This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Liquid Crystals
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713926090

Effect of combined action of electric field and light on gliding of the easy
axis in nematic liquid crystals

S. V. Pasechnik®; A. V. Dubtsov®; D. V. Shmeliova® V. A. Tsvetkov?; V. G. Chigrinov®

@ Moscow State University of Instrument Engineering & Computer Science, 107846 Moscow, Russia ®
Hong Kong University of Science & Technology, Clear Water Bay, Kowloon, Hong Kong © School of
Electronic & Communications Engineering, Dublin Institute of Technology, Dublin, Ireland

To cite this Article Pasechnik, S. V. , Dubtsov, A. V., Shmeliova, D. V., Tsvetkov, V. A. and Chigrinov, V. G.(2008) 'Effect
of combined action of electric field and light on gliding of the easy axis in nematic liquid crystals', Liquid Crystals, 35: 5,
569 — 579

To link to this Article: DOI: 10.1080/02678290802018352
URL: http://dx.doi.org/10.1080/02678290802018352

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713926090
http://dx.doi.org/10.1080/02678290802018352
http://www.informaworld.com/terms-and-conditions-of-access.pdf

15:12 25 January 2011

Downl oaded At:

Liquid Crystals, e Taylor & Francis
Vol. 35, No. 5, May 2008, 569-579 Taor u Frarcta Greiup
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crystals
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A new effect is described of the combined action of an electric field and light on the slow surface dynamics in a
layer of nematic liquid crystal (NLC) contacted with a layer of dye pre-treated by UV irradiation. Simultaneous
application of a relatively weak “in-plane” electric field and polarised light resulted in slow variation of the
boundary orientation of the sample transmitted to the bulk of the layer. At the same time, the separate action of
the two factors mentioned above did not produce any visible changes in the LC layer at the same intensity and
time of application. After turning off both the electric field and light, extremely slow relaxation of the system to
the initial state was observed. This effect depends on a number of control parameters (applied voltage, intensity
of light, time of application, dose of a preliminary UV irradiation). The critical slowing down of this process (up
to some weeks) via a proper choice of control parameters was established. The physical processes responsible for
the combined effect were considered and applied to modify a previously proposed phenomenological model for
the electrically induced slow azimuthal rotation of the easy axis of an NLC. The modified model was found to be

in a qualitative agreement with the main experimental results.

Keywords: nematic liquid crystal; easy axis gliding; photo-alignment

1. Introduction

The surface anchoring of a liquid crystal (LC) on
solids and polymer films, which can be considered as
a primary problem in the physics of LCs, is also of
significant practical importance (/, 2). Progress in
surface treatment technology during recent decades
allows some new types of controlled surfaces to be
obtained that are of interest for application in LC
devices (3-6). Among them, the photo-alignment
(PA) technique seems to be the most promising since
it provides surfaces with well-controlled anchoring
properties via use of visible or UV light irradiation,
which can easily be compatible with the technological
processes applied in the modern display industry (3,
4). It is important that the final outcome of the action
of a PA-treated surface on the structure of LC layers
is determined by a number of physical processes,
referred to essentially different time and space scales.
Such processes, connected with both individual and
collective molecular transformations in the surface
light-sensitive solid (polymer) layer and in the
adjacent LC layer, can occur both before and after
the direct contact of a liquid crystal with a PA-treated
surface (7-11). Although the particular stages of
photo-induced orientation can be considered in the
framework of reasonable physical models (9, 1/-14),
the total picture is far from being understood. That is

why the nature of the physical phenomena respon-
sible for photo-induced surface anchoring is a hot
topic of research.

