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The review describes the principles of a holographic storage process based on the liquid crystalline state 
of organic polymeric materials. Such materials are capable of forming anisotropic glasses, which can 
be obtained as thin films. By suitable means one is able to align the optical axis of the uniaxial system 
within the film along a given direction or parallel to the film normal. A storage process is made possible 
by incorporating into the polymer a suitable dye-such as azobenzene-characterized by the fact that 
it is able to undergo a light-induced isomerization process even in the solid glassy state. This in turn 
leads to a reorientation of the optical axis within the film and thus to strong modifications of the optical 
properties. The information written-in in this way can be erased either by heating to temperatures 
above the glass transition temperature or by light. The paper describes the physical processes involved 
in the storage process and the capability of such materials to store holograms. Of particular interest is 
that the novel type of storage material is not only able to store information on amplitude and phase 
(scalar properties) of the light but also on the state of polarization. It may thus be used for polarization 
holography. 

Key words: liquid crystalline polymers, holographic storage, polarization holography 

1. INTRODUCTION 

In the past decade optical recording and the development of suitable recording 
media have become a subject of extensive scientific and industrial interest. High 
optical sensitivity, an enhanced storage density and short switching as well as access 
times are as important as, in certain applications, reversibility and high signal to 
noise ratio after many write-erase cycles. 

A sizable number of different nonrewritable optical storage media (write once) 
have been developed employing various techniques. At present the most important 
technology uses the magneto-optical Kerr rotation in thin magnetic films. A second 
concept is based on thin metallic layers which are locally switched from the poly- 
crystalline solid state to the amorphous state and vice versa by transient heating.Z 
The reflectivity of the illuminated spot is thus reversibly changed. Both approaches 
introduced so far have advantages and inherent problems. In any case a digital 
recording technique is employed. 

In principle also storage via the recording and the read out of a hologram is 
f e a ~ a b l e . ~ . ~  Some of the advantages are in this case that the writing and read out 
can be done in a parallel rather than in a serial fashion which speeds up the optical 
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52 K. ANDERLE AND J. H. WENDORFF 

processing considerably and that the safety of the stored information is strongly 
enhanced. The requirement is of course to have materials at hand which allow to 
store and erase a hologram. The concepts introduced above do not allow such kind 
of technology. 

This review is concerned with a different technology based on the liquid crys- 
talline state and on organic polymeric materiak5-' This class of materials is capable 
of forming anisotropic glasses, which can be obtained as thin free standing films 
or films on substrates. By suitable means to be described below in some detail one 
is able to align the optical axis of the uniaxial system within the film along a given 
direction or parallel to the film normal .8*9 Thus an optically homogeneous uniaxial 
film is obtained, the optical birefringence being typically of the order of 0.1-0.2. 
A storage process is made possible by incorporating a suitable dye such as an 
azobenzene dye in the polymer for which one is able to induce an isomerization 
process by means of light in the solid glassy ~ t a t e . ~ - ' ~  The isomerization process 
is connected with a change of the geometry of the dye. This in turn leads, as we 
and subsequently others have dem~ns t r a t ed , '~ -*~  to a reorientation of the optical 
axis within the film and thus to strong modifications of the optical properties. The 
information written in this way can be erased by local or global heating to tem- 
peratures above the glass transition temperature. Erasure by light is also possible. 
In the following we will describe the physical processes involved in the storage 
process and the capability of such materials to store holograms. We will show that 
the novel type of storage material is not only able to store information on amplitude 
and phase (scalar properties) of the light but also the state of polarization. It may 
thus be used for polarization h~lography. '~ . '~  

II. THE CONCEPT OF HOLOGRAPHIC IMAGING 

In all conventional parallel recording methods such as photography a flat picture 
of a three-dimensional object is recorded on a light sensitive fi lmhrface.  It is just 
the intensity distribution of the light scattered by the object at the flat recording 

Recording 

Object 
P LC 

/ 

Reference wave 

FIGURE 1 Recording of a hologram (schematic). 
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HOLOGRAPHIC RECORDING USING LC 53 

