with the
ground-state absorption rate. For example, the dichroic dye D2 and D16 doped NLC
films is highly absorptive (@ > 100 cm™!) but yields small photocurrent and vanishing
electro-optical effect in contrast to the lightly absorbing Cg, doped liquid crystals (o«

< 20 cm'Y).
The dynamics of the director axis reorientation process, is governed by

interplay among the various torques produced by the fields present and the elasticity
of the liquid crystals. The principal torques involved are the dielectric torque 7,,, the
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flow-shear stress torque 7q,,, and the elastic restoring torque ... For the geometry
depicted in figure 2, these torques are given respectively by:

Ty, = .f:_:[siwcoso (E? - E}) + cos20 E;E}, 2

where E; and E, are the £- and z- component of the total dc electric field E e

-E.dc =EZ + -E.E.a + -E-G.c + -E.P"; (3b)
Thow = _dz(;) [a3c0520 - QZSiRZO] )

where a, and «, are the Leslie coefficient;

2 2
r., = [Ksin + Kcos28] 48 + [k, - K,)sinocosa][d_"] )
dz? dz
2
+ ... similar terms in ﬂ. and Q
dg? dt

The dynamics of the reorientation process is described by the equation

Tae * Tiow * Tet * Top ¥ 'y.‘% =0 (6)

where + is an appropriate interaction-geometry dependent viscosity coefficient.
In the steady state [§ = ], the torque balance equation, for small
reorientation and assuming one elastic constant approximation for simplicity, becomes

2 2
28 24] - o5 ot o

&
+ _AEEZZ 1+ ﬁﬁg_l + (E + ﬂ)cosﬁ 0=0 O]
4r 7 0] Ag &, 7,
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where we have retained the largest among all contributing terms to first order in 8.
In deriving equation (7), we have rewritten the flow-orientation torque 7g,,, as

Thow = ﬁ ﬂ i"_'.E 8 ®
P} |
by applying the Poisson’s equation:
E_E_E = 47rp“. (92)
13 €,
the equation of continuity:
div. I, = 0 (9b)
where I, = o|E, + AdEf.
and the viscous force equation:
Vi
. = gl 2 g 00
Writing @ as 0=Bosin(%z)sian ,» equation (7) can be solved to give
AsEzE (O)cosB
o - x? AeE, ald Ao ¢ (10)
2 4 1
K[?+q]+ 41.-[ (8_l.+a_l)cosﬁ+ 2-¢7—|'As]

The nematic liquid crystal used in our wave mixing experiment is SCB (Pentyl-Cyano-
Blphenyl), doped with 0.2% or 0.05% by weight of R6G dye and Fullerene Cw,
resultmg in absorption constants (at A = 5145A Argon laser lme) of 101 cm! and 30
cm’! respectively. The film thickness is 25 um. The input Ar*-ion writing beams
are electronically controlled to yield square pulses of variable duration to prove the
dynamics and magnitude of the induced reorientation grating, a phase grating for the
input extraordinary-polarized waves. The nature and time evolution of the grating, as
monitored by the first order diffraction from an extraordinary-polarized probe laser is

depicted in figure 3. If the illumination time is short (_<_ a few seconds), the induced

grating is transient. The probe diffraction builds up to a quasi-steady-state value in
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Figure 3 Schematic depiction of the dynamics of transient and permanent

grating formation in a Cg-doped nematic liquid crystal film. Film
thickness = 25 um; a,;, = 0.024 rad; 8 = 22.5°; +1 beam power
= 32 mWatt; -1 beam power = 21 mWatt; V4. = 1.5 Volt; Cg
dopant concentration = 0.05% by weight. Insert shows an
oscilloscope trace of transient grating diffraction from a 25 um thick
Cgo-doped nematic film illuminated by 2-second long square pump
laser pulses.
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First Order Diffraction Efficiency in C¢o-doped Nematic Film
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First order diffraction efficiency dependence on the grating constants
for a 25 um Cgy-doped film. (a) Transient grating, (b) permanent
grating. +1 beam power = 10 mWatt, -1 beam power = 7.6
mWatt.
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<1 sec; when the input beams or fields are turned off, the grating decays to a

vanishing value in < 1 sec.

If the writing beams are kept on after the initial quasi-stationary value is
reached, it is observed that the probe diffraction slowly but steadily increases in
magnitude, before settling down to a final steady state value after 15-20 minutes. If
the writing beams are turned off before the final steady state is reached, while the dc
field is kept on, it is observed that the probe diffraction drops (in a second or so) to a
lower but finite value.

This diffraction persists as long as the dc field is on, for tens of minutes. If
the dc field is off, the diffraction decays to an even lower persistent value, depending
on illumination time. We believe that at this stage, the reorientation angle 8 has
acquired a sufficiently large magnitude after prolonged optical illumination and
applied field. The dc-applied field dependent space charge fields E; , (equation (2a))
and E; , (equation (2b)) become explicitly substantial. Notice from equations (2a) and
(2b) that these space charge fields depend explicitly on the reorientational angle and
the dc-applied field, and not on the incident optical field, in contrast to the
photorefractive space charge field E,,. This explains why the reorientation can be
sustained by the dc field with the writing beams turned off.

