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Flexoelectric Effect in a HAN-IPS Cell

GUILI ZHENG AND ZHIDONG ZHANG

Department of Applied Physics, Hebei University of Technology,
Tianjin, P. R. China

Flexoelectric properties are evident in experiments preformed with hybrid aligned
nematic. In this article, the flexoelectric effect in a hybrid aligned nematic in-plane
switching liquid-crystal cell is investigated. The equations for the distribution of the
liquid-crystal director and the expression of critical voltage in the one-constant
approximation are obtained. The results of computer simulation show that the value
of angle ¢ exceeds 90 degrees and closes to 180 degrees between the bottom
substrate and the mid-layer.

Keywords Critical voltage; distribution of liquid crystal director; flexoelectric
effect; hybrid aligned nematic; in-plane switching

Introduction

The properties of electric field—induced deformations of the director distribution in
nematic liquid crystal (NLC) cell are twofold in nature: dielectric and flexoelectric.
Flexoelectricity provides a reciprocal relationship between curvature distortions
and electric polarization, which was described firstly by Robert Meyer in 1969
and later became known as the flexoelectric effect [1]. In the description of Meyer,
the flexoelectric polarization should be proportional to the distortion:

p=e(V-n)in+e(V xn)xn, (1)

where e¢; and ez are the flexoelectric coefficients corresponding to splay and bend,
respectively.

To date, flexoelectric coefficients of NLC have been measured mainly by analyz-
ing optical effects produced by electric field induced director distortion [2]. In 2006,
the giant bend flexoelectric coefficient was found in measuring the response of a
bent-core liquid crystal using the electric current produced by periodic mechanical
flexing of NLC’s bounding surfaces [3], which has been reconfirmed by the converse
flexoeffect [4]. But the later study of the converse flexoelectric effect in two other
bent-core NLCs with opposite dielectric anisotropies revealed that the flexocoeffi-
cient was of the usual order of magnitude as in calamitics [5].
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The hybrid aligned nematic (HAN) cell is a type of liquid-crystal cell that has
both splay and bend distortions in its initial state and flexoelectric properties are
evident in experiments preformed with a HAN cell [2,3,6-14]. In liquid-crystal
displays, several wide viewing angle and faster response time liquid-crystal modes
such as in-plane switching (IPS) [15,16] and fringefield switching (FFS) [17-21]
were developed previously. In this article, we investigate the flexoelectric effect
in the hybrid aligned nematic in-plane switching (HAN-IPS) liquid-crystal mode
on infinitely strong anchoring at both surfaces. The equations for the distribution
of the liquid-crystal director and the expressions of critical voltage in the
one-constant approximation are obtained using continuum theory and the
numerical results show that compared with no flexoelectric effect, the value of
angle ¢ exceeds 90 degrees and closes to 180 degrees between the bottom sub-
strate and the mid-layer. The phenomenon can be not only evidence to prove
the existence of the flexoelectric effect but also a method to obtain the floxelectric
coefficient.

The Theory Description

The simplified model of the HAN-IPS is that supposing a uniform and in-plane
switching electric field £ = % (! is the electrodes separated gap) applied to a HAN
cell with two substrates at x = —% and x = % (d is liquid-crystal cell gap), respect-
ively. The z axis is parallel to the direction of electric field. The anchoring at the
boundaries is assumed to be strong. When the electric field is absent, the director
in the plane of xy is described by angle ¢. The z component of director induced
by the external electric field can be described by introducing angle 6. The orientation
of a liquid-crystal (LC) molecule can be characterized by the angle 6 and angle ¢,
which is shown in Fig. 1. Then we have

n = (cos 0 cos ¢,cos 0sin ¢, sin 6),

. (2)
E=(0,0,E),
XA
Z
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/
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Figure 1. Spherical coordinate of molecular orientation.
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and we assume that the distortion depends only on one dimension with 6= 0(x),

¢ = p(x).
According to the elastic continuum theory, the Oseen-Frank strain free energy
density is given by:

1 1 1
Ja =5 KV 1) + 5 Kan( -V x )" 45 Ka (0 x ¥ x i), (3)

where K, K»,, K33 are the elastic coefficients for splay, twist, and bend, respectively.
Exported to an external electric field E, dielectric free energy density and the
flexoelectric free energy density are given by:

i =~ les B+ el ), @

fy=-P-E (5)

where Ag¢ is the dielectric anisotropy. In the system, the total free energy density is the
sum of elastic, dielectric, and flexoelectric contributions:

S =t +fa+1p
1 a5 [dON s o [ddN
2Kll{sm 0cos ¢<dx> + cos” 0sin” ¢ Ir

. . dod¢
2sinfcos 6 ——
+ 2sin 0 cos smq&cosq&dx dx}
L[, (dON? ., (d\?

