
 

 

PLEASE SCROLL DOWN FOR ARTICLE

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

Continuum modelling of hybrid-aligned nematic liquid crystal cells:
optical response and flexoelectricity-induced voltage shift
N. T. Kirkmana; T. Stirner Corresponding authora; W. E. Hagstona

a Department of Physics, University of Hull, Hull HU6 7RX, UK

Online publication date: 19 May 2010

To cite this Article Kirkman, N. T. , Stirner Corresponding author, T. and Hagston, W. E.(2003) 'Continuum modelling of
hybrid-aligned nematic liquid crystal cells: optical response and flexoelectricity-induced voltage shift', Liquid Crystals,
30: 9, 1115 — 1122
To link to this Article: DOI: 10.1080/02678290310001594562
URL: http://dx.doi.org/10.1080/02678290310001594562

Full terms and conditions of use: http://www.informaworld.com/terms-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, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, 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/10.1080/02678290310001594562
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Liquid Crystals ISSN 0267-8292 print/ISSN 1366-5855 online # 2003 Taylor & Francis Ltd
http://www.tandf.co.uk/journals

DOI: 10.1080/02678290310001594562

Continuum modelling of hybrid-aligned nematic liquid crystal
cells: optical response and flexoelectricity-induced voltage shift

N. T. KIRKMAN, T. STIRNER* and W. E. HAGSTON

Department of Physics, University of Hull, Hull HU6 7RX, UK

(Received 21 November 2002; in final form 19 March 2003; accepted 12 May 2003 )

A continuum model is employed to study systematically the optical response of hybrid-
aligned nematic (HAN) liquid crystal cells under the application of an external electric field.
The influence of the flexoelectric effect is discussed for a large range of anchoring strengths at
the homeotropic alignment layer. It is shown that the optical response of HAN cells is
governed by a complicated interplay between the flexoelectric coefficient and homeotropic
anchoring strength. In particular, the calculations reveal that, for weak homeotropic
anchoring, the flexoelectric effect leads to a non-linear voltage shift of the optical
transmittance as a function of flexoelectric coefficient, and gives rise to an asymmetry in the
transmittance–voltage curve. Finally, a comparison of the continuum-model simulations with
recent experimental observations indicates that both the flexoelectric coefficient and the
anchoring strength of the nematic liquid crystal MBBA on a homeotropic polyimide
alignment layer are significantly lower than previously reported.

1. Introduction

At present, liquid crystal displays (LCDs) represent

the dominant flat panel device technology [1]. Twisted

nematic LCDs are used primarily for low information-

content applications such as calculators and digital

watches, whereas supertwisted nematic LCDs are used

in high information-content applications such as laptop

computers. Recently, there has been increased interest

in alternative LCD technologies. Amongst them are

nematic displays which utilize a linear electro-optic

effect [2–5]. This flexoelectric effect originates from a

polarization of the nematic liquid crystal induced by

splay or bend deformations. The flexoelectric polariza-

tion P is given as

P~e11 +:nð Þ:nze33 +|nð Þ|n ð1Þ
where e11 and e33 are the flexoelectric coefficients

corresponding to splay and bend distortion of the

nematic director field n, respectively.

