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The peculiarities of the director and polarization gratings recorded due to light-
induced anchoring effect in liquid crystal media doped with azo-dye were found
and studied. Depending on the ratio of the grating period to the cell’s thickness,
either asymmetrical LC director distribution or quasi-sinusoidal director modulation
were formed. The observed behavior can be explained in terms of surface and
bulk interaction of twist domains presenting the grating stripes. We showed
the possibility to control the grating diffraction efficiency by applying the ac electric
field, increasing the diffraction efficiency up to 30%.
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Introduction

The patterning of surfaces of liquid crystals (LCs) is under tough attention to have
possibility of creating the variety of hybrid geometries and multi-domain configurations
for wide-angle viewing LC displays, projection displays, and photonic devices [1]. A big
variety of materials and techniques were used to form complex configurations in
liquid-crystal materials to get unique electro-optic behavior [2–5] compared to the
well-described single-domain LC alignment typically produced with rubbing technique.

At the beginning of 90 s Gibbons et al., Reznikov et al., and Schadt et al. proposed
new perspective method of alignment and pattering of LCs by light – so named photo-
alignment technique [6–9]. This technique uses polarized light to induce anisotropy in
a photosensitive aligning layer. The light-induced anisotropy of the irradiated layer
causes appearance of the easy orientation axis~ee of LC director~nn on a photosensitive
surface. Easy control of the easy axis direction and the value of the anchoring energy
W by variation of the light polarization and intensity made the photoaligning effects
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as a base of new advanced technology of the orientation of LCs in LCD and telecom-
munication industries, and gave a powerful tool for surface LC physics.

The other interesting type of photoalignment effect is bulk-mediated photoalign-
ment discovered by Voloshchenko et al. in 1995 [10] and later called as a light-induced
anchoring. It was found that irradiation of a nematic LC bulk doped with azo-dye by
polarized light in the dye absorption band produced a robust easy orientation axis on a
non-photosensitive polymer aligning surface. The experiments [11–14] showed that the
effect of light-induced anchoring was governed by competition between light-induced
desorption of azo-dye from spontaneously adsorbed layer of dye molecules and
adsorption of dye molecules from LC bulk on the aligning surface. The light-induced
desorption of dye molecules resulted in the easy axis in direction away from the polar-
ization of the pump light, ~EE, and the light-induced adsorption caused the easy axis in
direction toward ~EE. At low light irradiation doses desorption prevails, and light-
induced adsorption dominates at high irradiation doses. In addition, a light-induced
bulk torque results in a LC director deviation from the easy axis orientation and
via light-induced adsorption=desorption processes leads to a drift of the easy axis in
a nematic phase [14]. It was shown that the effect of the light-induced anchoring is
extremely promising for variety of applications due to weak intensities (�1W=cm2)
necessary to produce an easy axis [15]. In particular, modulation of the easy orien-
tation axis due to light-induced adsorption=desorption of azo dye on=from aligning
surfaces of dye-doped LC cell can be effectively used for formation of the complex
LC patterns [16]. Moreover, the sensitivity of the effect of light-induced anchoring
to light polarization allows recording the polarization holograms [17–24] in a LC.

Here we report on a recording of effective surface-mediated polarization
holograms in a LC cell doped with azo-dye recorded due to light-induced anchoring,
revealing unusual properties due to asymmetric surface director distribution,
and demonstrating an effective control the grating diffraction efficiency by LC
reorientation in the cell with electric field.

Materials and Experiments

To study the gratings’ recording due to light-induced anchoring we used the
commercial liquid crystal pentyl-cyano-biphenyl (5CB) from Merck with clearing
point Tc¼ 34.5�C, that was doped with the azo dye Methyl Red (MR) from Aldrich.
in the weight concentration c¼ 0.5%. The effect of light-induced anchoring is
well investigated in this system [10–14] that simplified the optimization of the
experimental parameters and analysis of the experimental results.

The polarization holographic gratings were recorded in the combined cells made
from the reference and tested substrates. Both substrates were covered with indium
tin oxide electrodes. The reference substrate then was covered with rubbed polyimide
layer that provided a strong planar anchoring with 1.5o pretilt angle. The tested
substrate then was coated with layer of fluorinated polyvinyl-cinnamate (PVCN-F).
The PVCN-F film was irradiated with polarized UV light (beam intensity IUV¼
5mW=cm2) during 15min using a Hg lamp. UV irradiation made the PVCN-F film
stable against dissolving in LC, and induced the easy orientation axis ~eetest with zero
pretilt perpendicular to the UV light polarization. The LC cells with parallel directions
of the easy axes~eeref ,~eetest were assembled with a thickness in a range of 10� 40mm.

