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Transient light scattering in helix ferroelectric liquid crystal cells

Valery A. Loiko*, Alexander V. Konkolovich and Alexander A. Miskevich

Stepanov Institute of Physics of the National Academy of Sciences of Belarus, Nezalezhnastsi avenue 68, 220072,Minsk, Belarus

(Received 27 January 2009; final form 20 March 2009)

The static model to describe coherent (regular) transmittance in helix ferroelectric liquid crystal cells under the
transient light scattering mode is proposed. It can be used to develop three-dimensional volumetric and two-
dimensional liquid crystal displays. The dependence of coherent transmittance on cell parameters and the ampli-
tude of the applied electric field is analysed. Conditions for increasing scattering efficiency and contrast ratio
enhancement through an interference quenching effect of the coherent transmittance are indicated.
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1. Introduction

Light scattering is one of the promising methods in the

development of three-dimensional (3D) volumetric
displays (VMDs) (1–3). The multiplanar VMDs pro-

duce an image by projecting a series of 2D planar

cross-sections of a real scene onto a set of liquid crystal

(LC) plates with electrically controlled scattering.

They undergo periodic switching with a period equal

to or less than the eye’s integration time. The light

scattering is due to spatial heterogeneity of the LC

cell optical anisotropy (1). In the development of mul-
tilayered VMDs plates of ferroelectric liquid crystals

(FLCs) are used (1–3) to decrease the electro-optic

response time.

The spatial heterogeneity of optical anisotropy

results from the formation of transient domains at

changing FLC orientation structure. Parameters of

transient domains (size, shape and internal structure)

and their number depend on the properties of FLC,
impurity components and the boundary conditions

caused by the orienting substrates. Transient domains

are texturally observed as strips or spots of variable

optical density. Light scattering by transient domains

(transient light scattering (TLS)) is a non-stationary

dynamic process. In the birefringence mode TLS is the

preventing factor decreasing the light modulation effi-

ciency. On the other hand, in the scattering mode the
conditions to increase the efficiency of TLS can be

provided by special means.

There are several types of light scattering in FLCs,

such as light scattering on transient domains in helix

and helix-free FLCs, and light scattering on ferroelec-

tric domains in helix-free FLCs (3). Light scattering in

FLCs is mainly investigated experimentally. It is

important to develop a model for describing light
scattering. The model has to take into account the

formation and evolution of transient domains, the

change of their internal orientation structure, etc. An

important aim in light scattering investigation is to

reveal the conditions of high transparency of FLC

cells and high scattering efficiency.
In this study, we propose the static optical model

of TLS for helix FLC cells. The model is based on the

anomalous diffraction (4, 5) and effective medium (6)

approaches. The conditions for the control electric

field decrease and scattering efficiency increase due

to the interference quenching effect (4) of the

coherent (regular) part of the transmitted light are

indicated.

2. Basic relations

Consider the plane-parallel layer of planar helix SmC*

LC. Orientation structure of the SmC* phase is

characterised by molecular tilt angle � (determined

with respect to the smectic layer normal) and sponta-

neous polarisation vector Ps in the smectic layer

planes. The orientation of Ps on the ferroelectric

cone is determined by azimuth angle ’ (see Figure 1).

Under electric field E applied normally to the cell, LC
molecules rotate to the stable state position and spon-

taneous polarisation vectors Ps in smectic layers are

oriented in parallel to the direction of the applied

electric field E.

The change of orientation structure of FLC is

accompanied by the formation of transient domains

with energy-unstable orientation of spontaneous

polarisation vectors Ps. Borders of transient domains
move, and are generally deformed under the applied

field. The internal structure and number of transient

domains are also changed under the applied field.

Formation of transient domains leads to the spatial
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heterogeneity of the FLC layer anisotropy and to the

dynamic (transient) light scattering. The TLS occurs

via arbitrarily located areas with variable optical
properties.

The coherent transmission coefficient of the FLC

layer can be written in the form (4)

Tc ¼ 1�Q� þQ2L

2
�2; (1)

where Q and L stand for parameters describing the

scattering by transient domains, and � is the filling

coefficient determining the part of layer occupied by

transient domains. Parameters Q, L, and � depend on

the controlled field E.

For optical parameters Q and L, we write

Q ¼ 4�

k2�
Rehfvvð0Þi; (2)

Q2L

2
¼ 4�2

k4�2
fvvð0Þh ij j2þ fvhð0Þh ij j2

n o
; (3)

where � is the cross-section of transient domain in the

(y,z) plane of the lab coordinate system (x,y,z),k ¼ 2�=�,

fvvð0Þh i and fvhð0Þh i are mean values of vv- and vh-

components of the vector amplitude scattering function

at zero scattering angle for polarisations of scattered

light parallel and perpendicular to the polarisation vec-

tor of the incident light. Angular brackets hi indicate the
averaging over internal structure of the transient

domains.