One type of liquid crystal cell which has both splay

and bend distortions in its initial state is the hybrid-

aligned nematic (HAN) cell [6–9]. This cell is charac-

terized by homeotropic molecular alignment at one

surface and homogeneous alignment at the other; it can

be used (in conjunction with continuum modelling) to

determine the flexoelectric coefficients of nematic liquid

crystals. Various methods have been employed for the

experimental characterization of HAN cells. Amongst

them are measurements of the retardation of normally

transmitted light [2, 3, 8], a pyroelectric technique [10,

11] and a leaky waveguide method [12–14]. Recently,

Takahashi et al. [2] proposed a novel measurement

method for flexoelectric coefficients that involves the

fitting of the observed voltage shift in the optical

transmittance of the HAN cell with numerical simula-

tions. The aim of the present study is a systematic,

theoretical investigation of the optical response of

HAN cells using continuum theory [15]. As will be

shown, the calculated voltage shift in the optical

transmittance depends strongly on the homeotropic

anchoring strength and is a complicated, non-linear

function of the flexoelectric coefficient for weak homeo-

tropic anchoring. Consequently, we will reconsider the

experimental data of Takahashi et al. by fitting the

entire optical response of the HAN cell with numerical

simulations. This fitting procedure gives values for the

flexoelectric coefficient and the homeotropic anchoring

coefficient which are considerably smaller than those

reported by Takahashi et al. [2].

2. Theory
In the present paper we consider a HAN cell with the

electric field applied along the cell normal (z direction).

For the optical experiments described later, we can

ignore the azimuthal angle of the director and simply

describe the director field by the tilt angle H(z), i.e. the

angle between the director and the surface (xy) plane.*Author for correspondence; e-mail: t.stirner@hull.ac.uk
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Following the notation of Takahashi et al. [2], the free

energy density fz can be written as

fz~
1

2
felas Hð Þ LH

Lz

� �2

{
1

2
fdiel Hð Þ LQ

Lz

� �2

zfflex Hð Þ LH
Lz

� �
LQ
Lz

� � ð2Þ

where the three terms containing

felas Hð Þ~K11 cos
2 HzK33 sin

2 H

fdiel Hð Þ~e0 De sin2 Hzen
� �

and

fflex Hð Þ~ e11ze33ð Þ sinH cosH

describe the elastic, dielectric and flexoelectric con-

tributions to the free energy density, respectively. K11

(K33) is the elastic constant for splay (bend) distortion,

De(~ep2en) is the dielectric anisotropy, e11 (e33) is the

flexoelectric coefficient for splay (bend) distortion and

Q(z) is the electric scalar potential. Here we do not take

into account the effects of a bulk charge distribution [6]

or surface polarization [9, 13] since, in the experiments

of interest to the present work, the effects of ionic

screening were relatively small [2], and surface polar-

ization effects have been shown to be of importance

only for extremely low anchoring energies [6].

The evaluation of the director profile involves the

minimization of the total free energy with respect to

both H and Q. The resulting Euler–Lagrange equations

can be written as

f 0elas Hð Þ LH
Lz

� �2

z2felas Hð Þ L2H
Lz2

 !

zf 0diel Hð Þ LQ
Lz

� �2

z2fflex Hð Þ L2Q
Lz2

 !
~0

ð3Þ

for minimization of the free energy with respect to H,

and

f 0diel Hð Þ LH
Lz

� �
LQ
Lz

� �
zfdiel Hð Þ L2Q

Lz2

 !

{f 0flex Hð Þ LH
Lz

� �2

{fflex Hð Þ L2H
Lz2

 !
~0

ð4Þ

for minimization of the free energy with respect to Q.
Usually equations (3) and (4) are solved self-

consistently [2, 6] with respect to both the director

profile and the electric potential profile. We do not

follow this procedure here. Instead, after rewriting

equation (4) in the form

d

dz
fdiel Hð Þ LQ

Lz

� �
{fflex Hð Þ LH

Lz

� �� �
~0 ð5Þ

i.e.

fdiel Hð Þ LQ
Lz

� �
{fflex Hð Þ LH

Lz

� �
~const: ð6Þ

we solve the two coupled equations (3) and (6) by

a straightforward numerical integration (employing

the finite differences method) subject to the boundary

conditions at both surfaces. The latter involve

the surface free energy densities, fs, at z~0 and z~

d which can be expressed in the Rapini–Papoular

form, i.e.

