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Chapter

The Photorefractive Effect in
Liquid Crystals

Takeo Sasaki, Khoa Van Le, Yumiko Naka
and Takafumi Sassa

Abstract

This chapter summarizes the state of the art of research regarding
photorefractive liquid crystals. Photorefractive effect is of interest because it can be
used to obtain dynamic holograms, based on interference between dual laser beams
within a liquid crystal to generate a refractive index grating. This technique can be
employed in numerous diffraction optics applications, such as optical amplifiers,
phase-conjugate wave generators, 3D displays, novelty filters, and optical tomogra-
phy. The photorefractive effect in liquid crystals is especially pronounced, and both
ferroelectric and nematic liquid crystals have been researched for this purpose, with
the former showing special promise in practical applications. As an example, ferro-
electric liquid crystals have been found to readily produce a refractive index grating
in conjunction with a significant gain and a formation time of 900 ms.

Keywords: photorefractive effect, hologram, photoconductivity, nonlinear optics,
optical amplification

1. Introduction

Photorefractive effect is a nonlinear optical phenomenon by which the refractive
index of a medium can be modified. This effect can be used to produce rewritable,
dynamic (that is, temporal) holographic images [1, 2]. Associated applications
include the production of phase-conjugate beams and the amplification of optical
signals. There are numerous potential uses of this effect in optical devices, such as in
the fabrication of electrical transistors. As an example, the photorefractive phe-
nomenon can result in the appearance of both electro-optic and photovoltaic prop-
erties in optically transparent materials. Numerous such substances have been
reported, including organic molecular crystals, inorganic ferroelectric photocon-
ductive crystals, amorphous organic photoconductive materials, photoconductive
liquid crystals (LCs), photoconductive amphiphilic compounds, and photoconduc-
tive organic polymers [3-5]. Among these, organic compounds tend to have the
shortest response times and greatest photorefractivity values, and hence these are of
special interest [6]. Both electro-optic and photovoltaic mechanisms contribute to
variations in refractive index that are associated with the photorefractive effect
(Figure 1). The separation of photo-induced charges in a photorefractive substance
and associated refractive index variations resulting from the electro-optic effect can
produce a refractive index grating. The application of an electric field to such
devices can also enhance the efficiency of charge generation. Photoconductive
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Figure 1.

A diagram summariging the photorefractive effect mechanism. (a) Dual laser beams undergo interference in a
photorefractive compound; (b) charges are produced at the light regions associated with interference fringes;
(¢) trap sites in the light vegions hold electrons, while hole migration occurs via drift or diffusion due to an
external electric field, such that an internal electric field is produced between the dark and light regions; and
(d) the vefractive index in specific areas is modified as a vesult of the internal electric field.

glassy polymers containing high levels of D-n-A chromophores (comprising n-con-
jugated systems with both donor and acceptor moieties) tend to exhibit especially
high photorefractivity [3-7]. These materials have been suggested for use in 3D
displays, real-time edge enhancement, and holographic interferometry [7]. Never-
theless, it remains necessary to reduce the electric field values of 30-50 V/um that
must be applied to activate photorefractivity, as well as to improve the sluggish
response times of these materials (approximately 100 ms). LCs, which are essen-
tially in the liquid state and thus can be driven by the application of lower electric
fields, have also been investigated with regard to their photorefractive properties
[7]. Nematic LCs were reported to show photorefractivity in 1994 [8], and this
effect was especially pronounced when the compounds were subjected to a low
electric field (several V/pm) [9]. Surface-stabilized ferroelectric liquid crystals (SS-
FLCs) combined with photoconductive materials have also shown photorefractivity
[10, 11]. Ferroelectric liquid crystals (FLCs) have a layered helical structure [12, 13]
in conjunction with a chiral smectic C (SmC*) phase. Interestingly, these materials
only exhibit ferroelectricity in the form of thin films (several pm in thickness) [12].
When such films are contained between the glass plates, the SmC* phase helix
uncoils to generate a surface-stabilized (SS) state that shows spontaneous polariza-
tion (Ps) (Figure 2). Typically, a film thickness of 2 pm is employed for practical
applications, such that the FLC molecules are forced into a two-dimensional SS
alignment, the direction of which varies with the Ps direction (Figure 3). Applying
an alternating electric field to the film results in an ongoing back-and-forth motion
of the molecules on a time scale of less than 1 ms. The electric field determines the
Ps direction, which in turn affects the properties of the film. An internal electric
field can also modify the Ps direction in SS-FLCs, and Figure 4 presents a diagram
showing the photorefractive effect mechanism in an FLC. The interference between
laser beams in an FLC mixed with a photoconductive material results in an internal
electric field due to charge separation between dark and light regions. This field
modifies the Ps direction between the dark and light locations within the
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Electro-optical switching of an FLC in the SS state.