To analyse coherent (regular) transmittance of the

helix FLC layer the anomalous diffraction approach

(4, 5) and effective medium approach (6) are used. We

model transient domains by ellipsoids stretched in the

direction orthogonal to the helix axis. In such a case

the averaged components of the vector amplitude scat-
tering function fvvð0Þh i and fvhð0Þh i can be written in

the form:

x

y z
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z
v

v

v

h
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iE

1 23

E+
E−

4  

d
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l

α

α

ψ
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Figure 1. Schematic presentation of the FLC cell and illumination geometry by linearly polarised light; (x,y,z) is the laboratory
coordinate system; z is the helix axis; k and Ei are the wave vector and polarisation vector of the incident light, respectively; � is
the polarisation angle; E is the vector of the electric field strength; d is the director (optical axis) in single smectic layer; Ps is the
spontaneous polarisation vector; � is the tilt angle; � is the helix azimuth angle at rotation of director d on the ferroelectric cone;
 is the angle between the principal plane (k,d) in the single smectic layer and helix axis z; lines vv and vh denote the directions of
polarisation of the transmitted light parallel and orthogonal to polarisation vector Ei of the incident light; l is the FLC layer
thickness; Ic denotes the coherent (regular) component of the transmitted light. The smectic layers, conducting layers,
transparent substrates, and generator of applied electric field are denoted by digits 1, 2, 3, 4, respectively.
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fvvð0Þh i ¼ k2�

�
fKeði�eff

e Þ cos2ð��  eff Þ

þ Koði�eff
o Þ sin2ð��  eff Þg; (4)

fvhð0Þh i ¼ k2�

2�
Ke i�eff

e

� �
� Ko i�eff

o

� �� �
sin 2 ��  eff

� �
; (5)

where K is the van de Hulst’s function (7), � is the

polarisation angle (angle between polarisation vector

of the incident light Ei and helix axis z), angle  eff

determines the coordinate system, where the average
dielectric tensor is diagonal (8) (the angle  for a single

smectic layer is shown in Figure 1), and �eff
e;o are the

effective phase shifts of extraordinary and ordinary

waves on the transient domains,

�eff
e;o ¼

2�l

�
ðneff

e;o � ne;oÞ: (6)

Here, neff
e;o are the extraordinary and ordinary effective

refractive indices of transient domains, ne;o are the

extraordinary and ordinary refractive indices of FLC

in the unwinding state, l is the FLC layer thickness,

and � is the wavelength of incident light.

To find the distribution of the azimuth angle � for
transient domains the problem of free energy W mini-

misation should be solved taking into account physical

mechanisms of the domain formation (2):

@W

@’
¼ 0; W !Wmin; (7)

where Wmin is the minimal equilibrium value of the

volume-free energy density.

On the basis of the minimisation problem for W

(9, 10) at deformation of the helix structure under the

small applied electric field, the partial solution for the

azimuth angle ’ can be written as

’ ¼ ’0 �
�2

8
E�n
�� �� sin’0: (8)

Here, ’0 ¼ q0z is the azimuth angle rotation along the

helix axis in the absence of the applied field;

q0 ¼ 2�=p0 ; p0 is the helix pitch; the sign «-»

corresponds to E > 0; the sign «+» corresponds to

E < 0 for left-handed FLC (this case is displayed in
Figure 1); the sign «+» corresponds to E > 0, the sign

«-» corresponds E < 0 for right-handed FLC;

E�n ¼ E=Emn is the normalised applied electric field;

Emn is the value of applied field when transient

domains disappear and the monodomain ferroelectric

structure is formed:

Emn ¼
�2

8

K’q2
o

Ps

; (9)

where K’ is the elasticity modulus, determining the

director deformation along the azimuth angle �.