fs0~
1

2
AH0

sin2 H 0½ �{H0

� �
ð7Þ

and

fsd~
1

2
AHd

sin2 H d½ �{Hd

� �
ð8Þ

respectively, where H0 and Hd describe the angle of

the easy axis on each surface, H[0] and H[d ] describe the

actual angle of the director, and AH0
and AHd

are the

anchoring coefficients. Hence (by integrating from

the homeotropic to the homogeneous alignment

layer), the boundary conditions can be expressed as

felas H 0½ �
� �LH

Lz

����
z~0

zfflex H 0½ �
� �LQ

Lz

����
z~0

{
1

2
AH0

sin 2 H 0½ �{H0

� �� 	
~0

ð9Þ

and

felas H d½ �
� �LH

Lz

����
z~d

zfflex H d½ �
� �LQ

Lz

����
z~d

z
1

2
AHd

sin 2 H d½ �{Hd

� �� 	
~0

ð10Þ

at the two surfaces, respectively.

The applied voltage V can be calculated as [2, 15]

V~

ðd
0

LQ
Lz

� �
dz ð11Þ

and the optical transmittance T can be written as [3]

T~
1{ cosDw

2
ð12Þ

where the optical phase difference of the cell, Dw, is

given by

Dw~
2p

l

ðd
0

neff zð Þ{no½ �dz: ð13Þ

Here neff zð Þ~no 1{R cos2 H zð Þ
� 	{1

2 with R~

n2e{n2o
� �


n2e . The wavelength of the incident light is

denoted by l, and ne and no are the extraordinary and

ordinary refractive indices of the nematic liquid crystal,

respectively.
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3. Simulation results

The parameters employed in the calculations (unless

stated otherwise) are summarized in table 1 and

correspond to the nematic, 4-methoxybenzylidene-4’-
butylaniline (MBBA).

In the following we will examine the influence of

different continuum-model parameters on the optical

properties of the HAN cell. In particular, we focus on

those parameters which can either be easily varied

experimentally (such as the cell thickness) or which are

relatively unknown (such as the angle of the easy axis

and anchoring coefficient at the homeotropic alignment

layer and the flexoelectric coefficient). The latter are the

main fitting parameters employed in § 4 to model the

experimental data obtained by Takahashi et al. [2].

Since only the sum of the flexoelectric coefficients

appears in the theoretical formalism, we will refer to it

as e (i.e. e~e11ze33). We note, however, that

e~e11¡e33 in the sign convention of Meyer [16] [as,

for example, embodied in equation (1)] corresponds to

e~e11%e33 in the convention of Rudquist et al. [17].

3.1. Variation of the cell thickness d

The top (bottom) panel of figure 1 shows the

calculated optical phase difference Dw (optical trans-

mittance T ) as a function of applied d.c. voltage V for

various cell thicknesses d. Since the dielectric aniso-

tropy of MBBA is negative, the coupling of the

molecular dipoles with the electric field tends to

decrease the director tilt angle H with increasing

magnitude of the applied voltage V, which in turn

increases the optical phase difference Dw. Superimposed

on the quadratic dielectric effect is the linear flexo-

electric effect [see equation (2)], which leads to different

slopes of Dw for positive and negative voltages.

Eventually, however, the increasing elastic torque

leads to a saturation of Dw for large values of V. In

addition, the flexoelectric effect gives rise to a voltage

shift of the curves with respect to the zero applied

voltage axis (by <z0.5V for the system of figure 1; see

bottom panel). This voltage shift is discussed in more

detail in § 3.5.

As can be seen from figure 1 (top panel), varying d

has a significant influence on Dw for all voltages, which

arises mainly because the HAN cell operates as a

variable wave-plate device, i.e. increasing the cell

thickness increases the optical path difference between

the ordinary and extraordinary ray of normally incident

light. Since the device is placed between crossed

polarizers, it can be operated as a variable intensity

device, i.e. optical phase differences of Dw~0, 2p, 4p,

† correspond to T~0, phase differences of Dw~p, 3p,

5p, † correspond to T~1, and intermediate phase

differences correspond to intermediate values of T. The

latter is illustrated by the bottom panel of figure 1,

which shows the optical transmittance curves corre-

sponding to the Dw curves of the top panel. As can be

seen, changing d affects mainly the magnitude and

shape of the central peak (at V<z0.5V) as well as the

number and location of the satellite peaks.