Reconstruction 

PLC -Hologram 
I / 

Uirtual picture 

Illumination with 
reference waue 

FIGURE 2 Reconstruction of a hologram (schematic) 

surface which is stored. Thus all information on the relative phases of the light 
waves coming from different points of the object, i.e. information about the optical 
path differences to different parts of the object is lost. The unique feature of 
holography is the idea of recording the complete wave field: amplitude and phase 
of the waves scattered by the object. Since all recording media are only sensitive 
to intensity it is necessary to convert the phase information into variations of 
i n t e n ~ i t y . ~ . ~  This is done by using a coherent illumination, as shown in Figure 1 
and by superimposing a planar or spherical reference wave and the wave scattered 
by the object: an interference pattern due to the two waves is recorded. The 
intensity at  any point in this pattern (hologram) depends on the phase as well as 
the amplitude of the original wave. Thus the hologram stores information both on 
the amplitude and phase of the object wave. The original object wave can be 
reconstructed simply by illuminating the hologram with the reference wave, as 
shown in Figure 2. The observer sees a three dimensional image of the object 
which exhibits all the natural effects of perspective and depth of focus characteristic 
of the real object. An important feature as far as optical information storage is 
concerned is that one piece of information is not just stored at one particular 
location in the recording medium where it may be destroyed by a local defect but 
rather at every single location in the film. 

The simplest hologram one can think of is obtained by superimposing two planar 
waves. This leads to a characteristic periodic intensity modulation in the plane of 
the recording film and thus to an optical grating in the material. Its characteristic 
features which can be read out by a planar wave (periodicity of the grating, the 
amplitude of modulation of the optical properties) allow to obtain valuable infor- 
mation on the storage capability of the recording material (diffraction efficiency, 
resolution, etc., see below). A second type of a simple hologram is obtained by 
the superposition of a planar and a spherical wave which gives rise to a Fresnel 
type interference pattern. The hologram stored in a recording film can be considered 
as an optical element manufactured by holography (HOE: holographic optical 
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54 K. ANDERLE AND J. H. WENDORFF 

component). It can be used as a Fresnel lens to enlarge the size of an object or to 
decrease its size.20 

This contribution will not focus so much on the use of holograms for optical 
information storage and processing but rather on the characterization of the liquid 
crystalline polymers usuable for holographic storage and on the particular aspect 
of their capability to record polarization holograms. Yet some basic facts should 
be introduced. 

Information can in principle be stored quite densely in a microfilm. Yet the 
maximum storage density is limited in this case among others by dust or scratches 
which can result in a complete loss of parts of the information. Holographic storage 
has the advantage that surface damages do not erase any particular piece of in- 
formation but just leads to an increase of the signal to noise ratio. This makes it 
possible to use materials with much higher resolution. In addition several holograms 
may be stored in one and the same recording film. A selective read out is possible 
by appropriate means. Finally the topic of associated storage should briefly be 
mentioned. One feature of interest is that in this case the read out of a partial set 
of information may induce the read out of a whole set of informations well beyond 
the one apparently asked for: i.e., the holographic storage yields associations. The 
particular properties of associated storage allow to use holograms for character 
recognition.21 

111. 
RECORDING FILMS 

MATERIALS USED AND PREPARATION OF THE LCP-BASED 

The compounds used are predominantly nematic side chain polymers with acrylate 
or polyester-type chain backbone. Examples are shown in Figure 3. The polymers 
contain azobenzene-units in different concentrations. This allows the tailoring of 
absorption, optical and dielectric properties more or less at will, depending on the 
choice of copolymer. The synthesis has been the topic of many previous publica- 
t i o n ~ . ~ - ~  To prepare the films used for storage the liquid crystalline polymers were 
routinely annealed above their glass transition temperature in a vacuum oven to 
remove residual solvent. Prefabricated LCD-cells of various sizes and thicknesses 
were filled at temperatures well above the clearing temperature by capillary action. 
The cells consist usually of two quartz substrates which were covered by spin coating 
with a thin polyamide layer. This layer was subsequently structured by a buffing 
technique. Defect free and large size (as large as 25 cm2) homogeneous mono- 
domain films of high optical quality can be achieved by annealing the cells at 
temperatures close to but still below the clearing temperature. 

