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Local Dynamics of Director Reorientation under
Electric Field in Helical L.C Structure

A. A. KARETNIKOV, N. A. KARETNIKOV, A. P. KOVSHIK,
E. . RIUMTSEV, E. V. AKSENOVA,*E. V. KRYUKOV,
AND V. P. ROMANOV

St. Petersburg State University, Physics Department, Ulyanovskaya St., 1,
Petrodvorets, St. Petersburg, 198504, Russia

The influence of an electric field on the trajectory of an extraordinary light ray in a layer
of a chiral liquid crystal (LC) with a 180° turn of the director is studied. In the absence
of the electric field and at a large angle of incidence the ray reflects inside the layer and
return back through the surface which it entered. The applied electric field distorts the
initial configuration of the director. It results in a change of the ray trajectory so that
the light is propagated through the LC cell. The study of the temporal characteristics
of the effect at various angles of incidence of light on the layer makes it possible to
examine the local reorientation of the director inside the cell.

Keywords helical liquid crystal; Freedericksz transition; optical response

PACS 42.70.Df; 42.25.Bs; 42.25.Fx; 42.25.Gy

1 Introduction

The study of light propagation in chiral systems in external fields is of special interest in
investigation of the optical properties of liquid crystals (LC). For the first time this problem
was considered by Freedericksz and Zwetkoff. They studied the propagation of light in a
planar oriented layer of a nematic liquid crystal with a 180° super-twist structure in external
magnetic field. Reflection of an extraordinary light ray inside the layer at the incidence
angles exceeding the angle of total internal reflection of an ordinary ray was discovered
[1]. The refraction of the extraordinary ray inside an LC layer was also studied in the layers
with different director profiles [2—7]. In our works [8—10], we studied propagation of the
extraordinary ray in a 180° helical LC structure experimentally and theoretically. In Ref. [9]
it was studied the dependence of the distance from the boundary where the extraordinary
ray was reflected as a function of the angle of incidence. In Ref. [10], the effect of the
electric field directed along the axis of the helix on the trajectory of the extraordinary ray
was studied. In the absence of electric field the angle of the extraordinary ray incidence on
the liquid crystal was chosen so that the ray refracted in the middle of the layer. When the
external field is applied normal to the cell plane the configuration of the director in the cell
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changes. This leads to a change in the limiting angle when the extraordinary ray starts to
pass through the LC layer. This effect is of the threshold nature, the limiting angle and the
penetration depth of light being dependent on the magnitude of the applied field. This study
is aimed at investigation of the optical response of a 180° super-twist LC cell for various
depths of penetration of the extraordinary ray into the layer.

2 Propagation of Light in a Chiral Medium

We consider a plane-parallel LC twist cell with the pitch P and thickness d. Let us introduce
Cartesian coordinate system (x, y, z) with the z axis directed along a normal to the bounding
planes, 0 < z < d. We assume that the axis of the helix is directed along the z axis and the
director n(r) is uniform in planes (x, y):

n(r) = n(z) = (cos ¢(z), sin¢(z), 0), (2.1)

where ¢(z) = qoz + ¢o, go = 27/ P, and ¢y is the initial phase.
The wave equation for the electromagnetic field in this medium has the form

(rotrot —kj(2)) E(r) = 0, (2.2)

where E(r) is the electric field, k( is the wave number in vacuum, ky = 27 /A, A is the
wavelength and &(z) is the permittivity tensor, which has the form [11]

ap(2) = €100p + €ana(2)Np(2), (2.3)

where ¢, = &) — ¢ ; ¢ and ¢ are the permittivities along and transverse to n(z), respec-
tively.

In what follows we suppose that P >> A. In the geometrical optics approximation the
solution of the wave equation (2.2) inside the medium has the form

E(r) = Eo(z) e(z) exp (ikl T +i / kz(z/)dz'> , (2.4)
0

where E((z) is the local value of the amplitude, e(z) is the local vector of polarization,
k(z) = (k1 , k,(z)) is the wave vector.

For uniaxial permittivity tensor (2.3) and a fixed direction of the wave vector t = k/k
Eq. (2.2) in the first approximation has two well known solutions corresponding to the
ordinary (o) and extraordinary (e) waves [12]:

k9 =kon”, k9 = kon'®. (2.5)

Here, n” and n'® = n‘“)(t) are the refractive indices for the ordinary and extraordinary
rays, respectively,

€18

nO = L = \/ 2.6)

&) cos?f + ¢, sin? 6’

where 6 is the angle between the t and n vectors.
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In our case the wave vectors k and unit polarization vectors e are functions of the
coordinate z and the 2-D vector k. We obtain from the Eq. (2.5)

KOk 2) = KOy) = Joukd — 12 @7

for the ordinary wave and

KOy, 2) = \/s“k% -k - j—“(kl -n(2))2 (2.8)
1

for the extraordinary wave.