As a consequence of the HAN cell mode of operation

(i.e. the variable phase difference combined with the

crossed polarizers), it is possible to control the

behaviour of the central region of the transmittance

curve by an appropriate choice of the cell thickness (i.e.

a maximum or minimum of the transmittance at zero

applied voltage can be selected). Furthermore, since the

Table 1. Material parameters for MBBA and cell parameters
employed in the calculations (unless stated otherwise).

Parameter Value Reference

K11/10
211N 0.64 [2]

K33/10
211N 0.82 [2]

ep 4.7 [6]
en 5.4 [6]
ne 1.80 [6]
no 1.57 [6]
e/10211 Cm21 25.0
H0 90‡
Hd 2‡
AH0



Jm{2 1.261025

AHd



Jm{2 5.061022

d/mm 28.5 [2]
l/nm 550 [2]

Figure 1. Phase difference Dw and transmittance T versus
applied voltage for the HAN cell of table 1. The cell
thicknesses d are 24mm (full line), 26mm (dotted line) and
28mm (dashed line). The voltage shift Vshift is shown
schematically.

Continuum modelling of HAN LC cells 1117
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dielectric anisotropy of MBBA is relatively small, the

Dw–V curves are quite shallow and a good grey-scaling

behaviour of the HAN cell can be achieved (rather than

the typical switching-type response of, for example,

supertwisted nematic cell devices [1]).

3.2. Variation of the homeotropic anchoring coefficient

AH0

The top and bottom panels of figure 2 show the

corresponding curves of Dw and T versus V for various

values of the anchoring coefficient AH0
at the home-

otropic alignment layer. As can be seen, for large

anchoring coefficients the resulting Dw–V curves are

symmetric with respect to the central minimum (see, for

example, the curve for AH0
~1|10{4 Jm{2). However,

reducing the anchoring coefficient (to values

below<261025 Jm22) gives rise to an asymmetry in

the phase difference and transmittance curves. The

latter can be attributed to the flexoelectric effect as well

as the behaviour of the liquid crystal molecules adjacent

to the homeotropic alignment layer; i.e. without a

strong anchoring to maintain their angle close to 90‡
the electric field can easily tilt the molecular dipoles at

the homeotropic alignment layer. The smaller the

homeotropic anchoring coefficient, the easier this

becomes. With regard to the flexoelectric effect, we

note that negative values of e affect mainly the positive

voltage branch of the phase difference and transmit-

tance curves (shown in figure 2), whereas positive values

of e affect mainly the negative voltage branch (see

figure 5 later). In addition, the bottom panel of figure 2

demonstrates that the voltage shift of the T–V curve

depends strongly on AH0
. We will return to this point in

§ 3.5.

3.3. Variation of the angle of the easy axis at the

homeotropic alignment layer H0

The effect of changing the value of the angle of the

easy axis at the homeotropic alignment layer, H0, on Dw

and T is shown in figure 3. As H0 is changed from 90‡
to 70‡ the phase difference between the ordinary and

extraordinary rays increases for all voltages (see top

panel of figure 3). However, this is most noticeable for

the positive voltage branch and the central region of the

Dw curves, which strongly affects the optical transmit-

tance of the HAN cell for small voltages. Decreasing

the value of H0 also influences significantly the voltage

shift induced by the flexoelectric effect. For instance in

figure 3, the decrease of H0 is accompanied by a

decrease in the voltage shift, which eventually even

changes sign from positive to negative values.

3.4. Variation of the flexoelectric coefficient e

Figure 4 shows the effect of varying the flexoelectric

coefficient e(~e11ze33) on the optical response of the

HAN cell. The main effect of varying e is to give rise to

a voltage shift of the transmittance curves. Negative

values of e shift the transmittance curve in the direction

of positive voltages and vice versa. In contrast, the

actual asymmetry of the T–V curves (with respect to the

Figure 2. Phase difference Dw and transmittance T versus
applied voltage for the HAN cell of table 1. The
homeotropic anchoring coefficients AH0

are
161024 Jm22 (full line), 661026 Jm22 (dot-dashed
line) and 261026 Jm22 (dotted line).

