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CONTROL OVER LASER BEAM
INTENSITIES IN LIQUID CRYSTAL VALVES
WHEN RECORDING DYNAMIC VOLUME GRATINGS

1. Introduction

Ezxperimental studies of dynamic holography in pure nematic liquid crystals (NLCs) confirm
the recording of dynamic gratings not only in NLC cells with homeotropic orientation, but also
in planar ones. The explanation can be found on the basis of the photorefractive mechanism of
grating recording, which is characterized by the formation of an unbalanced charge at the cell
substrate surface under the action of spatially inhomogeneous light beams. The emergence of
an internal tangential electric field (along the cell substrate) together with an external electric
field applied normally to the cell substrates makes it possible to control the direction of the net
electric field vector. In this paper, a model describing how the intensities of laser beams change
at their self-diffraction and diffraction at a dynamic grating generated in the NLC has been
developed and analyzed. The dynamic phase grating appears due to the orientation mechanism
of birefringence in the NLC at the mizing of two laser beams that form a spatially periodic
interference pattern of the acting light field. The results of calculations of the output laser
beam intensities in the first self-diffraction and diffraction orders are in good agreement with
experimental data. In particular, they explain a well-pronounced maximum in the dependence
of the diffraction efficiency on the external applied voltage.

Keywords: nematic liquid crystals, two-wave mixing, dynamic gratings, diffraction effi-
ciency.

tial light modulators, sensors, adaptive optical ele-

Liquid crystal (LC) materials and their composites
are considered as promising nonlinear optical mate-
rials for modern optoelectronic systems. They find a
lot of applications, in particular, for displays, spa-
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ments, and many others [1-4]. In nonlinear photonic
systems, such a phenomenological effect is used, as
a variation in the refractive index of LC materials
under either the action of light or the simultaneous
action of laser beams and an electric field. The effect
is based on the mechanism of collective reorientation
of molecules in the LC cell, which is easily controlled
by external factors and results in the refractive in-
dex change. The methods of dynamic holography are
among the promising ones for transforming the pa-
rameters of laser beams and images. They cover many
applications: the control over laser beam parameters
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[5,6]; the development of various sensors [7-9]; optical
phase conjugation (OPC), which is used to create mir-
rors with an inverted wavefront, which is very neces-
sary for lidar systems and photolithography [10]; the
development of systems for optical computing; and
the creation of optical computers and holographic ar-
tificial intelligence [11, 12].

In this paper, we consider the effects of controlling
the intensities of the output laser beams at the two-
wave mixing in nematic liquid crystals (NLCs). The
main mechanism consists in recording the dynamic
grating of the refractive index under the action of a
periodic interference field that is formed by two in-
coming laser beams, followed by the self-diffraction
of the recording laser beams or the diffraction of the
test beam at the dynamic grating. Here, we consider
the photorefractive mechanism of optical nonlinear-
ity and the formation of a dynamic phase grating in
the LC. The specific feature is the creation of the in-
ternal field of a space charge, which reorients the LC
molecules [13, 14]. This approach is very promising,
because the unbalanced charge is formed on a cell sub-
strate under the action of a spatially inhomogeneous
light field. As a result, the director reorientation be-
gins from the surface of this substrate and spreads
into the cell volume [15]. Confinement effects such as
an enhancement of the local field factor and a dimin-
ishing of the working volume for the reorientation of
LC molecules [16,17] are appreciable for the LC near
this surface, which allows a substantial reduction of
the relaxation time with the simultaneous growth of
nonlinear refractive index [18-22].

We present a computer simulation of various sce-
narios for controlling the intensity of laser beams
in NLCs at the two-wave mixing. The mathematical
model for calculating the parameters of the diffrac-
tion and self-diffraction at a dynamic grating is con-
sidered in detail for NLC cells with homeotropic and
planar molecular orientations. An important new re-
sult of this work consists in that we obtained opti-
mal values for the reorientation angle of the LC di-
rector, at which the maximum diffraction efficiency
is observed. Those values are different for cells with
homeotropic and planar orientations. The developed
model also makes it possible to consider the pho-
torefractive recording mechanism of dynamic gratings
and to estimate the magnitudes of the internal elec-
tric fields required for the implementation of those
scenarios.

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 7

2. The Model of Wave Diffraction
and Self-Diffraction at Dynamic Gratings
in Planar NLC Cells

2.1. S-effect in a planar NLC cell

As a rule, the reorientation of the NLC director in
the cell bulk is considered in the approximation of
ideal nematic single crystal. In this approximation, it
is assumed that the molecules are on average oriented
along the general direction +d, where d is a unit vec-
tor describing the direction of the LC director. The
system is uniaxial, and the order parameter is a ten-
sor [23]. The standard approach consists in consider-
ing the LC as an anisotropic liquid that exhibits both
elastic and viscous properties [3, 23].