interference fringes, which in turn produces periodic variations in the FLC molec-
ular orientation. Whereas in some organic photorefractive materials there is a bulk
polarization response to the internal electric field, in the case of an FLC there is a
molecular dipole response. Thus, the exceptionally rapid FLC molecular switching
is a consequence of the bulk polarization response.

1.1 Characteristics of the photorefractive effect

The photorefractive effect induces variations in refractive index between the
dark and light points in interference fringes. As a result, the refractive index grating
phase is moved away from these fringes. In the case that one photogenerated charge
is not moved from the light region, the magnitude of this shift is n/2. If a substance
exhibits photochemical activity but not photorefractivity, the phasing of the
resulting refractive index grating is equivalent to that of the interference fringes
because only a photochemical reaction takes place at the light regions (Figure 5a),
and this grating diffracts the laser beams. In the case that the interfering beams have
the same intensity, symmetric diffraction is obtained and so there is no change in
the transmission intensities of the beams. As shown in the figure, beams 1 and 2 are
diffracted toward each other. In contrast, if a photorefractive material is employed,
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Figure 4.

A g?agmm showing the FLC photorefractivity mechanism. (a) Dual laser beams undergo interference in a
mixture of an FLC in the SS state with a photoconductive compound; (b) charge generation takes place within
the light vegions of the interference fringes; (c) trap sites in the light regions hold electrons, while holes move via
drift or diffusion due to an external electric field, producing an internal electric field between the dark and light
zones; (d) the spontaneous polarization vector orientation (that is, the mesogen ovientation in the FLC) is
modified by the internal electric field.
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Diagrams of refractive index grating formations. (a) Photochromic and (b) photorefractive gratings.

there is a phase shift of the grating relative to the fringes that modifies both beams.
Specifically, both beams undergo energetic coupling such that beams 1 and 2 become
less and more intense, respectively (Figure 5b). This amplification of one beam by
the second beam as a result of dual-beam coupling is referred to as asymmetric
energy exchange [3]. The appearance of this phenomenon, which can be applied to
numerous optical devices, is characteristic of a photorefractive material.

1.2 Evaluation of photorefractivity

Dual-beam coupling is often used to assess the appearance of photorefractivity.
In this technique, two beams are obtained from a p-polarized laser beam, using a
beam splitter, and these beams interfere with one another inside a film specimen to
which a high-voltage electric field has been applied to enhance charge generation.
Variations in the intensity of the transmitted beam are tracked, and photorefractive
substances will exhibit asymmetric energy exchange. The gain coefficient is
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determined from changes in the beam intensity due to dual-beam coupling, and is
used to communicate the magnitude of the photorefractivity. As a prerequisite to
calculating this term, it is necessary to ascertain whether Bragg or Raman-Nath
diffraction occurs, based on the dimensionless parameter Q, calculated as:

Q = 2mAL/nA”. (1)

Specifically, a Q value greater than 1 indicates Bragg diffraction. In such cases,
only a single diffraction order is obtained as multiple scattering does not take place.
In contrast, a Q value less than 1 is associated with Raman-Nath diffraction involv-
ing numerous diffraction orders. Q values in excess of 10 ensure that solely Bragg
diffraction occurs. The dual-beam coupling gain coefficient, I' [cm '], can be cal-

culated using the equation:
1 am
lﬁ_Dln<1+m—g> )

Here, D = L/cos(0) is the signal beam interaction path (where L is the sample
thickness and 0 is the angle of beam propagation in the sample), g is the signal beam
intensity behind the sample with the pump beam ratioed to that without, and m is
the pump/signal intensity ratio in front of the sample [1-3].