Figure 3. Phase difference Dw and transmittance T versus
applied voltage for the HAN cell of table 1. The angles of
the easy axis at the homeotropic alignment layer H0 are
90‡ (full line), 80‡ (dotted line) and 70‡ (dashed line).
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central minimum or maximum) induced by the flexo-

electric effect is rather small. This arises from the

fact that, for the calculations shown in figure 4, the

anchoring coefficient AH0
is relatively large (1.26

1025 Jm22). As discussed in § 3.2, the homeotropic

anchoring coefficient plays an important role in deter-

mining exactly how e influences the transmittance

curves. This is further illustrated by figure 5, which

shows the optical response of theHAN cell corresponding

to figure 4, except for a smaller value of the homeotropic

anchoring coefficient AH0
~1:2|10{6 Jm{2. As can be

seen, the asymmetry induced by the flexoelectric effect

in this case in much more pronounced than, for

example, in figure 4. However, it has to be noted that

in the absence of any flexoelectric contribution the

transmittance curves are always symmetric with respect

to the zero applied voltage axis.

3.5. The e-dependent voltage shift

An important aspect of HAN cells (scientifically

rather than technologically) is their use in determining

the values of the flexoelectric coefficients. Takahashi

et al. [2] demonstrated that the in-plane electric field

HAN cell can be used to find the value of e112e33,

whereas a HAN cell with the electric field applied along

the cell normal can be used to find the value of e11ze33
(the value we refer to as e). The combination of these

two experiments would, therefore, enable the determi-

nation of e11 as well as e33.

In particular, Takahashi et al. [2] argued that a

comparison between the measured and the calculated

voltage shift of the transmittance curve (defined as

Vshift in figure 1) can be used to determine the value of

e. We have utilized our present continuum model to

calculate the e-dependent voltage shift, and the results

of the calculations are shown in figure 6 for different

homeotropic anchoring coefficients AH0
. As can be

seen from this figure, when the anchoring coefficient

is high the relationship between e and Vshift is linear,

and the constant of proportionality is unchanged for

a large range of anchoring coefficients (i.e. for

AH0
>20|10{6 Jm{2). However, when the anchoring

coefficient is lowered the gradient of the Vshift versus e

curve becomes initially smaller, eventually reverses

its sign and the linearity is lost. Indeed, certain

values of the anchoring coefficient give rise to a non-

monotonic relationship between e and Vshift, i.e. e is no

longer uniquely defined in terms of the voltage shift.

This can be seen, for example, from the curve for

AH0
~4|10{6 Jm{2 in figure 6, i.e. two different values

of e can give rise to the same voltage shift. Conse-

quently, the method proposed by Takahashi et al. [2]

to determine e is not viable for low homeotropic

anchoring coefficients, and even for high homeotropic

anchoring coefficients it may be problematic if the angle

Figure 4. Phase difference Dw and transmittance T versus
applied voltage for the HAN cell of table 1
AH0

~1:2|10{5 Jm{2
� �

The flexoelectric coefficients e
are 24610211 Cm21 (dashed line), 22610211 Cm21

(long-dashed line), 0 (full line), z2610211 Cm21 (dot-
dashed line) and z4610211 Cm21 (dotted line). (For
clarity, only the transmittance curves for e~0 and
¡4610211 Cm21 are shown.)