The cells were filled with the LC doped with azo-dye at the temperature above the
clearing point and slowly cooled down to the room temperature. During the cooling
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the cell was put on a metal brick, so that the tested substrate was facing the heated
brick surface. In this geometry the nematic phase in the cell nucleated at the reference
surface first and extended into the LC bulk after. It resulted in a uniform planar align-
ment of LC over the cell parallel to the rubbing direction of the reference surface,~eeref .

The basic experimental setup for holographic grating recording is presented in
Fig. 1. The cell was placed in the intersection of two circular polarized (left and
right-handed) recording beams of the equal intensities from the diode-pumped solid
state laser (k¼ 0.532 mm, Ppump� 100mW). The cell was irradiated from the side of
the tested surface and the beam’s diameter in the cell’s plane was about 1mm. The
wavelength k¼ 0.532 mm of the laser beams corresponded to the adsorption band of
the MR molecules [25, 26].

The summation of circular polarized beams ~EE� ¼ E0
1
�i

� �
ei �xk0 sin

a
2þzk0 cos

a
2ð Þ,

here ~kk0 is the wave vector of the pump light and a ¼ 2 arctan l
2L

� �
, L is a distance

to the cell’s plane, that is focal distance f of a lens, and l – the distance between
two beams Fig. 1, provided the linearly polarized field, ~EE, spatially modulated with
a wave vector ~qq ¼~eeref k0 sin

a
2 in the cell’s plane:

~EEðz ¼ 0Þ ¼ ~EEþ þ ~EE� ¼ 2E0
cosw
� sinw

� �
; ð1Þ

where w(x)¼ arctan(tanqx) is saw-tooth periodical function of polarization
orientation in the cell’s plane, ~EE, counted from the axis 0x (Fig. 2).

The plane of incidence was parallel to initial direction of LC director that is
grating vector ~qq, (q¼ 2p=K, K is the period of the grating) was parallel to ~eeref .
The gratings’ periods K � kL

l were in a range of 10� 80 mm.
Taking into account previous research on light-induced anchoring [11,14] we

chose the following conditions of the experiments: incident light intensity in a cell’s
plane was I0¼ 1W=cm2; exposure time – texp¼ 30min. The holographic gratings
with different periods were recorded in the cells of different thicknesses.

Figure 1. Experimental set-up for recording of gratings. 1 – diode-pump solid state laser,
I� 100mW, (k¼ 532 nm; 2 – polarizer; 3 – beam-splitter cube; 4 – mirror; 5 – polarizers that
make intensity of both legs equal; 6 – polarizers set at polarization �45o and þ45o; 7 – lens
with focal distance f¼ 0.9m; 8 – k=4 waveplate; 9 – LC cell; 10 – diffracted beams.
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The recorded holograms were tested by the linearly polarized light from a probe
He-Ne laser (k¼ 0.63 mm, Pprobe� 1mW). We observed the diffraction pattern on the
screen behind the cell and measured the intensity of the incident and 1st order
diffraction beams depending on the grating period K, and ac voltage (n¼ 1 kHz).

The grating patterns were analyzed in the polarizing microscope equipped with
the CCD-camera. Setting the polarizer along rubbing direction and rotating the
analyzer from 0 to 180o with the step 10o, a set of pictures was obtained. Digital
processing of these pictures allowed us to recover the spatial distribution of the
director of LC in the irradiated areas. By doing this processing we suggested
that all director changes occurred in azimuthal plane. i.e., only twist director
deformations were produced in the cells.

Results

During the gratings’ recording the self-diffraction was observed, and the amount of
orders of diffraction increased with growing of grating period. The diffraction of
�1st orders was observed atK¼ 12mm and up to�13 diffraction orders were observed
at K¼ 50mm. The recorded gratings were permanent and kept their characteristics

Figure 2. Interference of two circularly polarized (left and right-handed) beams (a); and
spatial dependence of azimuthal angle of polarization vector in the interference plane (b).