UV-dichroitic measurements are used to characterize the alignment of the liquid 
crystalline side groups both with respect to the principal axis and with respect to 
the degree of orientational order, in terms of the scalar order parameter S. Figure 
4 displays a polar diagram of the extinction measured on a monodomain. The 
extinction is measured at 360 nm (characteristic for the azobenzene group) as a 
function of the angle between the plane of the polarization and the rubbing direction 
which corresponds to the direction of the nematic director. The results show that 
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HOLOGRAPHIC RECORDING USING LC 55 
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FIGURE 3 Chemical structure of some of the polymers used for optical storage. 

the orientation is perfect along the rubbing direction and that the order parameter 
S obtained from 

Ep - E, 
S =  

Ep + 2Es ' 

(where E, and E, are the extinctions with polarized light parallel and perpendicular 
to the director direction (the dipole transition moment is oriented along the sym- 
metry axis of the molecules)) is of the order of 0.6. This value and its temperature 
dependence are directly reflected in the birefringence An 

An = An& 

where An, corresponds to the saturation value for S = 1. 
This is apparent from Figure 5 .  The birefringence increases stepwise from zero 

values within the isotropic melt and with decreasing temperature in the nematic 
phase. The upper value achieved for An is about An = 0.25. This is thus the 
modulation of the refractive index which can be induced by switching the director, 
provided one is able to reorient the director homogeneously by up to 90" relative 
to the polarization of the light. 
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56 K. ANDERLE AND J. H. WENDORFF 
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FIGURE 4 Polar diagram of the extinction, as obtained for a nematic monodomain for a side chain 
liquid crystalline polymer. 
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FIGURE 5 Variation of the ordinary and extraordinary index of refraction with temperature for a 
side chain liquid crystalline polymer in the nematic and isotropic state. 

IV. BASIC MECHANISM CONTROLLING THE STORAGE PROCESS: 
REORIENTATION BY PHOTOSELECTION 

In principle the director direction of a nematic monodomain film can be switched 
by electric fields, as in the case of liquid crystalline display. This holds also for the 
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HOLOGRAPHIC RECORDING USING LC 57 

high frequency electromagnetic field. The disadvantage of such a mechanism for 
optical storage is apparent at once if one considers the main features of this process. 
It is characterized by the fact that a threshold value exists for the applied field: 

Uo = IT(K/E~AE)”’ 

which is controlled by the particular curvature elastic properties of liquid crystalline 
phases (curvature elastic coefficient K )  and the anisotropy of the dielectric constant 
A&. The consequence in terms of optical storage is that a threshold intensity exists 
for writing which is typically of the order of several 1-100 kW/cm2. In addition 
the response times T given by the following expressions for rise (active) and decay 
(passive) 

7d1 = (n/d)’K/y 

are controlled by the rotational viscosities y. The passive response times are of the 
order of ms for low molar mass liquid crystals, of the order of s to min for polymer 
side chains and diverge as the glass transition temperature is approached. On the 
other hand we would like to store information optically in a solid film, i.e., in a 
film with a viscosity which should ideally be infinite. The solution is to use a storage 
mechanism which does not depend on the macroscopic viscosity but rather a local 
one. Such a mechanism is the trans-cis isomerization of azobenzene containing 
dyeslo.” which happens without any threshold intensity and which is known to 
happen in the glassy state, actually even at temperatures of the order of 10 K. 

The modulation of the optical properties of monodomains of liquid crystalline 
polymers is achieved by the trans-cis isomerization which is caused by the interaction 
of light with the convalently attached azobenzene groups of the polymer. This 
reversible photoreaction is well characterized for low molar mass compounds and 
amorphous  polymer^'^.'^ but has been analyzed for liquid crystalline polymers only 
recently. 14-’0. 22-24 This type of reaction is of particular interest in a liquid crystalline 
state: the cis isomer is bent and nonmesogenic and hence cannot form a liquid 
crystalline phase. Thus the changes accompanying the photoreaction (rod-like to 
bend conformation) may result in the loss of the capability to induce a liquid 
crystalline state. So one effect related to the isomerization is that the liquid crys- 
talline phase is destabilized and eventually destroyed as a consequence of the 
illumination with light. 

Figure 6 shows a polar diagram of the extinction after illumination. It is apparent 
that the degree of orientational order (order parameter S) has been strongly re- 
duced. This reaction has been proposed as the basis of a storage technology related 
to thermal recording: the irridation leads to a transition into the isotropic state, 
the reaction back to the trans state can be induced optically using another wave- 
length or thermally since the trans state is thermodynamically favorable. Thus the 
liquid crystalline state can be erased and restored locally, yet the previously defined 
preferred direction has been erased. This gives rise to scattering spots, i.e. optical 
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FIGURE 6 Polar diagram of the extinction, as obtained for a nematic monodomain for a side chain 
liquid crystalline polymer before (-@-) and (00) after irradiation with unpolarized light. 

recording is possible. This process happens either due to circularly polarized or 
depolarized light of sufficieqt intensity. 