In particular, it has been found (7, /4) that an
extremely slow surface process resulting in overall
change of preferred orientation ny, in bulk of LC layer
can be produced by strong electric (magnetic) field
applied in the direction approximately orthogonal to
the initial one imposed by preliminary UV treatment
of a photosensitive polymer coating of an LC cell.
Such phenomena are usually described in terms of
slow ““gliding” of an easy axis n, referred to the mean
orientation of LC molecules absorbed by a surface. It
was found that after turning off field the easy axis
relaxes to the initial state after an extremely long time
(several hours, for example). Further investigation
(15) showed that such a slow process may also take
place in an LC layer contacted with a sensitive
surface layer of a sulfuric azo-dye (SD-1). In the
latter case, the mechanism of polymeric chain
reorientation proposed to describe gliding phenom-
ena at a polymer coating (/6) can be excluded «
priori. A number of experimental studies of gliding
imposed by both electric and magnetic fields (7, 14—
19) have shown that this phenomenon is a general
property of surfaces of different types, including
those with relatively strong anchoring (rubbed
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polyimide film, for example). It takes place for a slow
reorientation of absorbed molecules both in the plane
of the LC layer [azimuthal gliding (/9)] and out of
plane of a layer [zenithal gliding (/8)]. In all cases, the
slow surface dynamics show some general features.
For example, an increase in both the strength of an
applied field and its duration result in an increase of
the characteristic times of the relaxation of the system
to the initial state after turning off the field. So the
usage of phenomenological models (13, 15, 18) to
describe the slow surface dynamics seems to be
reasonable. At the same time, the physical back-
ground of such models has to be based on a clear
understanding of molecular processes leading to the
observed phenomena. One of the ways to reach this
understanding is the experimental determination of
control parameters responsible for the processes
under consideration.

In this paper, the first results are presented of an
experimental study of slow dynamical processes
induced by the combined action of an electric field
and light in the layer of a nematic contacted with a
UV-treated layer of azo-dye SD-1. This case differs
essentially from the combined effect observed by
action of non-polarised light on the photopolymer
surface preliminary poled by an electric field (10).
Modifications are discussed that have to be intro-
duced to the previously proposed phenomenological
model to describe the complicated phenomena
observed in experiments.

2. Experimental

The LC cell (18 um thick) used is shown in Figure 1.
It consisted of two glass plates treated to provide
strong (rubbed polyimide film) and weak planar
surface anchoring (a film of SDI illuminated by
polarised UV light). A substrate with azo-dye SD-1
was preliminary irradiated by UV light (A=365nm)
in a special way to obtain zones with different
exposure energetic doses, D,, of UV irradiation,
and thus with different anchoring strength. It was
impossible to obtain a perfect planar orientation in
the absence of a preliminary UV treatment (D,=0),
as can be seen in Figure 1.

A similar construction was used previously (15) to
study the field-induced gliding of an easy axis. The
LC cells were filled with nematic mixtures ZhK 616
and ZhK 1289 (produced by NIOPIK), both of which
have a positive dielectric anisotropy (Ae=3.4 for ZhK
616; Ae=10.7 for ZhK 1289) and were synthesised
previously for practical applications. Most experi-
mental data presented below (excluding those shown
in Figure 5(c)) correspond to the first nematic

Electrodes

D,, Jicm?

Initial orientation of LC
—_—
oK Electric field direction

025 —* Direction of NLC molecules

under the influence of light

TTTT]

Gaps without ITO
coating

Figure 1. General scheme of the LC cell.

mixture ZhK 616. An “in-plane” ac electric field
(f=3kHz) was produced by the application of an
electric voltage, U, to the gap (50um) between
transparent SnO, (ITO) electrodes on the UV-treated
substrate. It induced a rotation of the director, as
detected using polarised light via an optical micro-
scope and a digital camera (see Figure 2).

Polarised light from the halogen lamp (HLWS4,
Narva) of a microscope was used as an additional
factor that acted on the cells. This light illuminated
the bottom substrate of the cells coated with a dye
layer. The intensity of the light (/;) in UV region
(350-400 nm) was controlled by a radiometer. In our
experiments, the electric field and light were applied
simultaneously during the same exposure time, fexp.
After turning off both the field and light, the initial
dark image of the gap was restored after some
characteristic time strongly dependent on the con-
trolled parameters of the experiment (the exposure
dose of the preliminary UV irradiation, D, the
intensity of light, /5, the applied voltage, U, and the
exposure time, f.p). Examples of the corresponding
snapshots are presented in Figure 3.

An image processing procedure was used to
obtain the time dependence of the brightness, R, of
images inside the gap, which is considered as being
proportional to the local intensity of light /(¢) passing
through the cell and crossed polarisers.