It is noteworthy that the transverse component of the wave vector k, is independent
of z. If the axis x of the coordinate system (x, y, z) is chosen to lie along the fixed vector
k, the t vector takes the form t(z) = (sin x(z), 0, cos x(z)), where x(z) is the angle of the
wave vector with the z axis. Then for the extraordinary wave we obtain from Eq. (2.5)
ki = kon'®(z)sin x(z). Therefore the condition of the k constancy corresponds to the
conventional Snell equation

n'“(z) sin x(z) = const. (2.9)

Now we discuss the conditions under which light can propagate in a medium for the
given k|, that is, for the given incidence angle. According to Eq. (2.7) the condition for
propagation of the ordinary wave has the form /g ko > k| . Since the wave vector k is
independent of z the wave will propagate rectilinearly in a medium throughout the region
0<z<d

The conditions for propagation of the extraordinary wave are substantially different
because the longitudinal component of the wave vector kée) depends on z. According to Eq.
(2.8), if the inequality

gk — k2 > j—iki cos? ¢(2) (2.10)

is satisfied for all the angles ¢(z) between the vectors k; and n(z), the extraordinary
wave will propagate in a medium at any z. This condition corresponds to the inequality
kJZ_ < min(sl, SH)k(%.

When the inverse inequality is satisfied for all angles ¢(z) which corresponds to the
condition k% > max(e, &))kZ, the wave will not propagate in a medium.

Finally in the case min(e, &)k < k3 < max(e |, &)k, the intermediate situation
occurs when the inequality (2.10) is satisfied only for a certain interval of angles ¢(z). In
this case there exists angle ¢(z;) at which the inequality (2.10) transforms to the equality.
This corresponds to vanishing of the component kée). With the further decrease of the angle
¢(z) the component kg“’) becomes imaginary and the wave begins to decay exponentially.
Actually at this point the sign of kge) changes and consequently the direction of the wave
propagation along the z axis changes too. This means that point z, is the turning point. In
a certain sense, this effect is similar to the effect of the total reflection from some plane
inside a medium.
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It permits to derive the equation for the depth of the extraordinary wave penetration
into the layer. Indeed the condition kg")(k 1,2) =0 gives

& k2 ,
cos? g(zp) = £k (e,,—g - 1) — 1 - sin (2. @.11)
&4 k7
From here we get
= P ¢o E arcsin il 1—¢ k(z) (2.12)
Zt_.zn 0 - Lki . .

For the ray incidence on plane z = 0, the minus sign should be taken in Eq. (2.12).
The electric field applied to the cell causes deformation of the helix. In this case it is
convenient to express the director through the polar and azimuthal angles, 6 and ¢

n(z) = (cos ¢(z) sinO(z), sin¢(z)sinb(z), cos H(z)). (2.13)
Then the permittivity tensor (2.3) takes the form

€1 +&,c08?¢psin®6 &, cos¢singsin’6 &, cos ¢ sinb cos b
8(z) = | e.cosgsingsin’f e, + g,sin’ psin’6 g, sin@sinf cosh | . (2.14)
gacospsin@cosd g,singsinfcosd e + &,cos’6

In this case the wave vector component k, of the ordinary wave is described by Eq. (2.7) as
before. The appropriate equation for the extraordinary wave can be readily obtained in the
form

k
kii)(kb H=—"2 [—MSQ sin @ cos O cos ¢

& 4+ e,c08260

:i:el\/e (a + 8—acos2 9) + (1 —a)e, sin% 6 sin2¢:| , (2.15)
1

where
2
ke

kéSL

a=1

In this case the condition kﬁ = kie_) corresponds to the turning point, that is,

\/g” (a + 54 cos2 9) (1 — e, sin? O sin? ¢ = 0 (2.16)
€1

and the component k' is equal to

ki

ke — _
&1 +é&,c0820

; &, 8in6 cos b cos ¢.