2. Photorefractive effect of FLCs
2.1 Two-beam coupling experiments with FLCs

Research regarding the photorefractivity of commercial FLCs combined with
photoconductive materials began circa 2000 [10, 11] and was continued by Sasaki
et al. and Golemme et al. [7, 14]. This prior experimental work was based on dual-
beam coupling trials incorporating a 488-nm Ar" laser, employing the photocon-
ductive materials presented in Figure 6 along with SCE8 (Clariant, SmC* at 60°C,
SmA at 80°C, N* at 104°C, Ps = 4.5 nC/cm?), a combination of chiral and LC
compounds, such as the FLC. In these trials, a mixture of the FLC with trinitro-
fluorenone (TNF, 0.1 wt.%) and carbazole diphenylhydrazone (CDH, 2 wt.%) was
injected into a 10-pm gap in a glass cell having an alignment layer composed of
polyimide and 1 cm? indium tin oxide electrodes (Figure 7). The typical asymmetric
energy exchange obtained upon applying a 0.1 V/um DC electric field to an FLC
(SCE8)/CDH/TNF specimen is presented in Figure 8 [15]. In these trials, one beam
exhibited enhanced transmittance while the other showed reduced intensity fol-
lowing interference within the FLC, resulting in symmetric variations in the trans-
mitted intensities. These results demonstrate that a refractive index grating was

02 N02

‘\ CDH TNF

Figure 6.
Molecular structures of the photoconductive chemical CDH and the sensitizer (that is, electron trap) TNF.
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The structure of an LC cell and the associated laser beam incidence.
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Figure 8.
A typical asymmetric energy exchange obtained within the FLC SCE8 when combined with 2 wt.% CDH and
0.1 wt.% TNF and having an applied electric field of +0.3 V/um.

generated at the interference fringes in conjunction with a phase shift. This grating
was associated with Bragg diffraction, without any higher-order diffractions.
Figure 9a summarizes the effects of temperature on the gain coefficient of SCE8
containing 0.1 and 2 wt.% TNF and CDH, respectively. In this system, temperatures
less than 46°C were required to realize asymmetric energy exchange. Figure 9b
plots the effects of temperature on the spontaneous polarization of an equivalent
specimen and demonstrates a loss of polarization at the same temperature. These
data demonstrate that the sample had to be within the SmC* phase temperature
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Figure 9.

The effect of temperature on (a) the gain coefficient and (b) the spontaneous polarization of the FLC SCE8
when combined with 2 wt.% CDH and 0.1 wt.% TNF. During these dual-beam coupling trials, a 0.1 V/um
electric field was applied.

range (that is, it had to exhibit ferroelectric properties) for the asymmetric energy
exchange to appear. An FLC in the N* or SmA phase cannot undergo significant
variations in molecular axis orientation in response to an internal electric field
because the molecular dipole moments are perpendicular to the molecular axis and
have small magnitudes. In contrast, an internal electric field can result in spontane-
ous polarization associated with dipole reorientation in the SmC* phase. The spon-
taneous polarization also causes the orientation of FLC molecules in the
corresponding area to change accordingly. The data show that this specimen
exhibited a maximum resolution of 0.8 pm [15].