3. Results and discussion

It was found that without the additional action of
light, after turning off the electric field the initial
planar orientation was restored rather quickly (1-
60s) in the voltage range 10-100V applied for a
rather long excitation time (from 20 min to 80 min).
This behaviour was drastically changed when the cell
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Figure 2. Experimental set-up and geometry of the experiment.

was illuminated by polarised light (in the direction of
an initial planar orientation) from a halogen lamp at
the same time as applying the electric field.

The light intensity I, was considered as the first
control parameter that plays an important role in the

(a) (b)
Without voltage
ov ov
Tuming on, min
45 45

F————— e
Tuming off, min

p— —

I r.ing of, hours NN
]

1

47 41

T2 70

118 121
183 168
287
37
569

Figure 3. Microscopic images of the gap: before applying,
after turning on strong electric field (U=100V, t.,=80 min)
and light (15,=74mW m2) and after turning off electric field
and light at different doses (a) D,=0.25] cm™? and (b)
Dy,=5] cm 2 of the preliminary UV irradiation.

combined effect under consideration. In the absence of
light, an electric field of moderate strength (about
1 Vum ') was unable to produce pronounced gliding-
like behaviour after being turned off (Figure 4(a)). For
low values of the exposure intensity, /», of light acting
simultaneously with the field, a rather rapid (several
minutes) relaxation of the brightness of images to
the initial state was observed. The corresponding 1(¢)
dependence presented in Figure 4(a) could be hardly
referred to the usual bulk relaxation induced by
boundaries (with a characteristic time about
some seconds). The slow relaxation became most
pronounced (see Figure 4a) at a moderate value
(74mWm™?) of light intensity I, which did not
produce a visible action in the absence of an
electric field at the conditions of our experiment. So,
such an intensity was used in all experiments described
below.

We established that under the additional action of
light of moderate intensity the electrically induced
gliding could be registered at extremely weak fields
(about 0.2Vum_1), which was quite insufficient to
induce such an effect in the absence of light
(Figure 4(b)). The strength of electric fields used in
display technology and other LC devices is compar-
able with this value, so this fact has to be taken into
account for practical usage of the PA technique. It is
worth noting that two relaxation times seem to be
sufficient for an approximation of the experimental
time dependences of the light intensity /(¢). This is a
general result of our experiments, as dicussed below.
The slowest process has to correspond to the small
deviations of the system from the initial state. So,
linear approximations (/5) can be used for a
theoretical description of this stage.

The exposure time f., was considered as the
second control parameter that defines the combined
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0 240 480 720 960 t(min)

Figure 4. Time dependences of light intensity () after
turning off electric voltage (U) and light (/) at the unique
value of a dose of preliminary irradiation (D,=0.25] cm 2
and fixed values of exposure time (a), voltage and
light intensity (b, c); solid lines show the approxi-
mation in accordance with the two-exponential law,
I(t)=Iy+Aexp(—t/t))+Arexp(—t/15). (a) lexp=20min: A
U=50V, L,=0; ® U=50V, L=30mWm * B U=50V,
L=74mWm > (b) U=10V, L=74mWm > B f,,=20
min, ® .,,=80min. (c) U=50V, L=74mWm > B fe,=
20 min, ® 7., =80 min.

effect. The relaxation processes are significantly
slowed down as this time increases (Figures 4(b)
and 4(c)), which corresponds to the case of an
electrically induced gliding. This was also true for
the influence of the electric voltage (the third control
parameter) on the time dependences of the light
intensity (Figure 5(a)). So, one can hope to adopt
previously proposed model of electrically induced
gliding (/5) to the more complicated effect under
consideration.

The fourth control parameter, i.e. the exposure
dose of the preliminary UV irradiation, D,,, defines
the azimuthal anchoring strength, W, [at low values
of this dose Wy~D, (9)]. The images presented in
Figure 3 clearly demonstrate that strong anchoring
suppresses the slow surface dynamics. It opened ways
for the additional control of the long-term effects
observed in our experiments. For a proper choice of
the control parameters, the total storage time of
memorised images can reach up to several weeks
(Figures 3 and 5(b)).

Nevertheless, in any case the optical images
returned to the initial dark state without visible
permanent memory. So, this means that this effect is
very useful for temporary memory devices. The
numerical data on relaxation times for various values
of the control parameters, which are useful for a
comparison with the theoretical results, are sum-
marised in Tables | and 2. The data in Table 2
correspond to the extremely slow relaxation process,
which is reminiscent of the critical slowing down of
the fluctuations at a second-order phase transitions.
So, it is of interest if such transition really takes place
in our case.