+§K22_sm ¢(a) + sin” O cos” O cos” ¢ Ir
—ZSiHHCOSHSinquOSqf)ﬁ@
dx dx

2 2
+ 1K33 cos® fcos® ¢ a0 + cos* O cos’ ¢ ¢
2 dx dx

- o, U?
— zSO(SL + AS Slnz 6) l_z
. do . ., do|U
+ (el51n29—e300526)cos¢a+e1mn@cos@smtﬁd—f]7, (6)

The equilibrium configuration for the LC deformation profile under a given
applied field is such that the total free energy has a minimal value subject to the
boundary conditions. The Euler-Lagrange equations are given by [22]:

of d o 1_,
%_E[ﬁ(de/dx)] 7

of d{ af }0

9 dx |9(d¢/dx)



16:19 31 January 2011

Downl oaded At:

106 G. Zheng and Z. Zhang

Inserting Eq. (6) into the Euler-Lagrange Eq. (7) and Eq. (8), the equations for
the distribution of liquid crystal director can be written as:

2
(Ky1 — K33) sinOcos Ocos’ ¢ (%) + [2(K33 — K22) cos’ 0cos’ ¢ + Ky cos® ¢
2
+ Ky sin? ¢]sinfcosb (%) + (K sin® 0 cos® ¢+ K sin’ ¢ + K33 cos® 0 cos’ o)

d20 d? .
d - <K11 — Kzz) sin f cos 0sin ¢ cos ¢—¢+ 2(K» — Kiy sin® 0 — Kx3 cos? 0)

dpU

dx | =0 0

: dod U\’
X smgbcosq&df—i-soAsmnOcosO( ; ) — (e1 — e3) cos? Osin p—

and

2
(K11 + K33 — 2K%)) cos? 0'sin ¢ cos <%> + (K1 — K2 sin? 0 — K33 cos® 0)

. do . . d?
2 2 _
X COS ()sm(t)cosqb(—dx) + (K11 — K») s1n()cos()s1n¢>cos¢dx2

: ) d?
+ (K sin® ¢+ K sin” 0 cos? ¢ + K33 cos? 0 cos? o) cos’ 0 —

a2
vy o - ) . dode
+ 2[K2(cos” 0 — sin” 0) cos” ¢ — K sin” ¢ — 2K33 cos 6 cos? ) s1n0coseaa
doU
_ 2960 p 40U
+ (e1 — e3) cos 051n¢dxl 0 (10)

In the one-constant approximation (K= K| = K, = K33), the total free energy
density and the equations for the distribution of liquid-crystal director are reduced to:

f=fa+ti+1p

B do , (dp\*] 1 U?
EK[(dx> cos 0(%) ] —Eeo(sl—&-Assm 0)—- 2

do d
+ [(61 sin® 0 — e cos> 9)cos¢ +61 sm@cosHsmqbdd) % (11)

dp\*>  d?0 U\* U
K51n90050<d¢> +K e 2+80Assm00039<1) —(er —63)005 0 sin dd)l
(12)
and
d? . d0do ., doU
KCOSGW—ZKsmﬂaa—&-(eI—q)cos@smqﬁaT—O. (13)
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The boundary conditions of strong planar anchoring at the surfaces can be

written as:
(90 o)
o[- o)

where @ is the different value of angle ¢ between top and bottom substrates.

By the method of Derfel [23], small deformations of its distribution are assumed
and the twist angle 0 and tilt angle ¢ can be approximated respectively by their first
Fourier series

0(x) = Ecos (%),
(b(x):%—%x—kxsin(z:%x)’ (15)

where ¢ and y are small parameters.
Then Eq. (11) can be written as

1 5y o [(mx\ 7 5 [ Ay ® 2nx\ 2n]?
f_EK{f sin (7)E+cos _écos i —E—&—}(cos )7
2
—EIZ]—ZSO{Q + Agsin? {fcos }
— e3cos’ {fcos (%)” cos %—%x—kxsin (a%x)]
xfsin(%)%—&—elsin [fcos(%{ﬂcos[écos(%)}
(o @ . [ 2nx () 2ax\ 2n |\ U
X sin E—Ex+}(sm v —E—H(cos < )77 (16)

At £=0, y =0, the second derivative matrix is given by

d
L 1/ n @ U?
Fee0.0) = [ f0.00e =3 (K=K G mmed ). (10
5 2n%(e; —e3)(3n> —@*) . U
Fof0.0) = Fc0.0) = [ 0,000 =S50S e (19
: 2K
Fu0,0) = [ £,00,00dx =2 (19)

Using the condition

det[F:¢(0,0); F¢,(0,0); F, £(0,0); F,,(0,0)] = 0, (20)
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the critical voltage is given by the following expression

1/2
Kl  — @
UL = ? R 2 (21)
7 si - n2—
o + | et o0 |
When ®=7/2, Eq. (21) reduces to
1/2
Kl 3n%/4
UC - — r / 9 (22)

2
goAeK + [W}
where the term of [W

Therefore, we find that the critical voltage is smaller with flexoelectric effect
than not.