The effective refractive indices neff
e;o were found at

the uniaxial approximation by the diagonalisation of

the average dielectric tensor:

ðneff
e;oÞ

2 ¼ "iso �
�"

3
D33;22: (10)

Here �" ¼ n2
e � n2

o is the dielectric anisotropy,

"iso ¼ ð2n2
o þ n2

eÞ=3; (11)

D33 ¼ b22h i sin2  eff þ b23h i sin 2 eff

þ b33h i cos2  eff ; (12)

D22 ¼ b22h i cos2  eff � b23h i sin 2 eff

þ b33h i sin2  eff : (13)

 eff ¼
1

2
arctan

2 b23h i
b33h i � b22h i

� �
; (14)

b22h i ¼ 1� 3 sin2 � cos2 ’
	 


; (15)

b23h i ¼ � 3

2
sin 2� cos’h i; (16)

b33h i ¼ b33 ¼ 1� 3 cos2 �; (17)

cos2 ’
	 


¼ 1

2
1þ cos 2’h ið Þ; (18)

cos’h i ¼ 2

�

Z�

0

cos’ d’0 ¼ 2J1
�2

8
E�n

� �
; (19)

cos 2’h i ¼ 2

�

Z�

0

cos 2’ d’0 ¼ 2J2
�2

4
E�n

� �
; (20)

where J1 and J2 are the cylindrical first- and second-

order Bessel’s functions of the first kind.
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At conditions corresponding to constant local den-

sity of the transient domains for the value of filling

coefficient � we have found

� ¼ 1

1þ �2

16
E�n
�� �� : (21)

Equations (1)–(21) allow one to analyse the coherent
transmission coefficient Tc for the plane-parallel helix

FLC cell in the static applied electric field.

To take into account dynamic aspects (hysteresis

and relaxation properties) of the orientation structure

of FLC the balance equation for volume free energy

density should be used (2, 11).

3. Results

Here we present the data obtained on the basis of the

derived above equations. Note that formula (8) is

derived for small values of the applied field, but it

correctly qualitatively describes the deformation of

the helix structure at high field values as well (12).

The dependence of coherent transmittance Tc for a

helix FLC cell with layer thickness l ¼ 5	m, refractive

indices of FLC no ¼ 1:5, ne ¼ 1:7(� ¼ 0:6328	m) in a
static electric field is displayed in Figure 2 at different

tilt angles �. Asymmetry of the electro-optical

response at the deformed helix FLC structure at posi-

tive and negative applied electric fields takes place,

when the incident light polarisation angle � � 0. The

asymmetry increases with increasing tilt angle �. At

� ¼ � the maximal asymmetry of electro-optical

response is achieved.

The dependence of the modulation depth

�Tc ¼ Tcð�E�nÞ � TcðþE�nÞ (22)

on the polarisation angle � is shown in Figure 3. The

maximal value of �Tcj j takes place at �j j ¼ � ¼ 45�.
Dependence of coherent transmission coefficient Tc

on applied electric field E can be monotonic (so-called

‘S-formed response’) or non-monotonic (‘anomalous’

response with minimum (see Figure 2)). The number of

extremes on the Tc ¼ TcðEÞ-dependence is determined
by optical parameters Q, L and filling coefficient �.

Dependence of coherent transmittance Tc in positive

and negative applied fields if several extremes are imple-

mented is displayed in Figure 4.

The results of calculation for contrast ratio (CR),

defined as:

CR ¼ TcðE�n ¼ 1Þ=TcðE�nÞ: (23)

and are displayed in Figure 5.

Under certain conditions the interference quench-

ing effect (Tc ¼ 0) can be implemented in a helix ferro-
electric liquid crystal cell. This effect takes place (see

Equation (1)) if parameter L ¼ 1=2 and filling coeffi-

cient � ¼ 2=Q (see (4, 13)). In such a case the dramatic

increase in TLS efficiency and contrast ratio enhance-

ment due to the quenching effect can be realised.
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Figure 2. Dependence of coherent transmittance Tc for helix
FLC cell on the normalised applied electric field E�n at
different tilt angles �. The layer thickness l ¼ 5	m; the FLC
refractive indices ne ¼ 1:7, no ¼ 1:5; the polarisation angle
� ¼ �. Solid lines correspond to positive electric field.
Dashed lines correspond to negative field.
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Figure 3. Dependence of the modulation depth �Tc ¼
Tcð�E�nÞ � TcðþE�nÞ on polarisation angle � of the incident
light at different values of normalised applied field E�n. The
layer thickness l ¼ 5	m; the FLC refractive indices ne ¼ 1:7,
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4. Conclusions

The proposed model enables calculation of the coher-

ent transmittance for the plane-parallel cells of helix
FLC operated in TLS mode.

The model can be extended to solve the following

problems:

(i) to find conditions of TLS efficiency increase at

reduced driving voltage;

(ii) to investigate polarisation and spectral depen-

dencies of electro-optical response in FLC cells

taking into account the incoherent (diffuse)

component of the scattered light;
(iii) to analyse 2D modulated FLC structures to

obtain polarisation-independent electro-optical

modulation of transmitted light.

The obtained results can be useful for 3D volumetric

and 2D liquid crystal displays development.
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