2.2 Effect of the applied electric field strength on the gain coefficient

The external applied electric field strength has a significant effect on
photorefractive polymers and acts to promote photorefractivity by enhancing the
efficiency of charge separation. Several tens of volts per pm are necessary, and so a
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typical film thickness of 100 pm requires several kilovolts. However, much weaker
fields can induce photorefractivity in FLCs. As an example, an SCES film will
exhibit its largest possible gain coefficient in conjunction with a field strength in the
range of 0.2-0.4 V/pm. As such films are often 10-um thick, a field of just several
volts is sufficient. Figure 10 plots the effect of the electric field strength on the gain
coefficient for an FLC(SCE8)/CDH/TNF specimen. SCE8 containing 0.5-1 wt.%
CDH exhibited a coefficient that increased along with the field strength, while the
addition of 2 wt.% CDH resulted in a lower coefficient at field strengths above

0.4 V/pm. Increasing the field strength to 0.2 V/pm promoted the generation of an
oriented grating due to charge separation, but zigzag defects became evident in the
SS state at higher field values, which would be expected to lower the gain coefficient
due to light scattering. As of 2004, the gain coefficients reported for FLC-based
specimens were significantly lower [15] than those obtained for certain polymers.

2.3 The effect of applied electric field strength on response time

Both charge separation and reorientation are associated with refractive index
grating formation. Both of these processes help determine the time required to form
the index grating, meaning the photorefractivity response time, and can potentially
determine the rate of formation. A simple single-carrier photorefractivity model
was employed to assess the time required for the formation of a refractive index
grating in SCE8 [1, 2], incorporating an exponential gain transient. A single expo-
nential function was used to fit the increases in the diffraction beam signal,
written as:

v(t)-1 = (y-1)[1-exp.(—t/7)]". 3)

Here y(t) is the intensity of the transmitted beam at time t ratioed to the initial
intensity (that is, y(t) = I(t)/Io), while 7 is the time required for grating formation.
Figure 11 plots the effect of the external electric field strength on the formation

30 T T T T T
—~ | SCES8
st S 1.0Wt%-
&)
— 20 2.0wt%
C
B 15 y
b5 0.5wt% |
8 10
=
® 5 T
O

O 1 1 1 1 1

0 02 04 06 08 10 12
Electric field (V/um)

Figure 10.
The effect of electric field strength on the gain coefficient of the FLC SCE8 when combined with CDH at various
concentrations and 0.1 wt.% TNF at 30°C in a cell having a 10-um gap.
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Figure 11.
The effect of electric field on the index grating formation time of the FLC SCE8 when combined with 2 wt.%

CDH and 0.1 wt.% TNF in a dual-beam coupling trial. Legend: ® = data acquired at 30°C (T/TSmC*-
SmA = 0.95); m = data acquived at 36°C (T/TSmC*-SmA = 0.97).

time for an SCE8/CDH/TNF sample and demonstrates that raising the field strength
reduces the formation time, as a consequence of more efficient charge generation.
Elevated temperatures also shorten the formation time, due to the lower viscosity of
the material. At 30°C, the SCES8 exhibited a response time of 20 ms, which is much
shorter than the typical 100 ms time span observed for polymers [7].