A totally different storage process can be induced if linearly polarized light is 
used and if the illumination is done in such a way that the liquid crystalline state 
is not destablized. Typically intensities of the order of mW/cm2 rather than 
kW/cm2 are used. In particular the illumination can be performed within the liquid 
crystalline glassy state, i.e., using solid films. The experimental finding is that by 
using polarized light one is able to reorient the director significantly. Figure 7 shows 
the polar diagram of the extinction prior to and after illumination with polarized 
light. The saturation value of the reorientational angle amounts to 90" with respect 
to the polarization direction of the light. This result is independent of the relative 
orientation of the polarization direction with respect to the director, as shown in 
Figure 8. This modulation of the direction of the nematic director is directly re- 
flected in the variation of the birefringence (Figure 9) as measured within the plane 
of the film and perpendicular to it using a wave guide technique. The birefringence 
is reduced and the sign of the birefringence is reversed due to the induced director 
reorientation. 

We have proposed a phenomenological description of this effect which is able 
to account at least for the principal phenomena found for all liquid crystalline 
systems." The model is based on the following concept: 

1. A chromophore which is subjected to an isomerization cycle changes its di- 
rection within the glassy state more or less randomly due to the variation of its 
geometric shape from a stretched to a bent configuration. Only those groups can 
change their orientation which undergo such an isomerization cycle. 

2. The reorientation is the effect of the local mobility within the glassy state as 
controlled by free volume fluctuations and of a partial or complete memory loss 
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HOLOGRAPHIC RECORDING USING LC 59 

FIGURE 7 Polar diagram of the extinction, as obtained for a nematic monodomain for a side chain 
liquid crystalline polymer (a) before and (b) after irradiation with polarized light. 

director orientation 

angle of polarisation 

FIGURE 8 Dependence of the orientation of the director after irradiation with polarized light on 
the original relative orientations of the polarization of the light and the nematic director. 

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

3:
31

 1
8 

Fe
br

ua
ry

 2
01

3 



60 K. ANDERLE AND J. H. WENDORFF 
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FIGURE 9 Variation of the refractive indices of the monodomain as a function of the irradiation 
time using polarized light. 

of the molecules undergoing an isomerization cycle as far as their original orien- 
tation is concerned. 

3. The active azobenzene molecules are held in the glassy matrix. As a result 
there is no Brownian motion or any other effect which drives the molecules back 
to their original orientation distribution after having changed their orientation 
under the influence of an isomerization process. 

4. The molecules are continuously subjected to the isomerization cycle during 
irradiation and the corresponding reorientational motions unless the transition 
dipole moment is perpendicular to the polarization direction of the light. The final 
state of orientation is one in which all chromophores fulfill this requirement. 

The derivation of the relevant rate equations start from those characteristic for 
photostationary systems in the melt or in solution. 

[A] ,  [B] is the concentration of the species A and B; € A ,  EB are the molar extinction 
coefficients; (PAB, (PEA are the respective quantum yields; and E,,, is the total 
extinction for a cell with a thickness of d. 

Under certain assumptions (see above) these equations can be extended to the 
solid state. 
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HOLOGRAPHIC RECORDING USING LC 61 

1.  In the solid state the concentration has to be replaced by the orientation 
distribution functions fA(f l )  and fB(R) which represent the concentration of mol- 
ecules for every distinct solid angle. 

2. The molecular extinction is replaced by the square of the product of the 
transition dipole moment and the vector of polarization. 

3. The rotational diffusion step is represented by a transfer function FAB(R R’) 
which gives the probability for a molecule pointing into R after a reaction provided 
its initial orientation was given by R’. 

The total change of the orientation distribution function is then given by the 
integral over all R’ which turn into R, multiplied with the rate of reacting molecules. 
The result is as follows: 

It is first of all apparent that one stationary solution exists which corresponds to 
an orientation distribution function where all molecules are perpendicular to the 
initial vector of polarization, as experimentally observed (see Figure 8). 