If an electric field is applied to the cell, the di-
rector inclination angle changes. The electric field E
creates a torque for the LC director. LCs demon-
strate many interesting electro-optical effects that
have no analogs in solid and liquid materials. This
is a result of a high lability of the LC structure:
low external electric fields lead to substantial trans-
formations of the director field and, accordingly, to
changes in the optical properties of LCs. At low elec-
tric voltages near the critical Fréedericksz transition,
the nematic molecules become reoriented, and, even-
tually, the director gets oriented along the exter-
nal electric field, if Ae > 0 or perpendicularly to
the field, if Ae < 0. Since the nematic is optically
anisotropic (positive), the position of the optical indi-
catrix with respect to the electric field and light direc-
tions changes. Such electro-optical effects caused by
the reorientation owing to Fréedericksz transition are
called orientational [3, 24]. These effects have mag-
netic analogs.

In the framework of the continuum theory of ne-
matics, when only short-range intermolecular forces
are taken into consideration, the following Frank con-
stants are used to describe the transformations of the
NLC director: K; is the splay modulus (divd # 0),
K> is the twist modulus (d-rotd # 0), and K3 is the
bend modulus (d x rotd # 0).

Consider the standard sandwich-like geometry of a
cell with a nematic LC. Its simplest two-dimensional
model is exhibited in Fig. 1. A nematic layer of thick-
ness L is located between two substrates that are
infinite along the z- and y-axes. A two-dimensional
(2D) system is considered, where the director d is
located in the plane (z,x). Rod-shaped mesogenic
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Fig. 1. Schematic diagram of a uniaxial nematic liquid crystal
medium; 6@ is the tilt angle of the LC director with respect to
the z-axis; d is the LC director demonstrating the predominant
orientation of the long axes of the LC molecules, the vector C
marks the optical axis of the LC medium, L is the LC cell
thickness, vector E, is the external electric field created by the
voltage U applied to the cell substrates, and vector E; is the
internal electric field created by an unbalanced charge

LC molecules are characterized by positive optical
anisotropy. The director vector determines the direc-
tion of the NLC optical axis C: C || d . We assume
that the director d determines the orientation of L.C
molecules only in the cell bulk; the surface reorienta-
tion effects are neglected. A constant electric field E,
is applied along the z-axis. In this scheme, we con-
sider the photorefractive recording mechanism of dy-
namic gratings, i.e., the creation of an internal electric
field E;. by an unbalanced charge photoinduced by
the light [13,14]. This field is spatially modulated in
accordance with the light interference pattern and is
directed along the z-axis: E, = Eg. in Fig. 1.

In the case of a 2D cell, the orientational electro-
optical effect is invoked by the transverse bend de-
formation, which is described only by the elasticity
constant K. This electro-optical effect is commonly
referred to as the S-effect. LC molecules have a defi-
nite initial orientation determined by the conditions
of molecular orientation at the surface. Let 0y de-
note the initial inclination angle of the LC director
with respect to the z-axis in the cell bulk. In partic-
ular, 8y = 0 for the initial homeotropic orientation
of molecules in the cell, and 6y = 7 for the planar
orientation.

Consider the effects connected with the presence of
a tangential electric field E, = E,. that arises as a
result of photo-induced charges under the action of
a spatially inhomogeneous light beam. In this case,
the LC molecules become reoriented under the action
of the total field E, which is defined as the sum of
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two vectors, E = E, + E,. Consider the effects in the
stationary state. This approach makes it possible to
estimate the magnitude of the internal field E, that
has to be formed in the NLC by means of photo-
induced mechanisms.

Anisotropy in NLCs is characterized in accordance
with optically positive uniaxial crystals. The birefrin-
gence value is described with the help of the op-
tical indicatrix ellipsoid, which determines the val-
ues of the refractive indices for the ordinary and
extraordinary wave polarizations. Light beams with
the ordinary and extraordinary polarizations pass
through the nematic layer together, but acquire dif-
ferent phase incursions, 2mn,L/A and 2mn.(0)L/A,
with some phase delay between them. In the case of
S-effects, only the rotation of the LC director in the
(z, z)-plane is taken into account, and the twist ef-
fect is neglected. Under such conditions, the value of
the refractive index for the ordinary wave does not
change and is equal to ng = n . At the same time,
the value of the refractive index for an extraordinary
wave depends on the angle 0: n.(6 = 0) = n_ for
the homeotropic orientation, and n.(6 = 7) = n for
the planar one, where n, and n| are the principal
values of the refractive index. The optical anisotropy
of nematic NLCs is evaluated by the difference An =
=ne(0) — n, [3].

