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in the presence of orienting electric field
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Abstract. The dynamics of holographic recording in a film
of azo-containing liquid-crystal polymer is studied both
experimentally and theoretically in the presence of the ori-
enting electric field. The possibility is demonstrated to effi-
ciently control the optical recording regime by varying the
applied field. The specificity of hologram formation in the
case of different polarisation of the interacting light beams
is considered. A theoretical model describing the holo-
graphic recording dynamics in a film of azo-containing nem-
atic polymer is presented; numerical simulation of the
processes of recording and read-out in anisotropic holo-
grams is carried out as well.

1. Introduction

The capability to control the diffractional characteristics of
the photosensitive media manifesting liquid-crystal (LC)
properties is of great interest for optical data processing
and storage. Sutherland et al. [1 3] considered the possibil-
ities for realising this control during the read-out of pre-re-
corded holograms. However, in photochromic polymer LC
materials containing azo-dye fragments, the holographic
properties of the media can be controlled directly at the
recording stage by using an orienting electric field [4, 5].
This is related to the fact that anisotropic chromophores par-
ticipating in the formation of the LC mesophase are mostly
oriented along the LC director of the polymer. When an
electric field is applied, the LC director reorients itself in
the layer, changing the efficiency of the interaction between
the azo dye and the light. This finally leads to a variation in
the light-induced term of the refractive index Anm;,y and a
modification of the optical recording depth in the polymer
sample [5].

Birefringent organic compounds containing azo dyes can
be used for highly efficient recording of anisotropic (polarisa-
tion) holograms [6 — 8]. Of particular interest for the applica-
tions are the holographic recording processes based on inter-
modal diffraction, since they permit a significant increase in
the signal-to-noise ratio during the read-out of optical data
and realisation of wide-band data reproduction [9]. The
fact that photoanisotropic properties of azo-containing LC
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polymers depend on the applied electric field makes these
materials attractive for controlled selective read-out of the
optical data recorded as volume holograms.

In this work, we studied experimentally and theoretically
the holographic recording dynamics in a film of azo-contain-
ing nematic LC polymer with cyanobiphenyl fragments
[10,11]. We consider the influence of the orienting electric
field on the efficiency of diffractional processes.

To the best of our knowledge, the dynamics of the proc-
esses of read-out and recording of anisotropic holograms in
azo-containing LC polymers has not been studied experimen-
tally and theoretically so far. Huang et al. [8] analysed the
stationary regime of holographic recording in amorphous
azo-containing materials using rather strong simplifying
assumptions.

2. Statement of the problem.
The computational model

Consider the process of simultaneous hologram recording
and read-out in a film of photosensitive azo-containing LC
polymer for the geometry shown in Figs 1 a,d. The polymer
layer of thickness L is illuminated by two recording light
beams (E; and E; are the electric field vectors of the light
waves) of either parallel (s—s, Fig. 1a) or orthogonal (s—p,
Fig. 1d) polarisation. The hologram is read out by the s-pola-
rised probe beam Ej, at the wavelength A, (Ap > 4y, Where A; is
the corresponding wavelength in vacuum); the probe beam
propagates at the Bragg angle with respect to the film. The
applied electric field E, determines the orientation of the
polymer layer.

Illumination of the polymer by the beams E;, E> leads to
the formation of the dynamic anisotropic gratings of the
refractive index Afi(z,x,?) and the intensity-transmission
coefficient 7'(z,x,1); this gratings scatter both the probe
beam and the recording beams. The form of the tensor func-
tions A7 (z, x, 1), AT (z, x, t) is determined by the polarisation
and the propagation directions of the recording light beams
(i.e., the type of the diffractional process). Due to nonlinear
light absorption inside the polymer, the grating amplitudes
depend on the depth (along the axis Z) in rather complicated
ways. In the general case, the analytical calculation of the
processes of recording and read-out of anisotropic dynamic
holograms in a polymer layer of a finite thickness is not fea-
sible; for these reasons, the following theoretical analysis will
be based on the numerical simulation methods.