3. Photorefractive FLC blends

3.1 Pronounced photorefractivity of FLC blends doped with photoconductive
chiral compounds

Prior to 2011, FLCs in the SS state tended to contain defects when combined
with photoconductive materials. These defects reduced the photoreactivity of the
mixtures due to scattering of the laser beam, and so new photorefractive FLC
mixtures were researched, based on the synthesis of chiral photoconductive addi-
tives and subsequent mixing with SmC LCs. Figure 12 shows one such blend based
on an FLC [16]. In this case, the chiral photoconductive compound 3T-2 MB was
added to an SmC LC together with TNF as a sensitizer, and the resulting dual-beam
coupling signal acquired at 30°C is presented in Figure 13. Pronounced coupling
was obtained in these trials, such that greater than 40% of the energy of the first
laser beam was absorbed by the second beam when using a 10-pm-thick FLC film.
Figure 14a summarizes the effect of the electric field strength on the gain coeffi-
cients. These data demonstrate that a low field strength of 1.9 V/pm resulted in a
gain coefficient in excess of 1200 cm ™ in the case of the 10 wt.% specimen. Relative
to the values for FLCs in Section 2.2, this represents a 45-fold increase, and is
ascribed to both the greater photoconductivity of this mixture and its improved
transparency. In the case of photorefractive applications, the ability to induce
photorefractivity in an FLC using only a low electric field is beneficial. Figure 14b
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shows that increasing the field strength also reduced the response time, by provid-
ing more efficient charge separation, with a field strength of 1.9 V/pm giving a
formation time less than 1 ms. Both this rapid response and significant gain would
assist in realizing applications such as distance measurement devices and real-time
image amplifiers.
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Figure 12.
A photorefractive FLC sample combined with a ternary mixture of smectic LCs.
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Figure 13.
Typical data obtained at 30°C from dual-beam coupling trials using a mixture of a base LC, 3T-2 MB, and
TNF.
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(a) The effect of electric field on the gain coefficients of mixtuves of a base LC, 3T-2 MB (2—10 wt.%), and
TNF (0.1 wt.%) at 30°C. (b) The formation times for refractive index gratings (that is, response times) for
these same mixtures at 30°C.

3.2 Formation of dynamic holograms in FLC blends

A photorefractive FLC mixture has been demonstrated to form a dynamic holo-
gram [17], such that a spatial light modulator (SLM) could be used to display a
computer-generated animation. In this prior work, the SLM was exposed to a diode-
pumped solid-state (DPSS) laser beam (at 488 nm) such that the FLC received the
reflected beam. This beam underwent interference with a reference beam in the
FLC and a refractive index grating based on Raman-Nath diffraction was generated.
In other trials, a He-Ne laser beam (at 633 nm) was applied to the FLC to produce
diffraction and a moving animation was generated in the diffraction (see
Figure 15). Because image retention was not observed, the holographic image (that
is, the refractive index grating) in the FLC was evidently rewritten at a rate suffi-
cient to adequately reproduce the movie.

3.3 Dynamic amplification of optical images in photorefractive FLC blends

The photorefractive phenomenon has an obvious application in the amplifica-
tion of optical signals, and this is a vital component of various optical techniques.
This effect permits selective amplification, in contrast to the more well-known
effects associated with lasers and nonlinear optics. Because photorefractivity results
in the generation of a hologram in a material, a particular light signal can be
distinguished from other signals on the basis of variations in phase, polarization,
and wavelength. As an example, a photorefractive FLC mixture has demonstrated
the ability to dynamically amplify a moving optical signal [16]. In this work, a
rotating image (30 fps) was shown on an SLM via irradiation with a 473-nm beam
such that the FLC was irradiated by the reflected beam, followed by interference
with a pump beam. In these trials, amplification of the laser beam carrying the
moving image was accomplished using the incident pump beam (Figure 16) and
the signal beam intensity was increased by a factor of six. These data demonstrate
that the speed of the photorefractive FLC response was such that the moving image
could be amplified. It should be noted that this would not have been possible based
on the average response time of a photorefractive polymer (about 100 ms). In such
cases, the still image would be amplified, but not the moving image intensity.

11
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Figure 15.

The formation of a dynamic hologram using an FLC, displaying a computer-generated animation on the SLM.
Here, the SLM modulates the 488-nm object beam that ivradiates the FLC and interferes with a reference beam.
A 633 -nm readout beam irradiates the FLC to generate diffraction.

3.4 Photochemical durability of photorefractive ferroelectric liquid crystal
blends with chiral terthiophene photoconductive dopants

There has been research regarding the robustness of photorefractive FLC mix-
tures with chiral terthiophene photoconductive additives [18], and Figure 17 plots
the gain coefficient of a blend with 3T-2 MB against irradiation time. These data
demonstrate a rapid drop in the gain coefficient, to the extent that only 20% of the
original value remains after 90 min. This decay can possibly be attributed to a
photochemical reaction of the 3T-2 MB, based on dimerization or polymerization of
the terthiophene chromophore in response to irradiation. The resulting products
would be expected to be insoluble in the FLC, thus degrading the photorefractivity.
Such reactions could potentially be inhibited based on steric hindrance effects, and
so a series of analogs was prepared: 3T-2 MB, 3-Me-3T-2 MB, 3'-Me-3T-2 MB,

12
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Figure 16.

