
*
●✌

Jd -
AAL

Photorefractivi& in Ferroelectric Liquid Crystals ‘
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ABSTRACT

The first observation of photorefiactivity in ferroelectric liquid crystals (flcs) is reported. The flcs are doped with
the easily oxidized chromophore perylene, which also functions as the sensitizer. The electron acceptor di-butyl-

pyromellitirnide is added to induce photoconductivity through an efficient intermolecular electron transfer reaction to produce
mobile ions. A strong dependence on the orientation of the wavevector of the optical intefierence pattern and polarization of
the writing beams relative to the orientation of the flc molecules is observed. The results are interpreted as an orientational
photorefiactive effect in which the net polarization of the flc couples linearly to the space-charge field as opposed to nematic
liquid crystals in which the dielectric anisotropy couples to the square of the space charge field.

Keywordr: Photorefiactive Materials; Ferroelectric Liquid Crystals; Non-Linear Optics; Photoconductivity

1. INTRODUCTION

The photorefiactive effect is a result of photoinduced charge generation, followed by migration of the more mobile
charged species into the non-illuminated region of photoconductive material. 1,2 Thk effect is usually induced by crossing
two coherent laser beams in an electro-optic sample to create an interference pattern of light and dark regions. If a charge
trapping mechanism is present, then a long-lived and modulated space-charge field between the light and dark regions of the
sample is formed. In fluid materials, the spatial charge distribution is the result of the difference in the diffusion coefficients
of the positive and negative charge earners. In either case, an electro-optic mechanism must be present, either from an
onentational response to the space charge field or a second order nonlinear effect in a non-centrosymmetric material.
Through these effects, the index of refraction of the material is modulated. This modulated index grating, a nonlocal phase
grating, is the result of the photoreflactive effect.

.

Tradhional photorefiactive materials are inorganic ferroelectric crystals, such as LiNb03 or BaTi03. 1Y3 These
materials possess polar symmetry that induce directional charge trans ort and lack a center of symmetry so that the electro-
optic effect can exist. More recently, organic polymers,2?4-7 glasses, ! organic Crystals,g and liquid crystals 10-18 have been
shown to illustrate orientational and/or linear electro-optic photorefkactive effects. Composites containing different materials,
such as polymers and liquid crystals to form polymer-dispersed, polymer-stabilized, or high molecular weight nematic liquid
crystals, have improved the grating resolution of these materials. 1‘Y19-22 These studies are proving liquid crystals to be a
versatile addition to the rapidly expanding field of organic photorefiactive materials.

Noticeably absent in the literature on new organic photorefiactive liquid crystals are ferroelectric liquid crystals
(flcs).23 Appropriately aligned flcs have a net polarization (Ps) in the smectic C* phase and also have a C2 symmetry that
permits, in principle, the observation of second order, electronic electro-optic effects.24~25 Thus, these materials are
fimdamentally different than nernatic liquid crystals because they have the potential to illustrate photorefkactive effects of
electronic electro-optic origi~ and also orientational effects that are not derived solely from quadratic coupling of the space-
charge field to the dielectric anisotropy (AE). In other words, the orientational dynamics in nematics are dominated by the
AsE5C2proportionality, but orientational dynamics in flcs are dominated by a polarization term given by PsEsC.26 This linear
coupling to the space-charge field is a potentially far stronger orientational effect than is possible in nematic liquid crystals.

We present here the first observation of photorefiactivity in flcs. The flc used is a eutectic mixture, CS-1OI 5,
commercially available from Chisso Corporation, Japan. The components of the mixture are not supplied, but flcs generally
consist of rodlike aromatic molecules with a chiral center. CS-1015 has a phase transition diagram of:
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CS-1015 has a polarization of-6.6 nC/cm2 and an index of retraction
anisotropy of An = 0.14. In order to obtained aligned films of flcs, we
used commercially available cells (Displaytech) with a 4 pm spacing that
have a rubbed polyimide layer that are designed to align tics. The liquid
crystal was placed at the edge of the cell in the isotropic phase at 90°C
and drawn into the cell through capillary action. The cell was then
slowly cooled at 0.5 °C/hr to room temperature.