We represent the polymer film as a set of amplitude-phase
screens that are arranged along the Z-axis with the spacing
Az, and introduce the following notation for the light fields

1Al»(z, x) exp(ik; r) +c.c. (1)

E —eFE. E =
1 el 13 1 2
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Figure 1. The geometry of holographic recording by s —s-polarised (a) and s — p-polarised (d) laser beams, and the vector diagrams of the corresponding dif-
fractional processes in the oriented LC polymer film: the intramodal (b) and intermodal (e) recording, and the intramodal read-out of the holograms (c and (f)).

where A4;(z, x) is the complex amplitude; e; is the unit vector
of polarisation; and k; is the wave vector of the light beam
(i =1,2 corresponds to the recording beams; i = p to the
probe beam). The wave number of the beams in the aniso-
tropic medium is given by k; = 2n;/2;, where the index of
refraction #; is determined by the polarisation and the prop-
agation direction of the ith beam. Assuming that the com-
plex amplitudes A4;(z,x) in the plane z are known, we will
calculate the field amplitudes in the next layer z + Az. The
resulting calculation procedure will then be extended to the
entire film thickness L. The sequence of the computational
steps can be represented as follows:

(1) Using the photoprocess equations for the polymer and
the given amplitudes A;(z,x) and A,(z, x), we calculate the
parameters Ani (z, x, £) and 7T (z, x, 1) of the anisotropic ampli-
tude-phase screen.

(2) Using the explicit form of A7 (z, x, f) and T (z,x, 1), we
consider the diffraction of the recording light beams:

Ai(z + Az, x) = P(A2)[T(z, x, )] 4;(z, x)

x explik;An(z, x, t)Az/#].

Here, P(Az) is the operator of propagation (diffraction) over
the distance Az; An(z, x,t) is the addition to the refractive
index due to the considered diffractional process; i =1,2;
and n is the unperturbed value of the refractive index.

(3) We assume that the probe beam does not induce pho-
totransformations in the polymer and neglect the scattering
of the probe beam by the amplitude component of the
recorded grating. Taking into account the calculated phase
inhomogeneity of the layer, we find

Ap(z+Az,x) = P(Az)Ap(z, X)
x explik,An(z, x, 1)Az/f — Kk,Az/2],

where kp is the intensity absorption coefficient of the probe
beam.

Therefore, the main computational steps are reduced to
finding the parameters of the model amplitude-phase screen
for the current polymer layer and calculating the diffraction
of the light beams from each intermediate layer.

Figs 1b,cand 1 e, fshow the diagrams of the diffractional
processes that correspond to the interaction geometry shown,
in Figs 1a and 1d, respectively. These figures show the cross
sections of the surfaces formed by the wave vectors of the
ordinary (o-) wave (s-polarisation) and the extraordinary
(e-) wave (p-polarisation) for the processes of the hologram
recording and read-out. The recording and the read-out
shown respectively in Figs 1b and 1 ¢ are performed by ordi-
nary s-polarised beams using the intramodal diffraction
without change of polarisation. At the same time, the record-
ing shown in Fig. 1e is the intermodal process using s—p-
polarised beams, while the read-out shown in Fig. 1f is the
intramodal process using s—s-polarised beams.

Using the presented diagrams and the identity of the gra-
ting vectors K corresponding to the recording and the read-
out processes, we can determine the read-out angle i, and the
diffraction angle ¥, that satisfy the Bragg condition for the
probe light beam (all angles here refer to propagation direc-
tion inside the polymer). For instance, for the geometry
shown in Fig. la, we easily find
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A

W, =, = arcsin (i—psinﬁl). )
T

Here, we take into account that f; = f§, in experiments. In

the case of intermodal diffraction (Fig. 1d), we can deter-
mine the angles ; and > by equating the X- and Z-com-
ponents of the grating vector K for the processes of the
hologram recording (Fig. 1e) and read-out (Fig. 1f). Using
the condition §; = f3,, we obtain

sin ﬁl [ne(ﬁl) + nl]j'p =ng (Sinlpl + sin ‘pZ)}'rs (3)

cos By [ne(y) — nﬂ)vp =n, (cosyyy —cosy)/y.

where 1o(f;) = (cos® B, /n? + sin® .31/’1\\2) 2 is the refrac-
tive index for the extraordinary wave propagating at the
angle f;; n, n, are the principal values of the refractive
index of the aligned polymer film in the longitudinal and
transverse directions with respect to the LC director.