Figure 5. Phase difference Dw and transmittance T versus
applied voltage for the HAN cell of table 1
AH0

~1:2|10{6 Jm{2
� �

. The flexoelectric coefficients e
are 24610211 Cm21 (dashed line), 21610211 Cm21

(long-dashed line), 0 (full line),z1610211 Cm21 (dot-
dashed line) and z4610211 Cm21 (dotted line). (For
clarity, only the transmittance curves for e~0 and
¡4610211 Cm21 are shown.)
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of the easy axis at the homeotropic alignment layer is

unknown. In this respect, it has to be noted that the

asymmetry in the experimental transmittance curve

(observed by Takahashi et al. [2] and shown by the full

circles in figures 7 to 9) indicates that the anchoring

coefficient at the homeotropic alignment layer is indeed

low. This would be a plausible explanation for the large

variations in the published values of e for MBBA [2].

The alternative is, of course, to model the entire optical

response of the HAN cell (rather than just Vshift). We

will address this point in the following section.

Figure 7. Transmittance versus applied voltage for different
values of the homeotropic anchoring coefficient:
AH0

~4:0|10{6 Jm{2 (dotted line), 4.561026 Jm22

(solid line, best fit) and 5.061026 Jm22 (dashed line).
H0 and e are equal to their best-fit values, 77‡ and
22.0610211 Cm21, respectively. Full circles: experimen-
tal data [2].

Figure 8. Transmittance versus applied voltage for different
values of the angle of the easy axis at the homeotropic
alignment layer: H0~76‡ (dotted line), 77‡ (solid line,
best fit) and 78‡ (dashed line). AH0

and e are equal to their
best-fit values, 4.561026 Jm22 and 22.0610211 Cm21,
respectively. Full circles: experimental data [2].

Figure 6. Voltage shift Vshift versus flexoelectric coefficient e
for the HAN cell of table 1. The curves are labelled with
the values of the homeotropic anchoring coefficients AH0

in units of 1026 Jm22.

Figure 9. Transmittance versus applied voltage for different
values of the flexoelectric coefficient:
e~21.5610211 Cm21 (dotted line), 22.0610211 Cm21

(solid line, best fit) and 22.5610211 Cm21 (dashed line).
AH0

and H0 are equal to their best-fit values,
4.561026 Jm22 and 77‡, respectively. Full circles:
experimental data [2].

1120 N. T. Kirkman et al.
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4. Comparison with experiment

We will now compare the results of our calculations

with the experimental observations of Takahashi et al.

[2]. Details of the sample preparation and the experi-

mental procedure can be found elsewhere [2]. Briefly,

one of the substrates was coated with a polyimide film

and treated by rubbing to induce homogeneous
alignment. The other substrate was coated with another

type of polyimide film to induce homeotropic align-

ment. The HAN cell was filled with the nematic liquid

crystal MBBA, the measurements were carried out at a

temperature of 30‡C and the wavelength of the light

beam was 550 nm.

The experimental transmittance–voltage data obtained

by Takahashi et al. is shown by the full circles in

figures 7 to 9. In these figures we have scaled the

experimental data to lie between T~0 and 1 in order to

account for absorption and scattering of the light beam

by the various HAN cell layers. In view of our findings

described in § 3, we are readily able to deduce certain

properties of the experimental system. For instance, (1)
the asymmetry in the experimental T–V curve leads us

to conclude that the homeotropic anchoring coefficient

is relatively small, (2) the observed asymmetry also

indicates a non-zero contribution of the flexoelectric

effect and (3) the nature of the asymmetry (i.e. the

positive voltage branch is much more affected than

the negative voltage branch) indicates that the sign of

the flexoelectric coefficient e is negative.

Figures 7 to 9 also show the calculated T–V curves

for small variations of the fitting parameters about

their best-fit values: AH0
~ 4:5+0:5ð Þ|10{6 Jm{2

(figure 7), H0~77‡¡1‡ (figure 8) and e~(22.0¡0.5)6
10211 Cm21 (figure 9). The effects of these small
variations essentially reflect the findings described in

§ 3, namely AH0
only affects the positive voltage branch

(for negative e), the voltage shift and central region of

the T–V curve is very sensitive to changes in H0, and e

has a pronounced influence on the asymmetry of the T–

V curve. The best-fit is represented by the full line in

figures 7 to 9. As can be seen, for low voltages the

agreement between the calculations and the experi-

mental data of Takahashi et al. [2] is very good. The

discrepancy between theory and experiment increases

for higher voltages, which could be due to internal

reflections at the interfaces as well as uncertainties in

the experimental data and in the fitting parameters.