The molecular nature of the phenomena under
consideration is not quite clear. Previously, it was
found that in a photochromic NLC the similar
combined action of UV irradiation and an electric
field stimulates a planar-to-homeotropic transition
(20). It was ascribed to the light-induced trans—cis
isomerisation of LC molecules, which leads to low-
ering of the threshold for a Freedericks transition via
an increase of the number of cis-isomers absorbed by
a surface. Such a mechanism cannot be excluded a
priori for the nematic mixture ZhK 616, based on a
binary mixture ZhK 440. The latter contains both cis
and trans isomers of azoxy compounds (two-thirds of
p-n-butyl-p-methoxyazoxybenzene and one-third of
p-n-butyl-p-heptanoylazoxybenzene) effectively absorb-
ing light (27). So, we carried out some analogous
experiments with a colourless nematic mixture ZhK
1289 of quite different chemical structure, which does
not contain azoxy compounds. The results obtained
were found to be in qualitative agreement with those
reported above for ZhK 616. As an example,
Figure 5(c) shows the time dependence of the light
intensity described by the same law as in the case of
ZhK 616. The ZhK 1289 LC mixture does not exhibit
trans—cis isomerisation processes under UV light
illumination. So, the main origin of the phenomena
under consideration is presumably connected with the
processes in the layer of the photosensitive azo-dye film
and in the near-surface LC layers.

One of the interesting questions arising in our
experiments is related to the possibility of a variation
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Figure 5. Time dependences of light intensity I(7) after
turning off light I, and electric field at different voltages
(a), doses of preliminary irradiation (b) and for non-
absorbing LC — ZhK 1289 (c); solid lines show the
approximations in accordance with the two- (a, ¢) and
simple (b) exponential laws. (a) L=74mWm %, fe,=20
min: @ U=100V, AU=50V, « U=10V. (b) U=100V,
lexp=80min, L=74mWm % « Dy=0.25Jcm >, W Do=
5Jem 2 (c) U=100V, lexp=20min, ZhK 1289: AL,=0;
B ,=30mWm .

of the physical state of the system that is not detected
by the optical scheme used. Indeed, it is clear that the
surfaces with the same direction of an easy axis, but
of different anchoring strengths have to show the
same dark image in crossed polarisers. To answer this
question, we performed additional experiments that
showed the changes in anchoring properties of a
surface under some cycles of experiments described
above. The detailed information on these results will
be presented elsewhere.

Liquid Crystals 573

Table 1. Relaxation times t; and 1, for various control
parameters in the comparison with theoretical values t.°
calculated in accordance with equation (29).

Dy/J em 2 0.25 0.25 0.25 0.25 0.25
UV 10 10 50 50 100
Texp/min 20 80 20 80 20
T)/min 0.44 0.41 0.81 2.97 35
To/min 6.91 21 10.2 141 525
7.%/2/min 8.62 17.9 9.61 136

Table 2. Extremely slow relaxation time, T, corresponding
to the simple exponential law at high values of voltage and
exposure time.

Dy/Jem™? 0.25 5

Uv 100 100
Lexp/min 80 80
/h 78 41

4. Theoretical model
Model of electrically induced gliding

Below we present some results (important for better
understanding) of the phenomenological model
proposed previously (15) to describe electrically
induced azimuthal gliding of an easy axis. The model
(see Figure 6) incorporates LC directors of the
preferred surface orientation ng, provided by surface
treatment, the preferred orientation of absorbed LC
molecules (an easy axis n.), the mean orientation of
molecules inside the near-surface layer (a surface
director ng) and the orientation of LC into a bulk of
the layer (a bulk director ny). A strong electric field
produces a twist-like deformation of the bulk
director, with a torque, I, transmitted via the
near-surface layer from bulk to the surface. This
results in slow azimuthal rotation (gliding) of the easy
axes.