In addition dynamic solution can be obtained. In order to make predictions one 
has to select an appropriate transfer function. We selected one with a Gaussian 
shape 

The width of the distribution which is controlled by the parameter n represents 
in this case something like the rigidity of the matrix. A rigid matrix ( n  = inf) 
reorients the dye molecules always back to the original distribution whereas a 
completely soft matrix does not give rise to any effective restoring force ( n  = 0). 
The comparison of such predictions with experimental results shows that the pre- 
dictions of the rate equation based on this rather crude concept agree quite well 
with the experimental results. An example in case is shown in Figures 10 and 11 
which represent the time development of the reorientation of the optical axis as 
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FIGURE 10 Theoretically predicted time evolution of the reorientation angle. 

FIGURE 11 Experimentally determined time evolution of the reorientation angle. 

observed experimentally. It thus seems that side chain liquid crystalline polymers 
can be characterized as rather soft matrices. 

Two other aspects will briefly be mentioned. First of all the expectation is that 
the reorientation angle should not so much depend on the intensity Z of the light 
but rather on the total energy E supplied to the system (E = Z e t ) .  Figure 12 shows 
results consistent with this expectation. 
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FIGURE 12 Dependence of the reorientation angle on the intensity of the light. 

Another very interesting consequence of the model introduced in this chapter is 
that the resolution should in principle be controlled by the size of a chromophore 
as apparent from the assumption 1 of the model: only those groups can change 
their orientation which undergo such an isomerization cycle. We have called this 
effect molecular a d d r e s ~ i n g . ~ ~  

V. GRATING EXPERIMENTS 

In order to test the capability of the liquid crystalline polymers with respect to the 
storage of holograms we performed grating  experiment^.^^ A stable and vibration- 
damped optical table has to be used for such interference experiments (Figure 13). 
Gratings are conveniently obtained by using a two beam interference of plane 
waves in a Mach Zehnder interferometer. An argon ion laser operating at  488 nm 
single mode single frequency was used by us as the light source. Spatial frequencies 
between 10 and 3000 lines/mm were achieved by varying the angle of the intersection 
according to: 

A = h/2 sin(B/2) 

where A: fringe spacing. 
Tubes were placed in the arms of the interferometer to avoid disturbances due 

to air convection, the irradiation time could be extended up to nearly 3 hours. The 
diffraction efficiency which is one of the relevant parameters to be characterized 
is given by 

for the mth order of refraction. 
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photodiode 
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XI2 plate 
/ n 

FIGURE 13 Experimental set up used for the grating experiments. 

It is helpful to be able to probe the induced optical modulation during the 
recording process. The set-up allowing this is shown in Figure 13. We used a helium 
neon laser operating at 632.8 nm for the probing. The diffracted intensities were 
recorded by a photodiode. 

Later on we will discuss polarization holography where the polarizations of the 
object beam and the reference beam are not parallel. In this case a h/2 plate is 
placed in one arm of the interferometer to turn the direction of polarization. The 
grating is then detected by circular polarized light of a He-Ne laser operating at 
632.8 nm. To measure the intensity in the first diffractive order as a function of 
time and polarization a polarizer and a photodiode were used. The resulting signal 
was divided by the value of the detecting laser beam at the same polarization but 
measured before the irradiation process. 

Typical results for the growth of the induced grating (parallel polarization of 
object and reference beam) and the diffraction efficiencies observed are shown in 
Figures 14 and 15. Figure 14 displays the growth of the induced modulations for 
various writing intensities and Figure 15 shows, for example, the first order dif- 
fraction efficiency as a function of the spatial frequency as measured for the liquid 
crystalline monodomain films. As this diagram shows small structures can be re- 
corded very effectively. The very high diffraction efficiency which can be achieved 
combined with an excellent resolving power makes this type of liquid crystalline 
polymer an attractive novel recording medium. 

Actually we were able to store real holograms reversibly in such materials and 
we were also able to prepare holographic optical components, such as a Fresnel 
lens, using azobenzene containing liquid crystalline side chain polymers. This has 
been documented in the literature. Yet one specific feature of the material which 
makes it different from the conventional holographic storage materials has not been 
taken into account so far: it stores in principle not only information on the intensity 
but also on the state of polarization of the light. It can thus be used for polarization 
holography. 
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/ 30170 Acrvlat 

i.! //// 
FIGURE 14 Growth of the induced modulations (grating experiment) for various writing intensities. 