If an electric field E acts in the cell at an angle 6
with respect to the z-axis, the LC molecules reorient
so that the director vector becomes directed along the
electric field vector, d || E. A specific feature of the
orientational electro-optical effect in NLCs is that the
orientation of the crystal optical axis changes under
the action of the net electric field. Thus, if the direc-
tor reorients, the optical indicatrix ellipsoid rotates.

At the cell output, the difference § between the
phase incursions for the ordinary and extraordinary
laser beams is equal to [2, 3,23, 24]

2rL
§ = ——[ne(0) —nol, (1)
where A is the light wavelength. The extraordinary
light refractive index n.(f) depends on the angle of
director reorientation # with respect to the z-axis,
which is described by the following formula (see [3]):
nn
ne(8) = 1= .
\/nﬁ cos? 0 +n? sin” @

(2)
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2.2. Intensity variations in the first
diffraction orders due to the orientational
S-effect at the two-wave mixing in NLCs

An optical scheme of the two-wave mixing in an LC
material is shown in Fig. 2. A beam from laser 1 falls
on splitting plate 8 and forms two beams of equal
intensity. Those beams are reflected from mirrors 4
and 5, and combined at NLC cell 6. The dynamic
grating is recorded under the action of the interfer-
ence field created by those two beams. When the volt-
age U (7) is applied across the cell; the voltage is
measured using a voltmeter. As a result of the self-
diffraction of the recording beams at the phase grat-
ing created by themselves and the diffraction of a
weak test beam that is emitted by laser 2 and does
not destroy the grating, besides principal beams 8, 9,
and 10, high-order beams are generated: of the first-
order self-diffraction ({—1} — 11, {+1} — 12) and the
first-order diffraction ({1} — 13). The first-order in-
tensities are measured using photodiodes 14 (for self-
diffraction) and 15 (for diffraction) connected to a
digital oscilloscope and a computer.

Consider characteristic changes in the intensity of
the laser beam in the first diffraction orders for the
self-diffraction of the laser beams and the diffrac-
tion of the test beam on the dynamic grating cre-
ated as a result of the NLC director reorientation in
the cell bulk. The change of the intensities in the first
diffraction orders depends on the director rotation an-
gle 0. Note that, according to our model, this reori-
entation occurs under the action of the superposition
of the external, E., and internal, E,, electric fields.

For the output intensity to the first self-diffraction
order, the following formula was obtained [18]:

Ii1y = Iay = TI [J(6) + J3(0)). (3)

The formula for the intensity in the first diffraction
order for the diffraction of a test beam at a given
phase grating is known from the theory of laser beam
diffraction at acoustic waves:

Iy =TIy J3(9), (4)

where the argument 0 is described by formula (1) for
the phase incursion (4, L) in the cell.

The above formulas were obtained in the Raman-
Nath approximation for a purely local grating and
provided equal input intensities of two pump laser
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Fig. 2. Optical scheme of two-wave mixing in an LC cell:
continuous frequency-doubled Nd:YAG laser 1 (green laser
beam) is used for recording the dynamic grating and the self-
diffraction of laser beams. Continuous He-Ne laser 2 (red laser
beam) is used for diffraction testing at the given grating

beams, I1g = Izg = . The quantities in formulas (3)
and (4) are as follows: I;_1) and I} are the output
intensities of the laser beam in the orders {—1} and
{+1}, respectively, for the self-diffraction; Iy} is the
output intensity of the test beam in the first diffrac-
tion order; 7' is the optical transmittance of the NLC
cell; and J; and J5 are the Bessel functions of the first
kind and the first and second orders, respectively.

2.3. Recording of dynamic gratings
in NLCs via the photorefractive mechanism

A specific feature of the photorefractive mechanism
at the creation of dynamic gratings in NLCs is the
formation of an unbalanced charge under the action
of a periodic interference field formed by two record-
ing beams in the NLC cell [13,14,18]. It can be real-
ized in nominally pure NLCs without impurities. In
Fig. 1, the field created by the space charge is denoted
as E,. As a result, there are two electric fields in the
cell: the “external” electric field E,, which is created
by applying the external voltage across the cell, and
the “internal” tangential electric field E,. The total
strength of those fields equals E = E, + E,. If the
electric field direction changes, the LC molecules re-
orient, and their long axes become aligned along the
field direction. The dynamic grating is recorded ow-
ing to the spatial modulation of the director inclina-
tion angle #. The modulation of the angle 8 leads to
the spatial modulation of the refractive index in the
LC cell.