After turning off the field, the system relaxes to
the initial state. These processes are described by the
two coupled torque balance Equations

o+ T+ = Kno[(1/2) — @] /(E—h)
—(K2/2Ls)sin 2(¢— @, )—75(005/0t) (1)
=0,

[p+Tve =Kn[(7/2) —¢5]/(¢—h)

. (2)
- (K22/2LC)SIH Z(Pe _Ve(a(pe/al) =0,

where
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b

Z

Figure 6. Modified phenomenological model of electrically
induced gliding: n,=bulk director, ng=surface director,
n.=easy axis, ng=unit vector of the initial surface direction
produced by preliminary UV treatment, n,=new preferable
surface direction, induced by both electric field and
polarised light at combined effect under consideration.

Lesy=K»n [ Wes), (3)

corresponding to the torques acting on the surface
director, Equation(l), and on the easy axes,
Equation (2). In these Equations, I'\4(I'y.) are vis-
cous-like torques acting on the surface director and
the easy axes, Iy is the elastic-like torque transmitted
from the surface to the surface director, K5, is the
Frank modulus, &~E 2 is the electric coherence
length, which has to be replaced by the layer
thickness d for a backward relaxation (E=0), vy, is
the surface viscosity describing the phase shift
between the surface director and the bulk one (such
a shift is essential only for fast processes) and v, is the
analogous parameter referred to viscous losses at
rotation of the easy axes. The characteristic lengths,
Ly and L., are interrelated with the anchoring
strengths W and W, describing non-rigid anisotropic
interaction of the near-surface layer with the
adsorbed layer of LC molecules and that of LC
absorbed layer and the surface [Equation (3)]; / is the
effective thickness of the near-surface layer charac-
terised by the surface director ng.

It has been shown that the simplest regime of a
linear relaxation after turning off the electric field can
be described by two relaxation times 7.0 and 10 with
considerably different values:

10 = (YeLe) /Ko > 10 = (Y,Ls) /K. (4)

In the stationary case, nonlinear effects become

important at angles more than 10°. For slow
relaxation of an easy axis after turning off the electric
field one can obtain (by neglecting the torque
transmitted from the bulk LC) the torque balance
Equation for an easy axis:

(K22/2Le)sin 29, + v, (09, /0t) =0. (5)

So, the approximate nonlinear solution in this case
can be written as:

tan @, =tan ¢ exp(—1/17), (6)

where tan ¢~ is referred to the stationary state of an
easy axis before turning off the electric field. So the
light intensity, /, passing through the cell placed
between crossed polarisers can be expressed as:

I =Ipsin’o, = Iy { [tan’pZexp(—2¢/70)] /
[1+tan’@Cexp(—2¢/10)]}.

The modified model of gliding with additional action of
light

To explain the main results obtained in our experi-
ments we have to consider the complicated dynamical
processes taking place in the vicinity of the LC—solid
surface to obtain some physical background for
modification of the previously proposed model. At
least three molecular systems are involved in the
phenomena under consideration.

The first system (B system) consists of LC
molecules distributed in the bulk of the layer. It is
described by standard continuum Equations (by
using a bulk director n;,) with boundary conditions,
corresponding to different surface orientation. The
finite anchoring strength in this case is described in
terms of the surface director ng, which can be varied
by strong fields.

The second system (S system) is formed by LC
molecules absorbed by a surface. It is characterised
by the mean molecular direction (the easy axis n,) and
by its own surface order parameter. The molecular
motions in such systems are slowed due to strong
interaction with the molecules of dye.

The system of dye molecules (D system) can also
been considered as a statistical ensemble that can be
ordered via polarised light illumination, which
provides the mean orientation of the dye molecules
(ny for example) orthogonal to a polarisation plane.
A microscopic description of the dynamical beha-
viour of such an ensemble was provided previously in
the framework of a diffusion model (9). In general,
the anchoring strength of the surface depends on the
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order parameter of this system and can be regulated
via the exposure dose at UV illumination.

We will now consider in more detail the interac-
tions between the systems mentioned above.

B-S interactions

The strong “in-plane” electric field produces a twist-
like deformation acting on the absorbed molecules
due to a surface layer. To some extent this interaction
is similar to that imposed by light in LC samples
doped by a dye (8). It has been shown that in the
latter case the light-induced torque acting on the bulk
director results in a new direction in the layer of
absorbed molecules described in terms of the second
easy axis with anchoring strength growing with time.
The main difference between the latter situation and
that in our experiments is due to different molecular
mechanisms responsible for the phenomena.