Figure 3. Dependence of diffraction efficiency g of first order diffraction on gratings’ period.
Cell’s thickness: d¼ 12 mm. Light intensity: I¼ 1W=cm2. Exposure time: t¼ 30min.
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during 6 months at least. The diffraction efficiency of the gratings gþ1 ¼
Id;þ1

I0
(Id,þ1 is

the intensity of the þ1 order diffraction beam) varied from 0.3 to 2 percents and
increased with the period K (Fig. 3).

The possibility of effective controlling the grating diffraction efficiency by
applying the ac electric field was found. The dependence of the diffraction efficiency
gþ1 on the voltage U is shown in Figure 4. One can see that the application of the
electric field E results in the oscillating behavior of the diffraction efficiency, and

Figure 4. Dependence of diffraction efficiency g of first order diffraction on applied ac
electric field (1 kHz). Cell’s thickness: d¼ 36 mm. Grating’s period: K¼ 60 mm. Light intensity:
I¼ 1W=cm2. Exposure time: t¼ 30min.

Figure 5. Holographic grating in polarizing microscope between crossed polarizers (upper
row), and correspondent spatial dependence (lower row) of director twist angle through the
grating period. Cell’s thickness: d¼ 12mm. Light intensity: I¼ 1W=cm2. Exposure time:
t¼ 30min. Grating’s period: K¼ 50mm (a), and 19mm (b).
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in the drastic increase of the value of gþ1, which achieves its maximum gþ1�28% at
E¼ 0.14V=mm.

The observation in the polarization microscope showed the producing of the
spatially modulated twist deformation in the cell. We could not unambiguously set
if there was also modulation of the director in the polar plane (modulation of the
pretilt). The analysis of the gratings’ patterns showed different character of the
director twist distribution on the tested surface, u(x), depending on the period of
the gratings and the cell’s thickness. At the large periods, K>> d, the spatial distri-
bution of the director is asymmetric and has a saw-tooth shape with a thin regions of
the twist sign change. The typical twist director distribution, u(x) of this type is pre-
sented in Figure 5a for K¼ 50 mm and d¼ 12 mm. If the value K is comparable or less
than d, the asymmetry of the director distribution ~nnðxÞ disappeared and
quasi-sinusoidal distribution of the twist angle occurred (Fig. 5b).

Also, the amplitude Du of the spatial twist modulation, u(x), strongly depends
on the period of the grating, decreasing with the decrease of K (Fig. 6). The remark-
able fact is that the dependence Du(K) that determines the diffraction efficiency of
the gratings, does not correlate with the dependence gþ1(K) (see Fig. 3), and the
discrepancy between these curves is particularly manifested in the region of the
transition between quasi-sinusoidal and saw-tooth director distribution.

Discussion

The observations in the polarization microscope show that the recorded holograms
are the result of the light-induced spatial modulation of the director on the tested
substrate in the azimuth plane u(x). The cause of this modulation is the effect of
light-induced anchoring, which results in producing of the easy orientation axis,
~eetest½I0ðxÞ; ~EEðxÞ� with the corresponding anchoring energy Wtest½I0ðxÞ; ~EEðxÞ� [14].
The formation of the easy axis on the tested surface is governed by the processes
of light-induced adsorption and desorption of MR molecules on=from the PVCN-F-
surface in the presence of the light-induced bulk torque.

In general case after irradiation, orientations of the incident light polarization,
light-induced easy axis modulated on the surface and correspondent LC director

Figure 6. The dependence of average amplitude of director reorientation Du (the average
difference between maximum ‘‘þ’’ twist angle and ‘‘�’’ twist angle) on grating’s period. Cell’s
thickness: d¼ 12 mm. Light intensity: I¼ 1W=cm2. Exposure time: t¼ 30min.
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do not coincide, and determination of these orientations is a complex problem
[14,27]. We could regard that the orientation of the easy axis u(x) equals to the angle
w(x) plus some function d(x) that depends on the elastic torque induced by the refer-
ent substrate, the pump light and nearby region. Because u(x) has a form like w(x)
with usually small deviation d(x) [27] for the first qualitative consideration we put
d(x)¼ 0, i.e., easy axis on the aligning surface also has a saw-shaped modulation
(see (1)). We also neglected by possible spatial modulation of the anchoring energy
on the tested surface.