The derived expressions (2) and (3) will be later used in
the numerical simulation to determine the angles y; and
> of propagation of the probe beam inside the polymer
that satisfy the Bragg condition. Note that the splitting of
the wave-vector surfaces due to birefringence, ~ 2 () —
ny)/%p, exceeds the indeterminacy of the wave vector due
to the finite hologram thickness, ~2n/d, where d = min (L,
dqr), and d.; — 1is effective depth of the hologram recording.
As a result, different diffraction types are resolved with res-
pect to the angle. The strict fixation of the polarisation and
the angles of incidence of the light beams thus uniquely
defines the type of the diffractional process.

We will analyse the diffraction of the light beams using
the beam propagating method (BPM) (see, e.g., [12]). For a
known complex field amplitude A(z,x) in the layer z, this
method allows one to calculate the field amplitude A(z+
Az, x) in the next layer z + Az corresponding to diffraction
in a homogeneous medium:

A(z+ Az, x) = P(A2)A(z,x) = F ! {ﬁ[A (z,x"),x"s k]

x exp [iAz(VAkZ = k2 — k)], ky; x}. )

Here, k is the wave number; F [ |, F ~'{ } are the operators of
the forward and the backward Fourier transforms. Note
that, in contrast to the usual paraxial BPM, algorithm (4)
is the exact solution of the scalar Helmholtz equation for the
TE wave. Using this approach, we can adequately account
for the diffraction of the light beams propagating at large
angles with respect to the normal to the layer. A similar
expression for the amplitude of the magnetic field of the
light wave can be derived for the diffraction of the #p-
polarised beam [13].

We now turn to the analysis of the photoprocess dynamics
in a thin polymer layer, ignoring for the moment the diffrac-
tional effects. Based on the results of this analysis, we will
determine the parameters of the model amplitude-phase
screens.

3. The dynamics of holographic recording
in a polymer layer

We have previously shown [5] that, at the initial stage of
irradiation by light ( < 5!, where b is the rate of photoiso-
merisation), the principal role is the principal role is played by
the processes in the azochromophore subsystem. For the

recording light beams with arbitrary polarisation, the angular
distribution density function of the azo-dye trans-isomers
n1(9, ¢, t) evolves according to the equation

om(%,9,1) oy . Loy
T——%gGI.EEnI—i- ;+%g62EE
X(No = (n1))po (9, ). ()

Here E = E| + E, is the total vector of the electric field
of the light waves; y; and y, are the quantum yields of the
trans-cis- and cis-trans-isomerisation processes, respectively;
a1, 0, are the absorption tensors of the trans- and cis-isomers
of the azo dye; 3, ¢ are the Euler angles defining the orien-
tation of the selected trans-isomer of the azo dye; N, is the
total concentration of the azo dye in the polymer; t is the
time of thermal relaxation of the cis-form to the trans-form;
g = ficy/4m is a constant; 7 is the average refractive index of
the polymer; ¢ is the speed of light in vacuum.

In this notations, the rate of photoisomerisation is given
by b =vy,0,1/hw, where I is the light intensity. The factor
po(3, @) in the right-hand side of Eqn (5) accounts for the
influence of the LC alignment on angular redistribution of
the azo-dye trans-isomers during cis-trans-photoisomerisa-
tion. In the following we will assume that py(9, ¢) is deter-
mined by the Meyer—Saupe theory of self-consistent field
and will use the approximation presented in Ref. [14]. We
also assume that initially the polymer contains only trans-iso-
mers that are distributed according to py(3, ¢):

nl(‘gv Q1= 0) = NOPO(‘gv (P) ~ NO[I + SSPZ(VM)}/4TC, (6)
where the vector v = {0, sin¢, cos &} is the nematic direc-
tor; m = {sinYcos @, sinJsinp,cos I} is the unit vector
determining the angular position of the chromophore
trans-isomer; S is the orientation order parameter; and
P,(x) is the second-order Legendre polynomial. To find
n;(3, @, 1), we supplement Eqn (5) by the equations describ-
ing absorption of the light beams during their propagation in
the polymer. Introducing the notation I; = g47/2 (i = 1,2 is
the beam numbers) and using expressions from Ref. [5], we
obtain

dz

The averaging here is performed over the distribution
n1(3, ¢, t), and the boundary conditions for Eqn (7) are given
by the intensity of the light beams at the input side of the
layer, I;,(z =0, x, 7). The simultaneous solution of Eqns(5)
and (7) provides n;(93, ¢, t), allowing one to find the light-
induced changes An;,4 in the refractive index of the current
polymer layer. For example, the expression for the variation
in the refractive index in the Y direction will take in accord-
ance with Ref. [5] the following form