The flc aligns in a manner contingent upon the spacer tilckness
and the pitch length of the tic. The different alignment possibilities are a
result of the well known helical pattern of flcs, in which the polarization
of the molecules rotates in a helical attern with a pitch length typically

?on the order of a few microns.24j2 The two most common alignment
options are illustrated in Figure 1 for a) spacer tilckness greater than the
pitch length and b) spacer thickness less than the pitch length. The glass
slides lie in the plane of the page for thk figure. For the first option, a
homogeneously aligned flc will possess a processing director (n)
perpendicular to the planes of the Sm C* liquid crystal. This produces a
rotating spontaneous polarization. (Ps) and no macroscopic polarization.
However, at a relatively low applied field (-lV/#m), the helix can be
unwound and the molecular dipoles can align with the field, as shown in
Figure 1a.28 This produces the “bookshelf” geometry, where the long
axes of the molecules are aligned parallel to the plane of the glass slides,
with a tilt angle (3 off of the rubbing axis. The molecular dipole is
oriented perpendicular to the long axis and points toward the face of the
cell. This orientation produces macroscopic polarization in the material.
When the opposite polarity electric field is applied, the dipole switches
orientation and produces a rotation of the long axis by 20, as illustrated
in Figure 1. This change in bireflingence produces the onloff states
between crossed polarizers for which flcs are known, with the optimal
value for 0 = 22.5°.29

The second alignment option, shown in Figure lb, is the surface
stabilized flc (SSFLC), which results when the pitch length is greater
than the spacer thickness.24 This configuration is bistable, meaning that
only a short voltage pulse of - 10V/IUII is required to switch the
polarization direction. Furthermore, the flc orientation is maintained in
the absence of any applied electric field.
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Figure 1. Two alignment possibilities for flcs
are illustrated. For these illustrations, the
glass slides are parallel to the page. a) The
pitch length is less than the spacer thickness,
leading to a helical orientation of the
polarization in the absence of an applied
field. When a field is applied, the helix is
unwound, leading to a net polarization. The
molecular orientation can be switched by
switching the polarity of the applied field. b)
The pitch length is greater than the spacer
thickness, leading to a surface stabilized flc.
No applied field is necessa~ to maintain
alignment of the polarization and only a
voltage pulse is required to switch the
molecular orientation.

2. EXPERIMENTAL METHODS

We did not see evidence of bistability in the absence of an applied field, indicating that the CS-1 015 composite is not
aligned in the SSFLC state. This is consistent with the short pitch length for CS-I 015 of 3 pm and the 4 y.m spacer thickness,
so that a helical orientation of the flc is produced. When an applied field of magnitude -1 V/pm was used, the unwound helix
configuration was achieved as evidenced by the extinctionkransmission of light through cross polarizers with a rotation of the
cell by 2f3 of 45°, in reasonable agreement with the supplier’s data on this flc of 20 = 52°. An additional factor that may
contribute to the lack of bistability is the presence of ions, which are known to adversely influence bistable states.30

The experimental apparatus is illustrated in Figure 2. We use an Ar+ laser at 514 nm that is split into two be%ns of
15 mW each. The beams arc overlapped at an angle & = 8° at the sample to create an optical interference pattern with A =
2.1 pm. An applied voltage of up to 22V is used, producing an applied field EAup to 5.5 V/pm. The sample is tilted relative
to the bisector of the beams by ~ = 32.5°. This induces directional charge transport along the wavevector of the optical
interference pattern, so that spatial modulation of the charge distribution is possible, as illustrated in Figure 2. The inset
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the page. The angle + is the rotationangle used to maximize beam
coupling. Finally, the writing beams are s-polarized, i.e. perpendicular
to the wavevector, and no photorefractive beam. coupling was observed
for p-polarized beams. This contrasts with the observation that only p-
polarized beams lead to beam coupling in homeotropically aligned liquid
crystals.lo~lz~ls Finally, no beam coupling was observed in the
absence of an applied field or without tilting the cell relative to the
bisector of the writing beams.

The values for .A = 2.1 and 4 pm cell thickness produce a
quality value (Q), a measure of the degree of Bragg character of the
grating, of-2. Since Q values of -10 are required to produce true Bragg
gratings, this grating possesses a degree of Raman-Nath (thin grating)
character.31 In the tlin grating regime, the use of a photorefiactive gain
coefficient (I oc e-rd, where I is intensity, r is the gain coefficient, and d
is the optical path length) on thickness has been debated, with some
groups reporting an exponential gain coefficient. 14Y32~33 We choose
here to report only a beam coupling ratio, i.e. IIzII1 where Ilz is the
intensity of beam one in the presence of beam 2 and 11is the intensity of
beam 1 in the absence of beam two.