(a) A demonstration of optical image amplification, in which an SLM displays a computer-generated
animation. The SLM modulates a 473 nm object beam that irradiates an FLC then interferes with a reference
beam. A CCD camera monitors the image sent via the FLC sample containing 10 wt.% 3T-2MB. (b) Change
in signal intensity.

3"-Me-3T-2 MB and 3',3"-Me-3T-2 MB (Figure 18). Figure 19 summarizes varia-
tions in the gain coefficients of the resulting blends with irradiation time. Interest-
ingly, the decay profiles were unchanged by varying the degree of steric hindrance
in the dopant, despite expectations that methyl substituents would hinder access to
the reaction site as well as the approach to the terthiophene moieties. Consequently,
the loss of photorefractivity evidently was not due to dimerization or polymeriza-
tion. Additional analyses of a 3T-2 MB specimen via 'H NMR, infrared and UV-
visible spectroscopy following exposure to 488-nm light found no reaction or deg-
radation of the terthiophene moiety. Based on these results, it appears that the loss
of photorefractivity resulted from factors other than those described above.

When a DC field is applied, the photorefractive gain has been shown to decay as
the irradiation time is prolonged. This phenomenon was assessed by a dual-beam
coupling trial employing a decayed sample stored under dark conditions. Figure 20
presents the original gain signal following laser irradiation for 60 min, after which
the specimen was maintained in darkness for 12 h in the absence of an electric field.
In this trial, 85% of the initial signal was recovered, demonstrating that the loss of
the photorefractive effect was due to changes in the material that were reversible.
The observed recoverable loss in gain can possibly be attributed to the formation of

13
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Figure 17.
Molecular structures of the smectic LCs 8PP8 and 8PP10, chival photoconductive dopants and TNF, an
electvon trap reagent.

3',3"-Me-3T-2MB

Figure 18.
Variations in the gain coefficient of FLC with 6 wt.% 3T-2 MB and 0.1 wt.% TNF over time.

photogenerated ions that adhere to the indium tin oxide (ITO) electrode. It is known
that charge transfer between the TNF and terthiophene occurs in response to 488-nm
laser light to produce corresponding cations and anions, and these species may migrate
to the electrode in response to the electric field. This process extracts ions from the LC
phase, reducing its conductivity. Thus, the observed loss of photorefractivity could

possibly be mitigated by employing a bipolar electric field, to reverse the direction of

14
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Figure 19.

Variations in the gain coefficients of FLC mixed with 6 wt.% various photoconductive chiral additives and

0.1 wt.% TNF over time.
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Figure 20.

150

The dual-beam coupling signals generated by FLC doped with 3T-2 MB. The initial signal following 60 min of
irradiation by laser beam (250 mW/cm?) and the signal after storage in darkness for 12 h are shown.

migration of the photogenerated ions such that they move away from the electrode. Of
course, it would be necessary to select an optimal frequency for this bipolar field based
on ion mobilities, as well as to optimize the field strength. Figure 21 presents decay
profiles of the gain coefficients in conjunction with a bipolar field, and demonstrates
that 80% of the original gain was retained under these conditions. These results help to
confirm that the observed loss of photorefractivity in the FLC samples is due to ionic
migration. The TNF anions and 3T-2 MB cations would be expected to migrate at
different rates as a result of the difference in their sizes, and so the electric field
strength and shape could be further tuned. In fact, the electric fields employed in
present-day LC displays are somewhat complex bipolar fields rather than DC fields.
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Figure 21.

Variations in the gain coefficients of an FLC mixed with 6 wt.% 3 T-2 MB and 0.1 wt.% TNF over time in the
presence of a bipolar electric field.