The fitting parameters e and AH0
are listed in table 2,

together with the parameters obtained by Takahashi

et al. [2], Ponti et al. [6], Madhusudana and Durand [8]

and Valenti et al. [18]. As can be seen, the flexoelectric

coefficient obtained using the present model has the

same sign but is significantly smaller than the

Takahashi value. Similarly, the present model indicates

that the anchoring strength of MBBA at the home-

otropic polyimide alignment layer is much smaller than

previously reported [2]. It is interesting to note,

however, that our values of e and AH0
agree remarkably

well with the values obtained by Madhusudana and

Durand [8] and by Valenti et al. [18] for MBBA on a

homeotropic silane alignment layer. With regard to the

results of Ponti et al. [6], we note that these authors re-

analysed the experimental data of Madhusudana and

Durand [8] in a self-consistent calculation by taking the

influence of charged impurities into account. Both

Ponti et al. [6] and Madhusudana and Durand [8]

assume infinite anchoring strength at the homogeneous

alignment layer and employ a one-constant approxima-

tion. However, at present we have no plausible

explanation for the large discrepancy between the

value of e obtained by Ponti et al. [6] and the other

values listed in table 2.

5. Conclusion

A continuum model was employed to study system-

atically the optical response of hybrid-aligned nematic

(HAN) liquid crystal cells under the application of an

external electric field. The flexoelectric effect was

included in the simulations. The main findings were:

(1) variations in the cell thickness can be employed to

select the behaviour of the HAN cell at zero applied

voltage; (2) the interplay between the flexoelectric effect

and the anchoring strength at the homeotropic align-

ment layer is of paramount importance to the optical

response of the cell; (3) the flexoelectric effect leads to a

voltage shift of the transmittance curve; (4) the

flexoelectric effect can also give rise to an asymmetry

in the transmittance curve; (5) the sign of the

flexoelectric coefficient determines which voltage

branch experiences the asymmetry in the optical

response (i.e. the positive voltage branch for negative

flexoelectric coefficients and vice versa); (6) the extent of

the asymmetry is mainly determined by the home-

otropic anchoring coefficient; however, (7) in the

Table 2. Continuum-model parameters e and AH0
employed

to fit the experimental data of Takahashi et al. [2]
(H0~77‡, De~20.22, Dn~0.23, d~28.5mm [2, 6];
HAL: homeotropic alignment layer). The parameters
obtained by Takahashi et al. [2], Ponti et al. [6],
Madhusudana and Durand [8] and Valenti et al. [18] are
listed for comparison.

Origin (ref) HAL e/10211 Cm21 AH0



10{6 Jm{2

Best fit polyimide 22.0 4.5
[2] polyimide 25.4 100
[6] silane z8.8 16
[8] silane 22.5 3.6
[18] silane 21.5 5.8
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absence of a flexoelectric effect, the optical response is

always symmetric with respect to the zero applied-

voltage axis. It was also demonstrated that, with an

appropriate choice of material and cell parameters,

HAN cells can be designed which exhibit good grey-
scaling behaviour.

The model was then applied to the experimental

system of Takahashi et al. [2] and the follow-

ing parameters were obtained from the fitting

procedure: the anchoring coefficient for MBBA

at a homeotropic polyimide alignment layer

AH0
~ 4:5+0:5ð Þ|10{6 Jm{2, the easy-axis angle at

the homeotropic alignment layer H0~77‡¡1‡ and the
flexoelectric coefficient e~(22.0¡0.5)610211 Cm21.

N. T. K. would like to thank the EPSRC for the

award of a research studentship.
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