The dopant molecules are chosen to provide for a small amount
of absorption at the laser wavelength and to produce photoinduced
charge separation.34 The first dopant is perylene (PER), which

Figure 2. A schematic of the experimental
geometry is illustrated. The sample is tilted at
an angle ~=32.50 relative to the bisector of
the two beams. This allows for charge
migration along the grating wavevector which
results in a sinusoidal space charge field. The
beams are polarized perpendicular to the
grating wavevector. The planes of the
smectic C* flc can be rotated by an angle @
relative to the wavevector direction.

fimctions as both the sensitizer and the electron donor in a photoinduced, intermolecular charge transfer reaction. The second
. dopant is dibutyl pyromellitimide (PI), an easily reduced molecule that has no visible absorption. 35 These dopants have been

used in nematic liquid crystals and this combination has an optimal free energy for charge separation to produce mobile ions
in liquid crystals.34 The concentration of PER= 2x10-3 M and PI = 4x10-3 M. This produces an absorption coefficient of a
-1 cm-l. The photoconductivity (cr~ of the cell with 22 V applied is 4.5x10-12 t2-1 cm-] and the dark conductivity is 9X10-]3
fl-] cm-l.

3. RESULTS

The conductivity and nonlinear optical effects should be highly anisotropic, so that the relative orientation of the
smectic planes and molecular orientations relative to the wavevector of the optical interference pattern should produce
changes in the photoreflactive beam coupling ratio. Fiure 3 illustrates the beam coupling ratio as a function of the rotation $
of the cell. Also illustrated is the transmission of one of the beams through cross polarizers, so that the relative orientation of
the molecules relative to the wavevector can be determined. At 0° and 180°, the smectic planes and the wavevector of the
optical interference pattern are parallel. The orientation of the molecules is illustrated between the two graphs for the applied
field EA at which the beam coupling is measured and the second row of orientations is for the opposite polarity -EA. Since the
polarization of the writing beams is perpendicular to the wavevector, the maximum extinction, i.e. when the molecular
orientation is parallel to the polarization of the writing beams, is at $=20° or 200°.

Figure 3 illustrates a spike in the beam coupling ratio at $ = 100° and a smaller spike at $ = 240°. For most of the
rotation angles $, no significant beam coupling is observed. Figure 4 schematically illustrates the orientation of the flc and
the regions where photoreflactivity is observed. In the region around 100° where maximum beam coupling is observed, the
molecules are oriented with their long axis nearly perpendicular to the polarization of the writing beams and parallel to the
wavevector of the grating. This provides some clues as to the electrooptic mechanism and the space charge field buildup.
First, for this orientation, charge migration along the wavevector is approximately parallel to the flc director. Esc h$s the
following space charge field dependence:

~ = –kBTK D+ –D- CJph ~infi
Sc

2eo D++ D- CTPh+ (Td
(1)

.
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Figure 3. The dependence of beam coupling
ratio on the rotation angle @ is shown. Also
shown is the transmission through cross
polarizers of a vertically polarized beam for an
applied field EA at which beam coupling ratio is
observed compared to the transmission at –EA.
The relative orientations of the molecules are
shown for EA and –EA.
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Figure 4. A schematic of the orientation of the flc as a
function of rotation angle $, along with the regions where
photorefractivity is observed is showm

Here, ~@ is the photoconductivity, ad is the dark conductivity, kB is
the Boltzmann constant, K is the grating wavevector, x is the direction along the wavevector, e. is the charge of the electron,

. and D+ and D- are the diffhsion constants for the cations and anions, respectively. This equation assumes that the intensities
of the two incident beams are equal (I 1=12).It is clear that the two factors which determine the magnitude of the space charge
field are the difference in the photoconductivity versus dark conductivity and the difference in the dlfhsion coefficients of the
cations and anions. It should also be noted that previous experimental results have shown that ion transport in flcs is such that
only one charge carrier is mobile, supporting the ability of flcs to possess a spatially modulated charge density.36 The
diffision of the more mobile species is maximized at this orientation, with ions moving approximately parallel to the long
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P&me 5. The dependence of the beam coupling ratio
on applied voltage is illustrated.