In the case of doped LCs, light illumination
produces a reorientation of azo-dye molecules in the
near-surface layer of the LC, which is absorbed by
the surface. The new surface direction of the
absorbed dye molecules is defined by the electric
field direction in a light wave. The probability of the
absorption process showing the rate of a change in
number of dye molecules of a given orientation
depends on the initial concentration of molecules in
near-surface layer, the light intensity, the overall
concentration and the orientation of already
absorbed dye molecules. The latter can be induced
by preliminary irradiation of a sample by light of a
different polarisation, which produces its own pre-
ferred surface direction. The overall surface direction
of LC molecules (LC easy axis n,) is defined by an
interaction with dye molecules belonging to different
surface directions mentioned above. The anchoring
energies corresponding to different preferred surface
directions are proportional to the doses of prelimin-
ary and current irradiation.

In our experiment, the strong electric field varies
the angular distribution of near-surface molecules of
the LC. This results in an increasing of a number of
LC molecules in the bulk with orientations different
from the initial one defined by the initial surface
direction (ng). The distribution of these molecules
depends on the distance from the surface. In
principle, such new bulk distribution can modify the
surface distribution of the absorbed LC layer due to
absorption—desorption processes (/2). The new pre-
ferable orientation n, (orthogonal to ny for our case)
is determined by the orientation of the electric field.
Obviously, such a mechanism is possible only at
relatively weak anchoring. In this case, a strong
electric field induces some deviation, dng, in a surface
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director, ng, and so in the overall orientation of LC
molecules migrating to the surface before absorption.
The rate of changing of the surface distribution has to
depend on the intensity of the electric field via the
dependence ong(E). It is reasonable to put the
anchoring strength W,® connected with the new
electrically induced surface direction n, to be propor-
tional to the number N,'® of absorbed molecules with
essentially different orientation. To describe the
dynamics of the latter process we will use the same
exponential law as that proposed previously (8) for
time-dependant concentration of dye molecules trans-
formed by light:

N;(l)zNéE)(oo) [1 —exp(—texp/T(E))}, (8)

where N,®(s0) depends on the electric field intensity.
In the first approximation:

NP (o)~ E2. (9)

The relaxation time t® referred to saturation is
considered to be independent of E.

So, the expression for the part of anchoring
strength induced by a strong electric field can be
written as:

W = AP E2 1 —exp( 1o /7). (10)

For relatively weak electric field and (or) short
exposure time fop (Which is valid for our case),
Equation (10) results in a linear dependence between
WyE and fexp:

WY = AP Bt 70 =B B (1)

The expressions obtained can be used for an
explanation of some peculiarities of electrically
induced gliding phenomena reported previously (15).

S—D interactions

The influence of light illumination on an easy axis
gliding can be easily explained in the framework of
the proposed description. Indeed, a molecule of a dye
illuminated by light transforms its orientation in
accordance with a new direction of light polarisation.
In our case it leads to an occurrence of the same new
surface direction n, as that induced by an electric
field. So, both factors act in the same manner. We can
connect the contribution of light, W>"™, with the
anchoring strength, W,, with the number of activated
dye molecules, N,“. The expressions for these
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parameters are analogous to Equations (8) and (10):
NzL(t):NgL)(oo)[1—exp(—zexp/r<”ﬂ (12)
and

Wz(L)=A(L>Iz[l—exp(—texp/t(”)}, (13)

where the relaxation time is considered to be not
dependent on light intensity. It is worth mentioning
that this reflects the principal difference in molecular
mechanisms for light-induced easy direction between
the cases of a surface dye layer and of a doped LC. In
the latter case, light illumination stimulates absorp-
tion—desorption processes, so the relaxation time
depends on light intensity ().