Figure 3 illustrates some examples of the refractive
index modulation patterns calculated in the frame-
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Fig. 3. Spatial modulation patterns of the refractive index
(dynamic grating) in the NLC 5CB cell: interference field pe-
riod A = 50 pm, cell thickness L = 30 pm, applied voltage
U = 5V, grating recording time ¢ = 0.15 s (a); A = 30 pm,
L=30pum, U=5V,t=10.1s (b)

, rad 5CB 4=0,532 pym B, rad

6, rad E7

5 10 15 20 25 30
L, um

Fig. 4. Dependences of the maximum phase incursion ¢ (in
radians) on the director orientation angle # and the thickness
L of the NLC cell with homeotropic orientation: 5CB (a), E7
(b). The director orientation angle 6 is within an interval from
0 to % with respect to the z-axis. The LC cell thickness L
varies from 5 to 30 um

work of the model of director reorientation under the
action of an external electric field [25]. In Fig. 3, a,
the grating has an optimal modulation depth, i.e., the
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difference between the maximum and minimum val-
ues of the refractive index. Figure 3, b demonstrates
an almost “erased” grating with a small modulation
depth. Such a grating is formed, if the spatial period
of the interference pattern is small (as compared to
the cell thickness), the applied voltage is high, or the
duration of the light action is rather long.

We distinguish two types of dynamic grating
recording;:

e in a homeotropically oriented LC cell;

e in a planarly oriented LC cell.

3. Variation of the laser beam
intensities at self-diffraction and diffraction
at dynamic gratings in NLCs

3.1. NLC cells with initial
homeotropic orientation

For a homeotropically oriented cell, the angle 6 of
director orientation rotation under the action of an
electric field can vary from 0 to (0 < 6 < 7). The
value of the phase incursion difference § from formula
(1) determines the modulation depth of the dynamic
grating. Figure 4 demonstrates the maps §(L,0) de-
scribing the modulation depth variation at the max-
ima of the dynamic phase grating for an NLC with
homeotropic orientation. The calculations were car-
ried out for the NLCs 5CB (n) = 1.7103 and n, =
= 1.5271 at the temperature T = 24 °C) and E7
(n) = 1.7366 and n = 1.5258 at T = 25 °C).

When calculating the output intensity in the first
self-diffraction order, the numerical values of the
phase incursion §(L,0) from Eq. (1) were substi-
tuted into Eq. (3), and Eq. (2) was taken into ac-
count. The resulting plots are shown in Fig. 5. From
this figure, one can see that the normalized values
of the intensity (the diffraction efficiency) depend
on the director rotation angle 6 (the director is ori-
ented along the direction of the net electric field
E). Note that the diffraction efficiency has a pro-
nounced maximum at 6 ~ 0.5 rad (~28°) for a thin
cell (L =5 um), and at 6 = 0.2 rad (=11.5°) for a
thick cell (L = 30 pm). Hence, the optimum depth
of grating modulation depends on the director direc-
tion. Furthermore, the director rotation angle is small
with respect to the initial orientation § = 0. At the
same time, if the modulation depth § is very large, pe-
riodic, but damped oscillations of the intensity take

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 7
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Fig. 5. Dependences of the normalized intensity (diffraction efficiency) of self-diffraction in
the first diffraction order on the director rotation angle 6 in the NLC cell with homeotropic
orientation: 5CB (a), E7. (b) The calculations were carried out for the light wavelengths
A =0.532 and 0.6328 pm, and NLC cell thicknesses of 5 and 30 um
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Fig. 6. Dependences of the normalized intensity (diffraction efficiency) in the first diffrac-
tion order on the director rotation angle 6 for the test beam in the NLC with homeotropic
orientation: 5CB (a), E7 (b). The light wavelengths and the cell thicknesses are the same as

in Fig. 5

place. The maximum diffraction efficiency reaches a
value of 46%.

Substituting the phase incursion values J(L,6)
from Egs. (1) and (2) into Eq. (4), we obtain the
value for the output intensity in the first diffraction
order of the test laser beam. The corresponding char-
acteristics for a homeotropic cell are shown in Fig. 6.
By comparing it with Fig. 5, one can see that the
behavior of the beam intensity in the first diffrac-
tion order is preserved: a well-pronounced maximum
is observed at the same 6-values as in the self-diff-
raction case. The diffraction efficiency is reduced for
the maximum magnitudes of the modulation depth
of the grating, it drops and reaches zero in the min-
ima. Thus, we obtained an interesting result: depend-
ing on the director rotation angle, the beam inten-
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sity in the first diffraction order acquires zero val-
ues, and the thicker the cell, the more the number of
those “zeros”.