= —[(6, 3eiei>nl + (No — (n1))62: eei] Ii(z, x, ). (7)

An{;d = 47T{f0(1 + OCZ[NO - <I’l1 (‘97 @, I)H}/Zfl, (8)

f= (sin2 9 sin? (p)nl(,;_’(ﬂ‘t) — (sin2 9 sin’ (p)nl(s_’(ﬂ‘,:o).

Here, «; and «, are the polarisabilities of the trans- and cis-
isomers of the azo dye, respectively.

Note that the right-hand sides of Eqns (5) and (7) contain
the products of the fast-oscillating spatial factors ~exp (ikr),
exp (ik,r). Therefore, when analysing these equations, we will
perform the averaging over the spatial frequencies k; and k,
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retaining only the interference terms of the form ~ cos (Kr)
etc. Here, K = k;— k, is the vector of the spatial grating
of the 1nten51t?/ distribution;

[kl + k7 — 2kyks cos (ﬁ1 + 52)] Due to saturation
effects the final expression for n,(9, ¢, 1), derived by the
simultaneous solution of Eqns (5) and (7), is a nonlinear func-
tion of the amplitude of the interaction fields that contains the
interference terms of the form ~ cos (mKr). The produced gra-
ting of the refractive index is thus anharmonic.

The temporal dynamics of the light-induced processes in
the polymer makes it necessary to retain the information abo-
ut the local values of A7 (z, x, t), T (z, x, t) during the numer-
ical solution of Eqns(5) and (7) so that this information can
be used to calculate An(z, x, t + At), f(z, X, t + Af) at the
subsequent time instants. It turns out that in our case we
can significantly reduce the amount of the intermediate
data by converting in equation (5) to a new independent var-
iable-the light exposure

1t

W(z,x,t) = J I(z, X, t')dl',

0
where ¢ is the current time. In this case, it is sufficient to
retain the distribution of W(z, x, f) over the entire polymer
layer at the preceding computational step. Note that the pas-
sage to W(z, x, t) in Eqn(5) is approximate and requires the
validity of the inequality /(z, x, 1) > hiw/(y,0,7).

4. Holographic recording
by s—s-polarised beams

The geometry of the holographic recording by s—s-pola-
rised light beams is shown in Fig. 1a. In this case, the pola-
risation vectors of the electric field of the light waves satisfy
e; = e; = e,. Introducing the notation I (z, x, t) L+DL+
2(1112)1/ cos (Kx), where K = 4nn, sin(f)) 27" and B =5,
(the experimental condition), we rewrite Eqn (5) in the form

ony 71011(z,x,1) © 22
—— =" pysin” 9sin
ot hiw ! ¢

(1
+| =+
T

Taking into account the symmetry of the interaction, we can
express the equation describing the light absorption in the
polymer in terms of /(z, x, ?):

M%?ﬁy%4mm&m ©)

dI(z,x,t)
dz o
(10)
—[o1(sin® 9sin” @), + a2(No — (m))]1(z, x,1).

Since expressions (9) and (10) are not explicitly dependent on
x (they depend on x only through the boundary condition),
the results of Ref. [5], derived for a single beam propagating
in the polymer film, can be directly applied to solving Eqns
(9) and (10). The light-induced addition to the refractive in-
dex An}, and the transmission coefficient 7'(z,x, ) of the
current polymer layer are then determined by

A”lnd (27 x7 [) = F[I(Z7 x’ t)7 t? Ea]7
(11
I(z+ Az, x,1)

GlI(z,x,1),Az,1]
1(z,x,1) '

T(x,z,1) = IGx 1)

The explicit form of the functions G, F is given in Ref. [3].

Thus, if we have calculated the light intensity in the cur-
rent point of the polymer layer according to Eqn (11), we can
find An;, ; in the same point at the next time instant. This pro-
cedure for calculating An},(z,x,7) and the transmission
coefficient 7'(z, x, t) will be later used to compute the param-
eters of the amplitude-phase screens during the numerical
simulation according to the BPM scheme.