One has to take into account that increasing the
number of activated dye molecules results also in a
decrease of the initial number N, of molecules,
corresponding to the first preferred direction ny,
described as:

NOL(t)zNO—NgL>(oo)[1—exp(—zexp/r<”)] (14)

So, the anchoring strength 1, connected with the nq
direction will be decreased in accordance:

WE(t)=Wo— AV [1 _exp(_texp/r<L>)], (15)

where the initial strength W, defined by the
preliminary UV radiation can be expressed as:

Wo=BP1, {1 —exp(-tp/r(p))}

<[, /2] [1-cn(- )]

where I, D,, and ¢, are the intensity, the dose and the
exposure time, respectively, of the preliminary UV
irradiation and t is the characteristic time for a
saturation process. For relatively small illumination
doses, as in our case, Equations(13) and (15)
correspond to a linear increase (decrease) of anchor-
ing strengths W, (W)

(16)

Wi = AV Doy 71 = Bt (17)

WE()= Wo—A(L)Iztexp/t(L) = Wo—Bhlep. (18)

At the same time, for preliminary UV irradiation the
linear approximation holds only for low exposure

doses D,, (such as 0.25Jcm ™2 in our case):
Wo=B" Iy, /7)) =aDy. (19)

For higher doses (such as 5Jcm ™2 in our case), the
more general expression given by Equation (16) has
to be used.

The modified phenomenological model has to
take into account the main peculiarities of inter-
molecular interactions described above. This can be
done by introducing into the previously proposed
model for gliding (/5) the new preferable surface
direction n, orthogonal to the first one ny (Figure 6).
This orientation reflects the mean direction of the
new ensemble of LC absorbed molecules. According
to the assumptions made above the anchoring
strength (W, or W,) may be connected with the
control parameters of our experiments.

From the point of view of the above-mentioned
model of gliding, the overall result of light action can
be considered as the additional torque I', acting on
the n, axis opposite to the torque I'y connected with
the first direction. The torques I'y and I', can be
expressed as:

To=— <K22 / 2L§°>)sin 20., (20)

I= (KZZ/ZLS))Sin 2(n/2—o,)

= (K22/2L£2)) sin 20,, 2y

where the corresponding lengths L.? and L.? are
defined as:

L0 =Ko [ W, LD =Ko [ WD (22)

The anchoring strength W™ is determined by Equa-

tions (15)—(19), whereas integral anchoring strength
w,>ED is defined as:

wiEY =wi® - wiY, (23)
with the contributions expressed by Equations(10)
and (13).

So, the sum of the two above-mentioned torques
can be expressed as:

To+Tr=— KKzz/zLéo)) — (Kzz/ZLéz))} sin 2([)e (

= — (K2 /2L)sin 29,

24)

where the effective length L™ is defined as:
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L= (L§2>L£0>) / (L§2> - Lg°>) . (25)

Substitution allows the Equation for torques acting
on the easy axis to be expressed in exactly the same
form, Equation (2), as in original model:

Ka|(n/2) =@l /(E—h) —

(26)
(K2 /2L")sin 29, — v, (¢, /t) =0.
Thus, all previously obtained results can be used with
the only modification:

Le—>L:ff. (27)

In the general case, the effective length L. depends
both on the parameters (intensity and exposure time)
of applied electric field and on two sets of parameters
(the light intensity and the exposure time) referred to
the preliminary UV treatment and to illumination of
light during voltage application. The static and
dynamic behaviour of the system is totally defined
by these parameters.

In particular, accordingly to Equation (25) the
characteristic time of an easy axis gliding can
expressed as:

W= (1 L) Kor =1, [ (Wo— WP —2mw). (28

This can be simplified by using the linearised
expressions given by Equations (11), (17) and (18):

= Ye/ ( Wo— B E texp — ZB(L)IzteXP> - (29)

Equation (29) can be applied for a description of
experiment results on slow dynamics of LC after
turning off electric field and light. In particular, it
predicts the essential increase of the relaxation time
for increasing intensity and exposure time of both
electric field and optical field for the combined action
of these factors. At the same time, the increase of
anchoring strength W, produced by preliminary UV
irradiation has to decrease the relaxation time. All
these predictions are in a qualitative agreement with
the experimental results presented above.

One can try to extract information about phe-
nomenological parameters entering into the proposed
model by comparison of the theoretical expression
given by Equation (29) for the relaxation time of an
easy axis and the experimental data, presented in
Table 1. In particular, the second relaxation time T,
presented in Table 1 can be connected with the time
7. defined by Equation (29) and describing the last
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stage the easy axis relaxation as [15]:

¥ =21,. (30)

Taking into account this connection, we fitted of the
data from the Table 1 by Equation (29) and obtained
the following values for the phenomenological para-
meters inthe proposed model:

B(E)/WO —7.57x 10"V 2m~ 25" at d =50 um;
B(L)/W0=8.21><10’4m2 s~ 'W-lat L,=7T4mWm2;

Yo/ Wo=2880s.