3.2. NLC cells with initial
planar orientation

Consider the variation of the dynamic grating modu-
lation depth in an NLC cell with the initial planar ori-
entation of molecules. In this case, the initial director
angle ¢ = 7, and the angle 6 changes in the opposite

direction, i.e., from § to 0 (¢ = § — 0). Thus, the

“background” has the maximum value
T 2L
6max (L79 - 5) - T(ne - no)a (5)

where n. = n| and n, = ny, and the grating ampli-
tude decreases. Then it is the difference between the
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Fig. 7. Dependences of the maximum phase incursion §,; (in radians) on the director
orientation angle 6 and the thickness L of the NLC cell with planar orientation: 5CB (a),
E7 (b). The director orientation angle 6 is within an interval from 0 to 7 with respect to the
z-axis. The LC cell thickness L varies from 5 to 30 pm
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Fig. 8. Dependences of the normalized intensity (diffraction efficiency) of self-diffraction
in the first diffraction order on the director rotation angle 6 in the NLC cell with planar
orientation: 5CB (a), E7. (b) The calculations were carried out for the light wavelengths
A =0.532 and 0.6328 pum, and NLC cell thicknesses of 5 and 30 pm

“background” and 6(6) that determines the modula-
tion depth of the dynamic grating:

S = Omma (L, 0= g) — 8(L,9). (6)

Figure 7 illustrates the maps calculated for the dy-
namic grating modulation depth in the case of a pla-
narly oriented cell. The figure demonstrates the op-
posite dependence of the maximum phase incursion
values on the director inclination angle 6 in compari-
son with Fig. 4 for the homeotropically oriented cell.

To calculate the output intensity in the first self-
diffraction and diffraction orders, we should substi-
tute the quantity d,; into formulas (3) and (4). The
corresponding plots are shown in Figs. 8 and 9.

In comparison with the plots for a homeotropi-
cally oriented cell (Figs. 5 and 6), the general be-
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havior of the diffraction efficiency dependence on 6
survives: a pronounced maximum is observed, which
gets narrower and shifts toward larger 6-values, as
the cell thickness increases, as well as oscillations in
the high-d,; region, where the diffraction efficiency
for the test beam acquires zero values. Note once
again that the deviations of the director from its
initial orientation are too small for the maximum
diffraction efficiency to be achieved. They are approx-
imately the same as for a homeotropically oriented
cell: Af ~ 1.6 —1.1 = 0.5 rad for L = 5 pm, and
Af~1.6—-1.4=0.2rad for L =30 um.

3.3. Diffraction efficiency
in NLC cells with high absorption

The calculations of the diffraction efficiency carried
out in Sections 3.1 and 3.2 were performed in the

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 7
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Fig. 9. Dependences of the normalized intensity (diffraction efficiency) in the first diffraction
order on the director rotation angle 6 for the test beam in the NLC with planar orientation:
5CB (a), E7 (b). The light wavelengths and the cell thicknesses are the same as in Fig. 8

approximation of low absorption in the NLC cells.
This enabled us to reveal the main regularities in the
variation of the beam intensities in the first orders,
in particular, their dependence on the cell thickness
L. But real NLC cells, as a rule, are characterized
by a rather high absorption. As a result, the effective
absorption thickness of the cell changes. It can be cal-
culated using the formula (see, e.g., works [18-21])

1-T
Leg = o (7)

where « is the absorption coefficient of the cell. The
parameter « is determined from experimental mea-
surements of the cell optical density (or the optical
transmittance T') at the examined wavelength. The
transmittance T, the absorption coefficient «, and
the optical density D are known to be related via
the following relations:

D
T=10" a= 7 In 10, (8)

To find the diffraction efficiency in the first self-
diffraction and diffraction orders, the effective thick-
ness Leg is substituted for the thickness L in formula
(1), and the quantity T is substituted into formulas
(3) and (4).

Figures 10 and 11 demonstrate the calculated dif-
fraction efficiencies for NLC cells with high absorp-
tion, = 0.2 um~!; such a-values were obtained
for NLC cells with nano-island films [21]. It can be
seen that the effective thickness L.g becomes very
small in NLC cells with high absorption. Therefore,
the plots even for thick cells are similar to the plots
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obtained for thin cells without absorption. There is
another interesting feature: all plots of the diffrac-
tion efficiency obtained for various NLC thicknesses
and various wavelengths almost coincide in the case
of the cell with planar orientation (cf. Figs. 10, b and
10, d; and Figs. 11, b and 11, d). Therefore, thick
cells with highly absorbing NLCs, despite their ad-
ditional volume, have no gain in the diffraction effi-
ciency. In this case, optimal and maximum 7-values
are observed even for thin cells.