100/0 Acrylat 
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FIGURE 15 First order diffraction efficiency as a function of the spatial frequency. 

VI. POLARIZATION HOLOGRAPHY15~16~25-27 

It has been pointed out above that the characteristic feature of holographic re- 
cording is the transformation of phase information into intensity using the inter- 
ference of the beam carrying the information (object beam) with a reference beam. 
The reason is that optical storage media are not able to record phase information 
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66 K. ANDERLE AND J .  H. WENDORFF 

directly. Optical recording media have still another disadvantage. The pattern 
recorded does not contain information on the state of polarization of the incident 
light. So if the surface of the object to be recorded has the property of changing 
the polarization of the reflected light one will not be able to store this information 
in the hologram. Sometimes this kind of information may be crucial. Polarization 
holography is the answer. 

It has become apparent above that the material described here is to  a certain 
extent able to store information on the polarization of the light: it tends to change 
the direction of its main optical axis which approaches a saturation value of 90" 
relative to the polarization direction. So in principle this material may be capable 
of storing polarization holograms. To test this capability it is again favorable to 
perform grating experiments. The following part will be concerned with a discussion 
of how to obtain gratings based on the superposition of beams with different 
polarization, how such gratings are stored in the liquid crystalline materials and 
finally we will discuss the read out. 

So at first we consider the superposition of two beams with different polarization 
and intensity the propagation vector k of which is characterized by an angle S/2 
with respect to the x-axis (Figure 16). We obtain for the y-direction: 

El = E O r  
i( - I k Jysin(SI2) -or) 

E2 = Eo[e, cos cp + ey sin cp cos(S/2) + ex sin cp ~ i n ( S / 2 ) ] e ~ ( l ~ l Y ~ ~ ~ ( ~ ~ ~ ) - ~ ~ )  

The first wave is thus polarized along the z-direction and the polarization of the 
second wave is tilted by the angle cp with respect to the z-axis. I k (  is defined as 1 kl 
= 2 d h .  We will limit our discussion to the two cases: cp = 0" (parallel polarization) 
and cp = 90" (perpendicular polarization). 

The superposition of the two waves results in the following intensity distribution 
in the first case (parallel polarization) 

This is a cos-grating with a spatial frequency of A = M(2 sin(W2)). 

FIGURE 16 Superposition of two beams with different directions of polarization. 
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HOLOGRAPHIC RECORDING USING LC 67 

FIGURE 17 Polarization grating as predicted by theory. 

unirradiated irradiated 

FIGURE 18 Schematic diagram for the distribution of molecular axes in a simple polarization grating. 

In the case of perpendicular polarized waves the electric field vector turns out 
to be 

E = E,[e,e-'@ + ex sin(6/2)ei@ + ey ~os(6/2)e '~]e- '~ '  

with 

21T 
A @ = - y sin(W2) 

The intensities ( I  = EE*) are thus independent of the phase @. So a polarization 
grating periodic in l~ is obtained, in contrast to an amplitude grating periodic in l~ 

obtained for cp = 0. The relation given above will be discussed for different phases 
@. Due to the fact, that 6 is taken to be small, the component in the x-direction 
can be neglected. 

1. @ = 0 
2. @ = n/4 
3. @ = d 2  
4. 

E = E,[e, + ey]e-lwl 
E = Eo/v'3[(ey + e,) + i(ey - e,)le-'~r 
E = Eo[i(ey - e,)]eciwl 

= 3/4n E = ~, /v '3 [ - (e ,  + e,) + i(ey - e,)le-'w' 

So the state of polarization varies periodically as a function of + and thus of y as 
shown schematically in Figure 17. Cases 1. and 3. describe linearly polarized light, 
with the polarizations tilted k45"  with respect to the z-axis. The expressions for 
the cases 2. and 4. describe right and left circularly polarized light. The grating is 
a mixture of amplitude and polarization gratings for 0" < cp < 90". 