The initial anchoring strength 1, for an easy axis
provided by preliminary UV treatment can differ
from the anchoring strength W usually used at
description of surface director motion and can be
determined by nonlinear analysis of the initial
stationary state of the LC layer (/5), which is beyond
the scope of this paper. According to our previous
data, obtained in the absence of additional light
illumination, the values of W, and W, are of the same
order of magnitude (107%-107*Jm~?). This means
that the reciprocal length L. is of order 1075
10”7 m, which seems to be reasonable. The value of
the gliding viscosity, v, for W,=10""Jm™? is about
I Pams.

The surface plotted in Figure 7 using the para-
meters of the approximation presented above demon-
strates the character of dependence of a characteristic
time of gliding, t.’, on the electric field strength and
the exposure time. The numerical values of t.°
presented in Table 1 show good agreement with the
experimental ones (1,) at least at relatively moderate
values of applied voltage when the linear approxima-
tion used in deriving Equation (29) is obviously valid.
Such an approximation has to break down in the
vicinity of critical increasing relaxation times.
Nevertheless, we can estimate the critical exposure
time, 7y, , corresponding to the critical slowing down
of the easy axis relaxation from the linearised
Equation (29):

to=Wo /[P U>+BVL). (31)

For values of the parameters mentioned above, we
estimated ey, as 85 min and 40 min, respectively, for
voltages U=50V and 100V. Experimentally, for
U=100V we observed an essential increase of
relaxation times in the range 20-80min (see
Tables 1 and 2) which does not contradict the
estimates mentioned above. It is also obvious that
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Figure 7. Characteristic time of gliding, 7, as a function electric field strength, E, and exposure time, fcyp.

the decrease of extremely slow relaxation times
presented in Table 2 with increase of the exposure
dose D, of preliminary UV irradiation can be partly
referred to the increasing of the anchoring strength
Wy, in accordance with the nonlinear expression,
Equation (28). At the same time it is difficult to
exclude a priori the possible influence of preliminary
UV irradiation not only on elastic (W) character-
istics, responsible for a gliding process, but on viscous
ones (Y.) too due to changing of potential barriers of
molecular motions. Such influence is also possible
regarding to the light illumination in combination
with electric field used in our experiments. Indeed, the
fitting of our previous results on electrically induced
gliding (15) by Equation (28) gives the value B/
Wo=72x10""7V 2m 2s™!, which is close to that
presented above. At the same time, the obtained
value of vJ/W, (3.74 x 10%s) for electrically induced
gliding is essentially higher than that for the
experiments with combined action of electric field
and light described above. So, one can propose that
additional illumination increases the rate of exchange
between the absorbed surface layer of LC molecules
and the bulk one. In this case, additional light illu-
mination results in decreasing of the gliding viscosity
v. describing absorption—desorption processes.
Further experiments are needed to clarify some
essential questions arising due to description pro-
vided above. Firstly, the modified model predicts that
the second preferred surface direction exists after

turning off electric field and light. In this case the
anchoring strength connected with the initial surface
direction has to decrease via application of field and
light. Our preliminary experiments confirm such a
conclusion. The more deep insight can be also
obtained by application of microscopic approach
like a diffusion model (9). This could provide the
connection between the phenomenological para-
meters entering into the model and the molecular
properties of the systems.

5. Conclusion

We have demonstrated for the first time that the
combined action of a relatively weak electric field and
polarised light on the LC cell preliminary treated by
UV irradiation can induce an extremely slow process
of relaxation after turning off both the field and light.
The characteristic times of these processes are
determined by a number of controlled parameters
(exposure dose of preliminary UV irradiation, light
intensity, applied voltage U, exposure time fcyp). A
proper choice of control parameters provides the
effective regulation of the time, corresponding to the
changed optical state. So, devices for an operative
memory of a controlled duration can be proposed on
the basis of this effect. The results obtained have been
explained in the framework of a modified phenom-
enological model taking into account the complicated
mechanisms responsible for combined action of
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electric field and light on ordered and interacting
ensembles of molecules of LC and of a dye.
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