Thus, we consider the distribution of the director in the combined cell, in which
the easy axis on the tested surface is periodically modulated along the axis 0x, accord-
ing to (1) while the reference surface provides planar uniaxial orientation of the direc-
tor. In order to simulate the equilibrium director field in the cell, we build a regular
lattice model where the investigated surface is represented as a set of micro-domains
of equal shape and area A. Each domain is much smaller than a characteristic scale of
the director deformation and is denoted with a two-dimensional index m¼ {m1, m2}
that defines its position qm¼m1a1þm2a2, where a1 and a2 are the basic vectors of
the lattice. The director field is described by the director azimuthal angles /m at the
N1	N2 set of micro-domains with periodic boundary conditions /mþM¼/m, where
M¼ {n1N1, n2N2}, n1 and n2 are arbitrary integers.

The equilibrium values of /m was found by minimization of lattice free energy
F that we represent as a sum of micro-domain ‘energies’ Em and interactions between
domains Jmm0 :

F ¼
X
m

Em þ 1

2

X0

m;m

Jmm0 : ð2Þ

The micro-domain energy Em contains the surface anchoring energy (we use the
Rapini-Papoular approximation) and the energy of twist deformation caused by
the reference surface:

Em ¼ A

2
Wm sin2ð/m � wmÞ þ

K22

d
/2
m

� �
; ð3Þ

where K22 – elastic constant, wm and Wm are the azimuthal angle of the easy axis and
the azimuthal anchoring coefficient of the domain m, respectively.

We choose the potential of the interaction between micro-domains, Jmm0 ,
that corresponded to the bulk elastic energy in the cell with homogeneous and
inhomogeneous substrates in the form:

Jmm0 ¼ Keff A
2

4pjqm � qm0 j3
ðum � um0 Þ2; ð4Þ

where Keff is effective elastic constant. The interaction between micro-domains at
distances exceeding the cell thickness is screened by the interaction of each domain
with the reference surface. Therefore, we also assumed that the micro-domains
interact only on the distance jqm � qm0 j, which is less than the critical radius Rc�L.
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The results of the calculations according to the described model have demon-
strated significant dependence of the equilibrium director field on the ratio of the
cell’s thickness and grating period. For grating periods being much larger than the
cell’s thickness K>> d the director field retained asymmetrical, saw-tooth shape
imposed by the easy axis modulation, while for K� d grating periods this asymmetry
almost vanished and director manifested quasi-sinusoidal modulation. Figure 7
presents simulated equilibrium director field for the actual parameters of the
cells used in the experiment: (a) K¼ 50 mm and d¼ 12 mm; and (b) K¼ 19 mm and
d¼ 12 mm. As it was found experimentally (see Fig. 5), for K¼ 50 mm>> d, the
spatial distribution of the director is asymmetric and has a saw-tooth shape with thin
regions of the twist sign change, while for K¼ 19 mm comparable with the cell thick-
ness no asymmetry of the director distribution is found, and twist angle manifests
quasi-sinusoidal spatial modulation.

The observed dependence the director distribution in the cell on the ratio of the
cell thickness and grating period is caused by a competition between the surface and
volume contributions to the total free energy (3). While the surface term imposes the
director modulation that coincides with the saw-shaped distribution of the easy axis,
the bulk term in (2) ‘‘smoothes’’ this distribution due to orientational elasticity of a
LC. As the result of this competition, a first sinusoidal harmonic of the saw-shaped
director distribution dominates at K� d.

The polarization and intensity peculiarities of the diffraction on the asymmetrical
gratings deserve detailed additional studies, which are on the run. Our preliminary
observations showed that the transition from the asymmetrical director distribution
~nntestðxÞ to the symmetrical one causes a jump of the value of the diffraction efficiency
on the dependence gþ1(K) around K�30 mm (Fig. 3).

Conclusion

The peculiarities of the director and polarization gratings recorded due to
light-induced anchoring effect in liquid crystal media doped with azo-dye were found
and studied. Depending on the ratio of the grating period to the cell’s thickness,
either asymmetrical LC director distribution or quasi-sinusoidal director modula-
tions were formed. The observed behavior can be explained in terms of surface

Figure 7. Simulated equilibrium director field in the cell 12mm thick for grating period: (a)
K¼ 50mm; and (b) K¼ 19 mm.
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and bulk interaction of twist domains presenting the grating stripes. We showed the
possibility to control the grating diffraction efficiency by applying the ac electric
field, increasing the diffraction efficiency up to 30%.
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