At the final stage of grating formation, strong diffuse scatterings and high
order diffractions are observed; the diffraction efficiency is more than an order of
magnitude larger than (in some cases, it can be 50 times larger) the initial "quasi-
stationary" value observed in the transient stage. If all external applied (dc and
optical) fields are turned off, a "persistent” grating remains. In R6G dye-doped film,
the grating decays in a couple of hours. On the other hand, in Fullerene C¢y-doped
sample, the grating persists indefinitely. We believe that such persistent gratings are
due to a irreversible perturbation of the surface director axis alignment by the current
and nematic flows under prolonged application of the optical and dc fields.

Large and irreversible distortion of the director axis distortion can be induced
in a shorter illumination time if higher-power writing beam and/or higher dc voltages
are used. We have found that with a writing beam power on the order of 500 mWatt
and a dc voltage of 10 V, permanent gratings of a few % in diffraction efficiency can
be generated in a few seconds.

High optical power/dc applied voltage, however, usually results in grating with
high degree of depolarization. This is due to the higher degree of turbulence and
randomness in the director axis reorientation caused by the large current and nematic
flows under high optical and dc fields. More quantitatively, consider the ratio of the
first order diffraction efficiencies R = n)/9, (1) and n ; efficiencies for He-Ne
polarization parallel and perpendicular to the Argon writing beams respectively). For
low power (a few mWatts) writing beams and low dc voltage (1-2 volt) R = 20
whereas R » | (i.e., almost randomly polarized grating) for writing beams power
around 10> mWatts and/or dc voltage of several volts.

An interesting and useful feature of these holographic gratings is that they can
be electronically turned on and off, as the director axis of the liquid crystal responses
to an applied ac field through the usual electro-optical effect [4]. We found that a
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200 Hz, 94 Volt ac field will completely realign the whole sample, i.e., turn off the
grating with a rather fast response time of 0.2 millisecond; when the ac field is
removed, the grating will recover in a time of 20 milliseconds.

Through their different dependencies on § and the applied d¢ and optical fields
(c.f., equations 1-2), the space charge fields and the resulting reorientational torques
come into play in a time dependent way. We note here one other interesting
difference between the transient and the persistent grating, namely, their grating
constant dependence as depicted in figure 4a-4b.

In the transient case, when @ is small, we expect that only the photorefractive-
like space charge field will contribute, i.e., ignore the §-dependent terms in equation
7. In that case, 6§, is of the form

8y ~ q/K[;’—; + q% (11)

where the q dependence in the numerator comes from E,,. This gives a maximum at
q--’zr, i.e., at a grating constant A, = 2d, in close agreement with A ,, = 55 um

in figure 4a.

On the other hand, upon prolonged illumination by the writing beam, the
reorientation angle @ dependent term in equation 7 will contribute significantly. In
that case, 6, is of the form given in equation (10). Using the typlcal nematic 5CB
pammetnc values: ¢ = 15 e, =10, 0= 6x 10" ohm cm’!, ¢, =4 x 10"
ohm!cm!, K = 0.6 x 10 dyne, d = 25 um, V = 1.5 Volt, the second square-

'J

bracketed term in the denominator is estimated to be of the same magnitude as K_z.
d

g ~ — 1
In other words, 6, is of the form ° K( L )’ where 242 = ¢2. This gives
3

a maximum at a grating constant A,, = 1.414 d = 35 um. This is close to the
experimental observed value, c.f., figure 4b.

In reference [11], we have also estimated the magnitudes of the three space
charge fields. For the case of A = 50 um, E, = 600 V/cm (1.5 volt in 25 um), we
get By, ~ 2.4 Viem, E;, ~ 9.6 V/cm and E, ~ 13V/cm, for an input optical
intensity on the order of 0.6W/cm®. Notice that these fields, while small in
magnitude, gives much large dielectric torques when combined with large dc
anisotropy (Ae = 5) and the applied dc field E,. For these three fields, the dielectric
torques 7,, ~ AeEE, (E,, = space charge ﬂeld) are on the order of 7.2 x 10°
(Vicm?), 2.88 x 10* (V/cm)2 and 3.9 x 10* (V/cm)?, respectively. On the other
hand, an optical intensity of 0.6 W/cm? will give an optical torque (A€),,E,,* on the
order of 3 x 10°(V/cm)?, which is 1 to 2 orders of magnitude smaller. In other
words, the optical-dc-field induced reorientation torques giving rise to the effects
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reported here for very lightly absorbing NLC film is comparable in magnitude to the
molecular torque [S, 6] in heavily absorbing dyed doped system, c.f., the discussion
in the introduction section. .

As one may note from figure 4b, the first order diffraction efficiency n =
10% at Ay,,. Since 5 (Apxd/))? for thin grating, this corresponds to An ~ 2 x 10
3. On the other hand, F ~ (0.01 Watt) x 600 sec/(0.3cm)* = 60J/cm?). Therefore,
the nonlinear sensitivity S/ as defined in [13], S = An/F obtained in our preliminary
study here is on the order of 3 x 10 cm?/J. This value of S is already comparable to
those obtainable from photorefractive material [9] and hydrogen treated germano-
silicate glass [13]. Clearly, by using nematic liquid crystals in which higher
concentration of Cg, could be dissolved, and or different (shorter) writing beam
wavelength (c.f., absorption curve of Cg, dissolved in liquid crystal as shown in
figure 5), the nonlinear sensitivity can be improved. Because of their broadband
birefringence and transparency [from visible through the near-and mid-IR spectral
regime, i.e., 0.4 um - 5 um], and extraordinary electro-optical response, liquid
crystal films have been widely used in various image processing, storage and display
devices and systems [4]. This study shows that they are promising candidates for
electro-optical holographic storage applications as well. Studies along these lines are
currently underway.
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