This is required in order to inhibit the adsorption of ions and the LC molecules
themselves so as to prevent image sticking. Thus, the use of bipolar fields is already an
important aspect of photorefractive LC devices.

3.5 Photorefractive effects in FLC blends containing extended n-conjugated
compounds

The photorefractivities of terthiophene derivatives as chiral photoconductive
additives have been examined at 488 nm. The practical application of FLCs in
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Figure 22.
Molecular structures of the chiral photoconductive additives, smectic LCs, and TNF, an electron trap reagent.
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Figure 23.

(a) The UV-vis absorption spectra generated by chloroform solutions of the chirval photoconductive additives
C8-4T-2 MB, 2EH-4T-2 MB and 3 T-2 MB; (b) the UV-vis spectra of a chlovoform solution of C8-4T-2 MB
and TNF; (c) the UV-vis spectrum of C8-4T-2 MB compared to that of C8-4T-2 MB and TNF (all in
chlovoform solutions).
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Figure 24.

A typical asymmetric energy exchange obtained from a dual-beam coupling experiment at 30°C using a
combination of a base-LC, 2EH-4T-2 MB, and TNF. Pump beam incidence occurred at the 2-s mark. The
beam incidence parameters are given in the figure.
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Figure 25.
Molecular structures of the host FLC and the photoconductive compounds used in the work described herein. The
chiral dopant was added at a concentration of 10 wt.% relative to the total mass of the 2:1:1 ternary mixture.
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Figure 26.
Asymmetric energy exchanges in an FLC mixture in which the photoconductive compound SM is present at less
than 1 wt.%.

ultrasound imaging and photoacoustic interferometry requires sensitivity at longer
wavelengths. Thus, chiral compounds such as those containing quarter-thiophene
chromophores and sexithiophenes, as well as more complex molecular structures,
have been synthesized (Figure 22). The photorefractivity of mixtures of FLCs with
these dopants at longer wavelengths has also been assessed [19]. The addition of
TNF to a quarter-thiophene was found to result in absorption at longer wavelengths
(Figure 23) due to the formation of a charge transfer absorption band, allowing
these materials to be employed in conjunction with a 532-nm writing beam. Dual-
beam trials were subsequently employed to examine the photorefractivity of the
resulting FLC blends. Figure 24 shows typical data for the asymmetric energy
exchange in a 2EH-4 T-2 MB specimen in conjunction with a 532-nm writing beam
wavelength.

Photoconductive materials having longer absorption wavelengths were addi-
tionally investigated (Figure 25). In these trials, the photoconductive compounds
were mixed with a base FLC and a chiral additive. Most of the materials listed in
Figure 25 could not be dissolved in the FLC, with the exception of the SM, which
could be added at levels up to 1 wt.%. Thus, a blend containing 1 wt.% SM was
employed for dual-beam coupling trials (Figure 26), in conjunction with continu-
ous laser irradiation at 488, 532, and 638 nm. This sample exhibited asymmetric
energy exchange even at the longest wavelength, albeit with a slow response and
minimal gain. The generation of a space charge field at the interference fringes
evidently involved ionic conduction, which was reflected in the slow response.

4. Conclusions

LCs are exceptionally birefringent and thus produce a significant photorefractive
effect, although they suffer from light scattering due to heterogeneous molecular
orientations. Smectic LCs show more pronounced photorefractivity, especially in
the case of the bulk (or spontaneous) polarization of FLCs combined with photocon-
ductive compounds. These mixtures exhibit photorefractivity solely in the ferroelec-
tric phase and with reduced response times relative to those obtained from nematic
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LCs. The various properties of FLCs, including spontaneous polarization, phase tran-
sition temperature, viscosity and SS-state homogeneity, all greatly affect
photorefractivity. Both the time required for formation of a refractive index grating
(that is, the response time) and the gain coefficient are significantly affected by the
last factor, and so extreme homogeneity is required in a photorefractive device.

Finally, FLC blends have exhibited sensitivity to wavelengths up to 638 nm following
doping with photoconductive compounds.
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