]2 is caused by flexoelectric effect decrease critical voltage.

Numerical Results

A cell was filled with the 5CB, with the following 5CB liquid-crystal parameters
employed:
Kii=585x10"2N, K»=30x1012N, Ki3=78x10"2N, As=382,

d=60x10"%m, 1=90x10°%m, e —e3=15x10""C/m, q):g.

The director distribution is determined by finding the solution of Eq. (9) and
Eq. (10) in an iterative numerical method. When the pretilt is 1 degree, the calculated
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Figure 2. Variety of angle 0 versus x/d under different voltage without the flexoelectric effect.
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Figure 3. Variety of angle ¢ versus x/d under different voltage without the flexoelectric effect.

profiles for the angle 0 and angle ¢ under different U are shown as functions of the
nondimensional parameter x/d in Figs. 2 to 5. In the one-constant approximation
K=(K1+ K>+ K33)/3=5.55 107N, the angle ¢ under different U is shown as
a function of the nondimensional parameter x/d without and with flexoelectric effect
in Figs. 6 and 7.

Figure 2 and 3 describe the angle 6 and angle ¢, respectively, under different vol-
tages 0, 1.5, 3.0, 5.0, and 10.0 V without the flexoelectric effect, and profiles of the
two angles considering the flexoelectric effect are drawn in Figs. 4 and 5. Comparing
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Figure 4. Variety of angle 0 versus x/d under different voltage with the flexoelectric effect.
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Figure 5. Variety of angle ¢ versus x/d under different voltage with the flexoelectric effect.

Fig. 3 with Fig. 5, we find that the angle ¢ in Fig. 5 is between 90 and 180 degrees in
the bottom substrate and the mid-layer. Apply enough voltage to the HAN cell,
the align mode of LC molecular in cell is shown in Fig. 8. In a numerical calculation,
we find that the distribution of the LC director cannot be described by one
dimension 6= 60(x) and ¢ = ¢(x) if the value of ¢; — e3 exceeds the order of magni-
tude of 10" C/m. Therefore, the giant flexoelectric coefficients should lead to some
new director configuration.
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T T T
1.5 4 10V - 15
5V
1.0 4 1.0
~
=
g 3v
e
(=]
0.5 4 1.5V -4 0.5
0.0 ov: —0.0
T T T T T
0.5 0.0 0.5
x/d

Figure 6. Variety of angle ¢ versus x/d under different voltage without the flexoelectric effect
in the one-constant approximation.
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Figure 7. Variety of angle ¢ versus x/d under different voltage with the flexoelectric effect in
the one-constant approximation.
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Figure 8. The align mode of liquid-crystal molecule in xy plane of a cell after enough voltage.

Due to the influence of the flexoelectric effect in the HAN-IPS, the flexoelectric
coefficient e; — e3 found by experiment can be tested using the method. The angle ¢
close to 180 degrees is caused by just the flexoelectric coefficient ¢; — e3. Contrarily, if
the distribution of the LC director is obtained in certain method, that is, wave-guide-
mode technique, the flexoelectric coefficient ¢; — e3 can be obtained using Eq. (9) and
Eq. (10) in a HAN-IPS cell.

Conclusion

We have successfully investigated the flexoelectric effect in a HAN-IPS cell using a
simple model. The distribution of the LC director and the critical voltage in the
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one-constant approximation of a HAN-IPS cell with the flexoelectric effect are
obtained. The expression of critical voltage has never been reported as for as
we know. The numerical results show that compared with no flexoelectric effect,
the value of angle ¢ is between 90 and 180 degrees in the bottom substrate
and the mid-layer (see Figs. 5 and 7) with the flexoelectric effect in a system. So
it is necessary to consider the flexoelectric effect in most practical cases because
the quality of the display effect of LCD mostly lies with the distribution of the
LC director. Moreover, we introduce a potential method to test or to obtain
the value of the flexoelectric coefficient e; — e5.
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