molecular axis.
In the plesent flc composite, the photorefractive

electro-optic mechanism is derived from orientational effects
and not the linear electrooptic effect. First, the majority of flcs
have a small degree of electronic second-order nonlinear
character, as measured by small electro-optic coefficients (~j)
that are 1-2 orders of magnitude lower than their crystalline
counterparts.37 The few exceptions are flcs that utilize
molecules with large hyperpolarizabilities aligned along the
polar axis.25737Y38 Second, the rzz coefficient dominates the
electronic electrooptic mechanism in flcs. In this tilted
geometry, accessing rz would require the writing beams to be
p-polarized where no photorefiactivity is observed. The s-
polarized beams are consistent with an onentational response,
because the maximum signal is obtained when the molecules are
aligned nearly perpendicular to the light polarization. In this
region, an angular change of the molecular orientation produces
the largest change in the index of refraction as a component of
the long axis begins to align with the light polarization.
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Although orientational photorefiactivity is still dominant
in flcs as with nematics, the mechanism for orientational coupling
to the space-charge field is different. As stated above, the
reorientation of the molecules in flcs can occur through a coupling
to the polarization, i.e. proportional to PEX,. as opposed to
nematic materials in which the reorientation is coupled solely to
the dielectric anisotropy (AE), proportional to AeEsc2. Figure 5
shows the dependence of the beam coupling ratio on applied
voltage, which is far less than the (VAEX)2 dependence of
difilaction efficiency reviously shown for nematics, where VA is
the applied vokage~” ,The beam coupling ratio in the flc
composite is saturated for an applied voltage of 10V, but larger
applied voltages give a fizster grating formation time.

For a nematic material, a 180° rotation should lead to
equivalent bircfringent contributions. However, for a tic, the two
orientations lead to opposite displacement directions around the
conical axis shown in Figure 1. This can lead to different changes
in the bireliingence due to Esc and a different value for the beam
coupling ratio. We believe that this may be the reason for the
reduced beam coupling centered ,at $ = 240°. It should be noted
that no photorefkactivity was observed in three other flcs (CS-
1014, CS-1022, and CS-1028). The clear difference between CS-
1015 and the other flcs is a lower onentational viscosity for CS-
1015 of 211 mPa “s vs 280, 349, and 325 mPa s for flcs CS-
1014, CS-1022, and CS-1028, respectively. This observation is

. probably the result of increased orientational birefingence andlor
increased nobilities of ions in this environment.
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Figure 6. The change of the beam coupling ratio
when the applied voltage is switched from 22V to -
22V is shown. The rapid initial decrease is due to
the reorientation of the flc director to a less optimal
orientation for photorefiactivity. The slower change
is due to the erasure of the space charge field.

The reorientational capabilities of the flc director in response to a switch in the polarity of the applied’ field could
lead to novel possibilities for onloff switching of the photorefiactive effect. Since we have shown that the photoreffactive
effect in flcs is strongly correlated with the alignment of the flc molecules relative to the writing beam polarization, a
reorientation of the molecules in response to a polarity switch in the applied field could act to quickly increase or decrease the
beam coupling ratio in flc composites. Figure 6 shows the beam coupling changes for an orientation of 100°, where
photorefiactivity is maximized for an applied voltage of 20V. At 10 s, the voltage is switched to –20V for 5 s. The signal is
corrected for a small change in the transmission (not through cross polarizers) when the polarity switch occurs. A rapid
decrease in the beam coupling is observed, consistent with a molecular reorientation of 45° to a region where less
photorefkactivity is observed. This is followed by a slower erasure of the modulated space-charge field as charges begin to
redistribute in response to the applied field polarity change. At 20 s, the voltage is switched back to 20V, and the initial
charge modulation begins to reform.

4. CONCLUSIONS

We have observed for the first time orientational photorefractivity in flc composites containing easily oxidized and reduced
chromophores. The applied field dependence suggests that the orientational response is a result of the space charge field
coupling to the bulk polarization of the flc and not to dielectric anisotropy as with nematic liquid crystals. It should be
possible to rapidly improve thk effect in flcs. One possibility is to use homeotropically aligned flcs with a transverse applied
field, so that the modulated space charge field lies along the polar axis of the flc. This would increase the Iikelyhood of
observing the linear electronic electro-optic effect in addition to orientational contributions. The use of flcs specifically
designed for increasing Ps and the linear electro-optic effect would also be helpfkl. With these improvements, significant
improvements to these materials should be possible. -.~
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