Next we will consider the effect of such a polarization grating on the storage 
material considered here considering at first parallel polarization directions of 
object and reference beam. The irradiation with an s-polarized grating leads to a 
relative simple structure as shown in Figure 18. No change of orientation will take 
place within the unirradiated areas and the molecular groups are reoriented by 90" 
in the irradiated areas. The refractive indices in this area will change consequently. 
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68 K. ANDERLE AND J.  H.  WENDORFF 

The principal optical axis will still be oriented along the direction of the polarization 
of incident light. Thus the refractive indices (n ,  and n,) will change periodically, 
without any change of the principal axis. This can be described by 

n,” + n; 1 1 + - (n,” - n;)sin(y/A) = fi, + - An, sin(ylA) 2 2 n,(y) = - 2 

where ny is the ordinary refractive index. 
Next we will consider the read out (diffraction) of the stored grating using circular 

polarized light. The analysis predicts that the intensity displays diffractive maxima 
of order q at 

with diffraction efficiencies of: 

qq = ZJZ0 = J3(fAni/2) 

Thus both beams (y- and z-polarized) are predicted to be diffracted to the same 
places but with different intensities. The phase difference between the two beams 
(due to the average refractive index) is 

with 

For A = d 2  the incident circular polarized light will lead to elliptically polarized 
light with different directions of the principal axis in different orders q of the 
diffraction. A very interesting case is the one where An, = 0. The light is linearly 
z-polarized in all orders q which is very interesting for polarization holography. 
The problem is to realize a reference wave such that Anj+9, = 0 (where i is the 
given polarization of the object wave). 

The discussion on the optical pattern induced in the storage material by the 
polarization grating (using different polarization directions) as well as on the read 
out behavior using circularly polarized light will be quite complex, it goes well 
beyond the scheme of this contribution. It is sufficient to point out that an optically 
biaxial structure is induced in those locations which are illuminated (one axis along 
z the other along x )  and that the interaction of circularly polarized light with such 
an optical pattern will have strong effects on quantities such as the angular distri- 
bution of the maximum diffraction efficiency, the ratio of the polarization of the 
incident and the diffracted beam, etc. 

Next we will introduce experimental results. At first some results obtained for 
a parallel polarization of the two beams will be considered. The quantities of interest 
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FIGURE 19 Illustration of the diffraction efficiency as a function of the irradiation time (polar 
diagram). 
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FIGURE 20 Maximum diffraction efficiency as a function of the irradiation time, parallel polarizations 
of intersecting beams. 
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FIGURE 21 Phase angle as a function of the irradiation time, parallel polarizations of intersecting 
beams. 

-90 1 
FIGURE 22 Angle of maximum diffraction efficiency as a function of the irradiation time, parallel 
polarizations of intersecting beams. 

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

3:
31

 1
8 

Fe
br

ua
ry

 2
01

3 



HOLOGRAPHIC RECORDING USING LC 

200-.  

I R O -  

160- 

140- 

.o 120- 
c! 

I 
B ao- 

+a 

.- 8 100- 

3. 

L 

.- 

60 - 

4 0 -  

20 - 

0 - 

71 

, 

.-,-- , - , i r - , - l - - - 1 - ~ ~  ---Q 

0.0 4000.0 8I lOO.O 1.2E-i 04 1.6C+04 2.OE-I 04) 

0 .30 

c 
P 
u 0 I 5  c 

0 . o o  1 I I I I I 

0.0 5000.0 1.OE+04 1.5E+04 2.OE+04 2.5E104 

t Isecl 
FIGURE 24 Maximum diffraction efficiency as a function of the irradiation time, nonparallel polar- 
izations of intersecting beams. 
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FIGURE 25 
beams. 
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Phase angle as a function of the irradiation time, nonparallel polarizations of intersecting 

90- 
h 
U 
c .- 0 1 1  60- * .- + !  

, . . . . . . 0 deg 

2 0  deg 

45 deg 

6 0  deg 

--- 

- 0 

9 0  deg 

5 Angle of maximum diffraction efficiency as a function of the irradiation time, nonpara 
polarizations of intersecting beams. 

are the polar angle for which the maximum diffraction efficiency is observed (rel- 
ative to the z-direction), the maximum diffraction efficiency itself, the polarization 
ratios (ratio of the maximum to the minimum diffraction efficiency, which is a 
measure of the degree of linear polarization of the diffracted beam) and finally the 
phase angle between the z- and y-polarized partial beams. The first three quantities 
are especially interesting for judging the capabilities of the material for polarization 
holography. The phase difference is useful for the comparison of the results ob- 
tained from UV-dichroitic with those obtained from grating index experiments. 