5. Holographic recording
by s—p-polarised beams

The geometry of holographic recording by s-p-polarised
light beams is shown in Fig. 1d. In the chosen system of coor-
dinates, the unit vectors of the polarisation of the light beams
are given by e; = ¢, and e, = ¢, cos 5, + e, sin f§,. In this case,
we cannot rewrite Eqns (5) and (7) in terms of a single func-
tion of the two unknown intensities of the interacting light
beams I}, (z, x,t) as we did it before. Keeping the general
form of Eqns (5) and (7), we therefore obtain

O OB (5, )0y + B3, )

+2[B1(9,0)By(8, 0) 1, ] cos(Kx) by

1 o

o B2 ) (N - eDB0), (2)
dli(z, x,t
% = —[01(Bi(9,9)),, + 02(No — (m1))1i(z, x, 7).

(13)
Here, i = 1,2 is the beam numbers;

Lot Qa2

B, (9, ¢) = sin” 9sin” ¢, (14

By (9, ¢) = (sin B, cos $ + cos i, sin I cos ¢)?

are the angular coefficients determined by the projections of
the trans-isomer principal axes on the electric field vectors of
the light beams. In a close analogy with Ref. [5], the solution
of Eqn (12) can be found as a power series with respect to the
small parameter bz (bt < 1) using the method of successive
approximations. Retaining the second-order terms with res-
pect to bt and grouping the coefficients before equal powers
of the beam intensities, we derive

2 2
(9,9, 1) = Nopo(9,9) +ZZK’ (%, 9,1)

i=1 j=0

1 (2,3, )P [ (2, x,0)] 1. (15)

Here the coefficients K/(9, ¢, #) depend on angles and time;
they can be determined by substituting Eqn (15) into Eqn
(12). Then, we use the derived Eqn (15) to calculate the aver-
ages in the right-hand side of Eqn (13):

dr;(z, x,t
% =—ClL + G (L)1) + G L,
(16)
dhL(z, x,t
% = —ChL + CH(L) (1) + G,
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To simplify the notation in system (16), we introduce the co-
efficients qu (I = 1,2 is the beam number) that result from
averaging B;(3, @) over the distribution (15). Simultaneous
Eqns (16) allow one to determine the transmission coeffi-
cients of the selected polymer layer for the recording light
beams. When solving this system of equations numerically,
we calculated the new intensities 1} 5(z + Az, x, 1) using the
Runge — Kutta method that provides the fourth-order accu-
racy with respect to the step Az. Substituting the solution of
system (16) I; »(z, x, ) into extension (15), we derive the final
expression for n;(3, ¢, f) that takes into account attenuation
of the intensity along the axis Z. The expression for An} jin
the direction of the vector Ej, (corresponding to intra-modal
hologram read-out) can be found using Eqn(8). Since the
complete expressions are rather cumbersome, we do not
present them here.

We now proceed to the description of the experiments and
comparison of the experimental data with the results of the
numerical simulation.

6. The experiment. Comparison with the results
of the numerical simulation

We carried out the holographic recording experiments
using film samples of side-chain nematic LC polymers
with the molar concentration of chemically bound azo-dye
fragments [10,11] equal to 20 %. The nematic phase of the pol-
ymer sample existed in the temperature range 40 — 104°C. For
the experiments, a cell was prepared containing a polymer
layer L = 50 um thick sandwiched between two glass plates
with transparent conductive SnO, electrodes. The initially
incomplete planar alignment of the polymer film was
achieved by rubbing the surfaces of the limiting plates. We
applied to the conductive coatings of the glass plates an alter-
nate voltage U, = 0 — 100 V at a frequency of 350 Hz, which
allowed us to change the orientation of the nematic director
in the polymer layer (due to alignment of the mesogenic frag-
ments along the field). The cell design also included the capabi-
lity to increase and stabilise the working temperature of the po-
Iymer film in the interval 40 —120°C with an accuracy of 0.1°C.