It should be noted that in the absence of the external field kge) = 0. When the external field
is applied k;e) is not equal to zero at the turning point for the oblique director (Eq. (2.13)).
In fact the ray or the Poynting vector is related to the energy transfer. So the z component
of the ray vector should reduce to zero at the turning point rather than the component &, of
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Figure 1. Liquid crystal cell consisting of two trapezoidal glass prisms and LC layer. Extraordinary
ray trajectories: in the absence (solid lines) and presence (dashed lines) of the electric field. Here n(r)
is the director; « is the base angle of the prisms; § is the angle of incidence of light on the layer; E is
the vector of the electric field in the incident light; (x, y, z) is the Cartesian coordinate system; U is
the control voltage; Uy, is the threshold voltage.

the wave vector. The Poynting vector S which defines the direction of the ray propagation
is connected to the wave vector through the relation

S ~ £Rek.

If the tensor £ is used in the explicit form (2.14) it can be readily seen that S, = 0 in the
turning point. Physically this corresponds to the turn back of the ray, that is, to the internal
reflection.

As a result the extraordinary rays that are reflected inside an LC layer in the absence
of the electric field will pass through the cell in the presence of the electric field which is
in excess of the Freedericksz threshold (Fig. 1).

3 Experimental Results

The effect of an alternating electric field on the trajectory of an extraordinary ray in a 180°
super-twist LC cell was studied for various depths of the extraordinary ray penetration into
a layer using the experimental setup presented in Fig. 2. A He-Ne laser (L) was used as
a source of polarized radiation at wavelength A = 632.8 nm emitted in a beam of 1 mm
diameter. The beam passed through a half-wave plate 1/2 which provided the necessary
polarization of the wave and was incident on the entrance face of an LC cell. The direction of
polarization of the laser beam coincided with that of the LC director at the layer boundary.
The cell was placed on a rotation stage with an angle measuring device which allowed

—

Osc

Figure 2. Experimental setup. L: laser; A/2: half-wave plate; LC: liquid crystal cell; Ph: photode-
tector; SWG: sine wave voltage generator; Osc: digital oscilloscope; PC: computer.
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us to vary the angle of the light incidence on the layer. The angle of incidence on the
entrance face of the glass prism was recalculated into the angle of incidence on the LC
layer. The radiation intensity was measured by a photodetector (Ph). Optical and control
electric signals were recorded by a two-channel digital oscilloscope (Osc). As a source of
a control signal, we used a sine wave voltage generator (SWG), which produced voltage
pulses up to 30 Vs with the duration 0.1-5 s and the carrier frequency f from 20 Hz to
20 kHz.

The LC cell consisted of two trapezoidal glass prisms made of optical glass with the
refractive index n, = 1.7002 and having the base angles o = 68.0°. The 18 um LC layer
was placed between the prisms. Transparent current-conductive electrodes were deposited
on the glass surfaces bounding the LC. The planar orientation of the director on the surface
of the electrodes, which is orthogonal to the plane of the figure, was created by rubbing the
polyimide coatings in the same directions. The angle of the director with the surface of the
LC layer, determined by the polarimetric method, was 2° [13]. For measurements we used an
LC mixture consisting of nematic LC 1466 (NIOPIK, Russia) with a 0.2 wt.% chiral dopant
VICH-3 (Vilnius University, Lithuania). The mixture showed positive dielectric anisotropy
and its refractive indices were n, = 1.691 and n, = 1.551. The pitch was determined by the
Cano-Grandjean method and was equal to 32 um. At the layer thickness d = 18 pum, the
director at one layer interface was turned by 180° with respect to that at the other interface.

In the above geometry, ¢9 = —n/2, d = P /2. At the given angle of incidence on the
glass-LC interface, 8, it follows from the Snell law that

kol’lg sind = kJ_.

Then the depth of the ray penetration into LC (2.12) can be written in the form

&1

. 2l
-1 - ——]. 3.1
arcsin o ( i 8) 3.1

When the angle of the extraordinary wave incidence on the glass-LC interface, 8, varies from
8, = arcsin(n,/n,) to §, = arcsin(n./n,), the coordinate of the point of the ray reflection
inside the LC layer shifts from the middle of the layer to the glass-LC interface according
to Eq. (3.1). Here, n, = /¢ and n, = /5.

In our experiment the angles of the ray incidence on the layer varied within the range
62.8° to 79.7°, whereby the depth of the ray penetration into the layer varied from 8.7 to
1.7 pm (Fig. 3).