Figure 19 shows as an illustration the development of the diffraction efficiency 
as a function of time in a polar diagram. It is apparent that the angle of maximum 
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HOLOGRAPHIC RECORDING USING LC 73 

diffraction efficiency is about 30" and is independent of the irradiation time. Next 
we will consider the quantities mentioned above in more detail. 

Maximum Diffraction Efficiency (Figure 20) 

The diffraction efficiencies increase with time for shorter irradiation times. Re- 
markable is the first maximum of the diffractive efficiency. Its occurrence is prob- 
ably the consequence of the onset of the isomerization cycles. A constant value of 
about 0.16 is obtained for longer irradiation times. The gap apparent for inter- 
mediate irradiation times is due to interpolation problems, this problem occurred 
also for the analysis of the data presented in the following figures. 

Phase Angle (Figure 21) 

The phase angle describes the phase difference between z- and y-polarized beam. 
Due to the circular polarization this angle is 90" in front of the grating. Again a 
maximum is observed for shorter times as in the case of the diffractive efficiency. 
The light which has been diffracted by the grating is nearly linearly polarized as 
apparent from the data on the phase angle and polarization ratio. 

Angle of Maximum Diffractive Efficiency (Figure 22) 

The angle of maximum diffraction efficiency increases with increasing irradiation 
time for short times and saturates at an angle of 30" (see polar diagram). 

Polarization Ratio (Figure 23) 

The polarization ratio approaches very high values for longer irradiation times after 
having displayed a local maximum for shorter irradiation times. This is consistent 
with the results discussed above for the phase angle. 

So it is obvious that the material is able to store to a certain extent information 
related to polarization and that one is able to retrieve such information using an 
unpolarized beam. The patterns obtained are, however, quite complex already for 
this special case. We are currently performing experiments to try to develop an 
understanding of the basic features in relation to the processes happening during 
storage in the liquid crystalline polymers. 

In the following we will analyze the even more complex case that the angle 
between the two polarization directions is varying between 0 and 90". This angle 
is the parameter in all diagrams to follow. 

In the case of the maximum diffractive efficiency (Figure 24) the first maximum 
apparent in the diagram for 0" is shifted to longer irradiation times with increasing 
angle between the two beams. It is also apparent, that the diffraction efficiency 
assumes the lowest value for a parallel polarization and displays a maximum with 
more than one third of the maximum theoretical value for 20". Taking this result 
and the one obtained for the polarization ratio it is apparent that the integral 
diffraction efficiency amounts to nearly 39% which is the maximum theoretical 
value. This is very surprising, because the grating is not a sin-grating after such 
long irradiation times. 
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74 K. ANDERLE AND J .  H. WENDORFF 

The phase angles (Figure 25) definitely depend quite strongly on the angle of 
intersection of the polarization directions although is very difficult to draw a final 
conclusion since the phase angle did not approach a stationary state at the end of 
the experimental irradiation time. The phase angle decreases with increasing in- 
tersection angle, it only displays a maximum at intermediate irradiation times for 
an angle of 0". 

Another interesting result is the very characteristic dependence of the angle of 
maximum diffraction efficiency on the angle between the two writing beams as 
observed for long irradiation times (Figure 26). This dependence is important for 
the characterization of the material with respect to its capability to act as a storage 
material for polarization holography: the angle of maximum diffractive efficiency 
should be correlated with the polarization of the two writing beams. Although the 
curves show a correlation between these angles the deviation between the angle 
of the two incident beams and the angle of maximum diffractive efficiency is 
relatively large. The angles are nearly the same only in the case of 90". This was 
proved also by experiments with other samples. 

The polarization ratios as obtained for long irradiation times turned out to be 
very low especially at those points where the diffractive efficiency is large. It is 
still too early to arrive at a final judgment on the capability of the liquid crystalline 
material to be successive in the area of polarization holography. In any case the 
properties introduced above show that the potential is promising but also that the 
development of a more detailed understanding on the dynamic processes (isomer- 
ization) and the resulting optical properties (modification of birefringence, optical 
axes orientation) is a fundamental requirement for a future in such applications. 
In addition it should be mentioned that the concept discussed here can also be 
used for transient holography where the holographically stored information relaxes 
within a time scale of ms to s, depending on the application and where continuously 
new information is written in, using for instance a computer in connection with a 
laser scanner. Holographic and thus 3-dimensional displays are possible applica- 
tions. We have performed corresponding experiments using azobenzene containing 
monomers. 
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