The goniometric measurements of the cell revealed the
principal values of the refractive index of the homotropically
aligned polymer layer: n) ~ 1.78, n, ~ 1.46 (for U, =80 V),
which is in a good agreement with the values found in Ref. [11]
for similar media. The optical densities of the film for A, ~
532 nm and 4, ~ 633 nm in the longitudinal and transverse
directions with respect to the preferred director orientation
amounted respectively to D, ~ 0.9,D~2.8 and D, ~

The hologram was recorded in the polymer sample by the
second harmonic of an LTN-402A Nd: YAG laser (4, =~ 532
nm) using the transmission interference scheme. Fig. 2 shows
the schematic overview of the setup. The laser beam passed
through the electromechanical shutter / and the collimator
2 with the aperture of 20 um, and finally impinged on the
beamsplitter 3. The resulting light beams were reflected by
the mirrors 6 and 7 and interfered in the plane of the polymer
film /7. The double Fresnel rhombs 4 and 5 defined the polar-
isation of the beams, and a set of neutral density filters § was
used to equalise the beam intensities.

The hologram read-out was simultaneous with their
recording. It was realised by the radiation of a LGN-207A
He—Ne laser ( 4, ~ 633 nm) propagating at the angle
(in the air) with respect to the polymer film normal. Photo-

detector 9 measured the intensity of light in the Bragg
diffractional order /g, allowing us to determine the diffrac-
tional efficiency # (f) = Ig/I,, where I, is the intensity of
the probe beam. We calculated 7 (f) only for the polymer
layer; the influence of the glass plates of the cell was taken
into account during the data processing. Photodetector 10
was used for auxiliary goniometric measurements. The gen-
eral control of the experimental setup and the data acqui-
sition was performed using a personal computer connected

Figure 2. Schematic of the experimental setup.

via the electronic control unit /2 and a DAC/ADC board.

The recording light beams, which were converging in the
air at the angle 28 =~ 28°, created a grating with the spatial
frequency A~' of approximately 909 lines mm~' (it was
approximately the same for the cases shown in Figs la and
d). The read-out angle ¥, ~ 16.5°, satisfying the Bragg con-
dition for the geometry of Fig. 1a, was determined experi-
mentally at an orienting voltage of 40 V (350 Hz). For the
geometry of Fig. 1d, the angle was i, ~ 17.5° at the same
voltage. During the experiments the read-out angles were
kept constant.

The curves in Fig. 3 show the dynamics of the diffraction
efficiency for various applied voltages and polarisations of
the recording beams. The hologram was recorded by two light
beams of equal intensity (I, ~ I, ~ 85 mW cm?); the tem-
perature of the sample was ~70°C. One can see from
Fig. 3 a, that, in the geometry of Fig. 1 a, an increase in the
strength of the orienting electric field leads to an increase
in the maximum value of #5(¢). This can be explained by
the fact that in a stronger field the homotropical alignment
of the polar groups leads to a reduction in the light absorption
(2; =~ 532 nm) of the polymer; as a result, the effective depth
of the hologram recording increases.

In the geometry of Fig. 1d, we observe the inverse depen-
dence: 5(f) decreases with increasing field strength (see the
curves in Fig. 3b). In this case, a stronger field leads to a re-
duction in the nondiagonal elements of the tensor An(z, x, £)
at the grating frequency, which are responsible for the inter-
modal diffractional processes. The curves representing the
simulation results were calculated for the same conditions
as in the experiments. The parameters of the polymer were
the same as in Ref. [5]. One can see that, in the region
t<bh! (in our case, b 'x9 s), the theoretical curves are
in good agreement with the experimental data.

7. Conclusions

We have investigated experimentally the features of holo-
gram recording in a film of azo-containing nematic polymer
in the presence of orienting electric field. The possibility was
demonstrated to efficiently control the holographic charac-
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Figure 3. Dynamics of the diffraction efficiency of the holograms in the
nematic polymer film in the presence of the orienting electric field for the
recording by s —s-polarised a and s — p-polarised b beams. The solid curves
represent the simulation results; the symbols represent the experimental
points.

teristics of the polymer layer by varying the strength of the
applied field. We developed a theoretical model that took
into account the anisotropic properties of the compound
and therefore adequately described the dynamics of the holo-
graphic properties that was based on the intra-modal and the
intermodal diffraction. The obtained theoretical results were
in good agreement with the experimental data.
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