The threshold voltages for various angles of light incidence on the LC were determined
using the setup depicted in Fig. 2. The voltages were found from the voltage dependences
of the intensity of light transmitted through the cell. The threshold voltage corresponded
to the transmission at a level of 10% of the maximum intensity of the transmitted light. It
was found out that the threshold voltage Uy, increased with the incidence angle, i.e., as the
depth of the ray penetration into the LC layer in the absence of an external field decreased
according to Eq. (3.1). Under our experimental conditions, the value of Uy, varied within
1.32 to 3.80 Vs as the depth of penetration z, varied from 8.7 to 1.7 um (Fig. 1). This
is due to the fact that, to deflect the LC director oriented by the solid surface at the same
angle near the surface and in the middle of the layer, different voltages are necessary, the
voltage near the surface being higher than that in the middle [7].

The local dynamics of the director reorientation at various distances from the interface
was studied by the optical responses of the cell when the control voltage pulses were

IR
SEES

it =
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Figure 3. Depth of the extraordinary ray penetration z, into the LC layer as a function of the incidence
angle 4.

applied. The control voltage was chosen to be higher than the threshold voltage 3.80 Vs
for all the penetration depths. In our experiments the control voltage was varied within 4.00
to 6.00 Vs, which opened the cell completely for all the penetration depths.
Oscillograms of the optical responses of the cell as functions of the depth of the ray
penetration into the LC layer at voltage U = 5.00 Vs are shown in Fig. 4 (for the electric

50 ms

Figure 4. Optical response of the LC cell after electric field was switched on, U = 5.00 V,y,
f = 1000 Hz. For this frequency the dielectric anisotropy is equal to 117. a— control voltage pulse,
b, ¢, d, e, f — optical responses for z, = 8.7, 7.4, 5.1, 3.0, 1.7 um.
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Figure 5. Optical response of the LC cell with electric field was switched off, U = 5.00 V,p,
f = 1000 Hz. a — control voltage pulse, b, c, d, e, f — optical responses for z; = 8.7, 7.4, 5.1, 3.0,
and 1.7 pm, respectively.

field switched on) and Fig. 5 (for the electric field switched off). It should be noted that
the intensity variation curves for the field switched on and off undergo clearly exhibited
oscillations.

The intensity oscillations can be explained by the fact that the extraordinary wave pass-
ing through the cell partially reflects from the LC-glass interfaces, the reflected waves in-
terfere, and the phase difference between them changes during reorientation of the director.
Moreover, the monotonic behavior of the phase difference in the interfering waves breaks
down (arrow in Fig. 5). This breaking can be explained by the arising LC backflow [14].

The delay time 7y, of the effect onset can be readily determined from the oscillograms
of the intensity increasing of the transmitted light (Fig. 4). These times are found for

200 -
[
150 A
[
@ 100 - .
E ° 6 g
[ | |
‘_'P [+] ° o =
o L] o
. o &
50 .
. * :a o 2
. .
. LI
0 T T T I T T T
1 2 3 4 5 6 7 8
Z,(um)

Figure 6. Delay time of the signal rise, 7y, as a function of the distance from the layer boundary z,
for different control voltages U = 4.00 Vs (1); U = 5.00 Vs (2); U = 6.00 Vs (3).
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Figure 7. Turn-off time 7. as a function of the distance from the layer boundary z;.

various angles of incidence § and various voltages. Using Eq. (3.1) angles of incidence §
are recalculated to the penetration depths z,. The delay time dependence on the penetration
depth is shown in Fig. 6 for several values of the control voltage. It can be seen from Fig. 6
that at a same voltage the delay time decreases as the depth of the ray penetration into the
layer increases. In order to the light transmittance through the cell takes place the director
should turn in the layer z ~ z;. Since near the boundary reorientation of the director is
difficult due to the anchoring with the orienting surface [15] delay time near the surface
will be greater than in the depth of the cell. Thus, t4 decreases with increasing z; as it is
shown in Fig. 6.

The turn-off time of the effect, o, was determined from the optical responses obtained
for various depths of the ray penetration into the layer. The turn-off time can be interpreted
as a recovery time of the initial configuration of the director. Figure 7 shows the turn-off
time 7o as a function of the penetration depth z,. It can be seen from Fig. 7 that tog
decreases with a decrease in z,. This dependence can be qualitatively explained by the fact
that the rate of the recovery of the initial configuration is proportional to the elastic torque
acting on the director [15], which is larger near the surface.

4 Conclusions

In our study we determined the threshold voltages for the refraction disturbance effect.
It has been found that the threshold value increases as the depth of the light penetration
decreases. We determined the delay times of the onset of the refraction disturbance effect
at various distances from the layer boundary for various values of the control voltages,
as well as the times of recovery of the initial director configuration for the same light
penetration depths. Thus, it has been demonstrated that the used experimental technique
provides investigation of the dynamics of the local reorientation of the director at various
distances from the glass-LC interface.
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