4. Dependence of Diffraction
Efficiency on Applied External Voltage

In the previous sections, we have obtained an impor-
tant result: the output intensities calculated in the
first diffraction orders for the NLC cells with the ori-
entational birefringence S-effect reach their maximum
values at certain director reorientation angles. As was
pointed out above, in the case of the positive electro-
optical effect in the NLC (for NLCs with Ae > 0),
the director becomes oriented along the acting elec-
tric field. In Fig. 1 with the schematic diagram of the
2D NLC cell, it is shown that, in the case of pho-
torefractive mechanism, two electric fields act in the
cell in perpendicular directions: the “external” elec-
tric field E, created by applying a voltage to the cell
substrates and the “internal” electric field E, created
due to the action of light with an inhomogeneous in-
tensity distribution (the light interference field). The
net electric field E = E, +E, is directed at an angle 6
with respect to the z-axis (right panel in Fig. 1). The
LC director is oriented exactly along the vector E. By
changing the rotation angle of the net field vector, it
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Fig. 10. Dependences of the diffraction efficiency in the first order of self-diffraction at a dynamic grating on the director
rotation angle 6 for NLC cells with the absorption coefficient a = 0.2 um~!: 5CB with homeotropic orientation (a), 5CB with

planar orientation (b), E7 with homeotropic orientation (c¢), E7 with planar orientation (d).

The curve calculation parameters

are as follows: Leg = 3.16 pm, L =5 pm, A = 0.532 um (1); Leg = 4.99 pm, L = 30 pm, A = 0.532 pm (2); Leg = 3.16 um,
L =5 pm, A =0.6328 pm (3); Leg = = 4.99 pum, L = 30 pum, A = 0.6329 um (4)

is possible to achieve the optimal (maximum) value
for the efficiency of the diffraction of the output laser
beams at the dynamic grating.

If we adopt that the internal field vector E, is con-
stant and determined by the processes of unbalanced
charge formation (depending on the NLC type), then
it is the variation of the applied voltage U that can
change the angle 0 for the net electric field. In ex-
perimental studies of the two-wave mixing, the de-
pendence of the diffraction efficiency on U was ob-
served. In particular, it has a pronounced maximum
at a certain value Uy [18-22].

Let us plot the dependence of the diffraction effi-
ciency n on the applied voltage U, similarly to exper-
imentally measured ones. The maximum diffraction
efficiency is achieved at the fields F, and E,, when
the director rotation angle is maximum, 6™#*. Accor-
ding to Fig. 1, we obtain § = atan(E,/E,), where
E, and E. are the amplitudes of the internal (tan-
gential) and external (normal), respectively, electric
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fields. We may assume that the applied voltage U af-
fects only the magnitude of the external electric field
E., whereas the magnitude of the internal field cre-
ated by the space charge is determined only by the
mechanisms of charge formation in a specific LC un-
der the light action, i.e., we may put E, = const. The
corresponding system of equations looks like
U
B.(U) = 7 = B(U) coslo(U)],

E, = const = EPa* = EMax gip[gmax],

(9)

where E,(U) is the magnitude of the external electric
field, which depends on the applied voltage U and
leads to changes in the values of both the total field
vector E(U) and the corresponding director orienta-
tion angle (U). We can determine the magnitude of
the constant field E, = E}'**, if we know the angle
0™3* at which the diffraction efficiency is maximum.

Assume that the angle ™ is reached at the total
field E™**(Uy) = E2**(Uy) + EX** with a certain Uy-
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L. 5CB with homeotropic orientation (a),

5CB with planar orientation (b), E7 with homeotropic orientation (¢), E7 with planar orientation (d). The curve calculation
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value. One can see from system (9) that it is possible
to exclude the field EM**(Uy) to get the formula for

max
Erex

U
Ermax — fo tan 62X (10)
Next, as in the previous calculations, the quantity
6(U) has to be substituted into formulas (1) and (2)
for . Then, from system (9) and taking Eq. (10) into
account, we obtain
U
0(U) = tan (UO tan Hma") (11)
In this formula, the value for Uy can be taken from
experimental data, and the value for 6™** from cal-
culated data, e.g., from Figs. 5-6 and 8-11.
Here is an example of such a calculation for 5CB
cells with homeotropic and planar orientations. From
the calculated plots for the diffraction efficiency, we

determine ™ and, in accordance with our model,

assume ™% = atan (ﬁ), at which the maximum
z xT
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diffraction efficiency is observed. For many experi-
mental data (see, for example, works [18-22]), the
value of U did not exceed 15 V for cells of vari-
ous thicknesses. But the Up-value at the maximum
diffraction efficiency in the first order was observed
in most cases at about 3 V. Let us take Uy = 3 V
in our further calculations. The results are shown in
Fig. 12.

Note that, in real cells with absorption, the effec-
tive cell thickness for a light beam is Leg < 5 pm,
as a rule. Therefore, the curves for L = 30 pm are
presented only for comparison. But one can see that,
for both initial orientations of LC molecules, a clear
maximum is observed at U = 3 V. This is exactly the
value that we chose for Uj.

Note also the difference between the plots for cells
with homeotropic and planar orientations. For the
homeotropic orientation (Figs. 12, a and b), several
maxima of the diffraction efficiency are observed at
voltages lower than Uy (U < Up). Such maxima were
really observed in experiments with homeotropically
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Fig. 13. The dependence of the strength E, of the internal field generated by the space charge in LC 5CB cells on the voltage
Up at which the maximum diffraction efficiency is observed. For comparison, the corresponding dependence for the external field
E. is plotted (the red dashed line). The cell thickness L =5 (a) and 30 ym (b)

oriented cells. In addition, the value of n gradually de-
creases, as U increases, and, at U > 6 V, 1 becomes
negligibly small. At the same time, for the planarly
oriented cell (Figs. 12, ¢ and d), the diffraction effi-
ciency remains substantial in a wide range of voltages:
many maxima of 1 are observed at U > Up. This dif-

484

ference in the behavior of n can be used to identify
the prevailing initial orientation of LC molecules in
the cell.

Hence, the results of our calculations of the diffrac-
tion efficiency dependence on the magnitude of the
external voltage applied across the cell are in the to-
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tal agreement with the experimental data. Since our
model was developed making allowance for the induc-
tion of an internal tangential electric field E, in the
cell at its illumination with an interference pattern
with a non-uniform intensity distribution, the main
conclusion can be drawn that such a space charge
field is really formed inside the cell.

With the help of formula (10), let us evaluate the
maximum strength F, of the internal field generated
by the space charge (see Fig. 13). In Fig. 13, a, the
results of calculations for a cell with the thickness
L = 5 pm are shown. For comparison, the magni-
tude of the external electric field E, = Up/L in a cell
with the same thickness is also plotted. One can see
that the internal electric field in the homeotropically
oriented cell is at least two times lower in compari-
son with E,. At the same time, much higher values
of F, in comparison with F, are required to obtain
the maximum diffraction efficiency in the planar ori-
ented cell.

Figure 13, b demonstrates the results obtained for
the experimental NLC cell with absorption: the cell
had the thickness L = 30 pm, and the absorption
coefficient o« = 0.2 pm~". For such cells, the optical
characteristics are calculated with regard for Leg in
the formulas for the diffraction efficiency, and the real
call thickness value should be used when calculating
the electric field. According to formula (7), Leg =
= 4.9875 pm ~ 5 pm for the experimental cell, so
we can accept the already calculated value 8™ for
L =5 pm. One can see from the plot that the electric
fields in such a real cell are six times lower. Hence,
to obtain the maximum diffraction efficiency, much
lower internal electric fields are required.

We emphasize once again that, in accordance with
our model, the field created by the internal space
charge acquires a single value and does not depend
on U. The magnitude of EX'** can be determined
from the experiment by measuring the dependence
n(U), as we did in this subsection when determin-
ing the Up-value, which is the maximum value in this
dependence.

5. Conclusions

In this paper, a model for calculating the intensities
of laser beams in the first diffraction orders at the
two-wave mixing of laser waves in the nematic lig-
uid crystal cells has been developed. Both the intensi-
ties in the self-diffraction mode for the recording laser
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beams and for the test laser beam at its diffraction
at the dynamic grating are calculated. The modula-
tion depth of the dynamic phase grating is calculated
under the assumption that the NLC director changes
its orientation under the action of the electric field,
which leads to a variation of the optical birefringence
in the NLC cell.

The calculated parameters of the diffraction ef-
ficiency agree with the experimental data obtained
while studying the two-wave mixing in the NLC. In
particular, the following experimental results are
obtained:

(i) dynamic gratings are recorded in nominally pure
NLCs, if an external electric voltage is applied;

(ii) self-diffraction and diffraction of laser beams
are observed for cells with both homeotropic and pla-
nar orientations of LC molecules;

(iii) a pronounced maximum is observed in the de-
pendence of the diffraction efficiency on the applied
voltage; i.e., there is an optimal value of Uy at which
the diffraction efficiency is maximum.

In the framework of the developed model, the ob-
tained experimental results can be explained by en-
gaging the photorefractive mechanism of dynamic
grating recording. Its specific feature consists in the
generation of an unbalanced charge and the forma-
tion of the corresponding internal electric field under
the action of a light interference pattern. As a result,
the net electric field giving rise to the director reori-
entation consists of the external electric field created
by applying a voltage across the cell and the internal
electric field created by the space charge arising under
the light action. If the internal field is assumed to be
independent of the applied voltage U, then the change
of U changes the magnitude of the external field vec-
tor and induces the rotation of the net electric field
vector. As a result, the NLC director becomes reori-
ented along the vector of the total electric field acting
in the cell.

In accordance with our model, it is found that the
diffraction efficiency reaches a maximum at a certain
value of the director rotation angle. This rotation an-
gle is small with respect to the initial orientation of
the molecules. The obtained dependencies also made
it possible to explain the existence of the optimal
voltage value Uy at which the diffraction efficiency
achieves its maximum value.

Interesting dependences are obtained for the first
time for the diffraction efficiency in NLC cells with
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high optical absorption. In this case, the effective
cell thickness acquires small values even for thick
cells. Therefore, the output intensities calculated in
the first diffraction orders are only slightly different
for thin (~5 pm) and thick (~30 pm) cells. For pla-
nar oriented cells, all calculated dependences — for
thin and thick cells, and for various wavelengths of
recording laser beams — coincide.

The obtained results are fundamental for the design
and development of practical NLC-based elements,
such as light modulators and sensors.
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KEPYBAHHS IHTEHCUBHICTIO
JIABEPHOI'O BUIIPOMIHIOBAHHSI

YV PIIKOKPUCTAJITYHNX BEHTUJISAX

IIPU 3AIINCI OB’€MHOI ITMHAMIYHOI I'PATKI

EkcnepumMenTasbHi JOCTiZKEHHST HOMIHAJIBHO YUCTUX HEMATH-
qaux pigknx kpucraais (HPK) mixrsepmkyrors 3amuc nuHa-
MIiYHUX roJiorpadivHuX I'PaToOK y KOMIpKaxX K 3 I'OMeOTPO-
IIHOIO OpIi€HTAIli€r0, TaK 1 3 IIaHapHOK. [lOosICHEHHSI MOXKHA
3HAUTH, BUXOJA4YH i3 HoTOpedPAKTUBHOIO MeEXaHi3My 3aIluCy
I'paTKu, OCOOJIUBICTIO SIKOTO SIBJISIETHCS (POPMYBaHHSI HEPIBHO-
BayKHOI'O 3apsy Ha IIOBEPXHI HiIKJIaJAWMHKH KOMIpKH IIij mi-
€10 IIPOCTOPOBO HEOIHOPIAHOrO cBiTyIoBOro moJist. I[losiBa BHY-
TPIMIHBOrO TAHTEHIIAJIBLHOTO €JIEKTPUIHOTO T0JIsA (B3/I0B2K IIi/I-
KJIaJ[MHOK KOMIPKH), Pa30M i3 30BHIIIHIM €JIEKTPUIHUM [IOJIEM,
10 IIPUKJIAIAETHCS HOPMAJIBHO J0 MiIKIaJUHOK KOMIipKH, Bif-
KPUBAa€ JOJATKOBI MOXKJIMBOCT] y KEPYBaHHI HAIIPSAMKY BEKTO-
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pa pe3yJIbTYI0Y0ro eJIeKTPUYHOrO 1oJist. B maHiit poboTi po3po-
6JieHa 1 aHAJII3YETHCS MOJIeJIb 3MIHU IHTEHCUBHOCTEN JIa3€PHUX
npomeHiB npu Ix camomudpaxnil i nudpaxnil Ha guHAMIUHIK
rparii, crBopeniii B HPK. dunamiuna ¢aszoBa rparka ¢op-
MY€ETBCS 3aB/IAKN OPi€HTAIIIHOMY MeXaHI3My JIBO3aJIOMJIEHHS
B HPK npu nBomyukosiit B3aeMozil Jia3epHUX IIPOMEHIB, IO
YTBOPIOIOTH IIPOCTOPOBO MepioandHy iHTepdepeHIiiiny KapTu-
Hy IiI09Oro CBiTJIOBOro moJist. Pe3ynabraTu mpoBeIeHuX po3pa-
XYHKIB BUXIJJHUX IHTEHCHUBHOCTEN JIa3epHUX IIPOMEHIB B II€p-
mux nopsiakax camomudpaxmil i gudpaximil gobpe y3romKyio-
ThCS 3 €KCIIEPUMEHTAJIbHIMHA BUMIPDIOBAHHSIMU. 30KpEMa, BOHU
MOSICHIOIOTH 3aJIe>KHICTh JudpakIiitHol e(peKTUBHOCTI BiJ Be-
JIMYMHY 30BHIIIHBOI IPHUKJIAJAEHO] HAIIPYTH, 110 Mae Jo0pe BU-
paKeHni MaKCUMYyM.

Katowoei caoea: HeMaTuuHI Pinki KPUCTAIN, SBOILYIKOBA
B3a€MO/lid, JUHAMIYHI I'paTku, qudpakiiina e(peKTUBHICTD.
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