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The influences of surface polarization on NLC cells
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(Received 29 June 2006, accepted 7 May 2007 )

The influence of the surface polarization, Py, on a nematic liquid crystal (NLC) cell is investigated
analytically. Flexoelectric polarization is considered, but selective ion absorption is ignored. The
differential equations are derived for tilt angle, 6, of director n and the corresponding boundary
conditions based on Gibbs free energy, and their solutions discussed. Equations for the reduced
threshold voltage, u,,, and the reduced saturation voltage, u,,,, are deduced and the relationships
between u,;, uy,, and reduced strength of surface polarization, p, derived.

1. Introduction

Prost and Marcerou [1] first propounded that variance
of the nematic order parameter, S, along with position
results in electric polarization. Barbero er al [2]
investigated this subject again and derived the formula:

P,=r;(n-gradS)n+ry(grads), (1)

where r; and r, are order electric coefficients and n is the
director of a nematic liquid crystal (NLC). Py, which
only exists in an LC surface layer with thickness 10 nm,
is called as the surface polarization.

Surface polarization is present if n is fixed and S is
changed along with position. On the other hand, when S
is fixed and n is changed there will be another
polarization. This is the flexoelectric polarization [3],
denoted as Py, which can be expressed as:

Pi=en(V-n)+e3(Vxn) xn. (2)

Equation (2) consists of two terms with corresponding
flexoelectric coefficients, e; and es, related to the splay
and bend distortions, respectively. In an LC cell, n has to
vary along with position, so P; exists in whole LC volume.

Up to now the effects and influences of flexoelectric
polarization have been investigated comparatively suffi-
ciently [4], but few articles have been reported about
quantitative investigation of surface polarization.
Recently, Zakharov and Dong [5] investigated the
relation between surface polarization, Py, and effective
anchoring energy. They supposed that when the solid
substrate of an NLC cell is in contact with nematic,
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selective ion adsorption takes place, and the surface
electric field originated from this surface charge may be
coupled with surface polarization to form interface
energy to obtain the expression for effective anchoring
energy. The influence of surface polarization on NLC cell
is reflected by effective anchoring energy. However, in
their derivation, the interface energy induced by surface
polarization has to depend on selective ion adsorption. If
there is little or no ion adsorption, then this interface
energy does not exist or can be ignored. Nazarenko and
Lavrentovich [6] reported that the density of adsorptive
ions is determined by cleaning techniques and time. They
found that cleaning for a long time eliminated adsorptive
ions. However, the effect of flexoelectric polarization was
not considered [6]. Subsequently, Blinov et al. [7] have
measured the values of surface polarization and flexo-
electric polarization in an NLC cell; they found that these
two values had the same order of magnitude.

In this paper, we also investigate the influence of surface
polarization on an NLC cell. We consider that there is also
flexoelectric polarization but assume that ion adsorption can
be ignored. The expression for Gibbs free energy, G, is
derived and the differential equation and boundary condi-
tions deduced of the tilt angle, 0, of director n by varying G
under fixed voltage, U. The solution of director distribution
can be obtained by means of numerical calculation. As
usual, the two parameters of threshold voltage and
saturation voltage are used to describe the characteristic
properties of the NLC cell. Equations satisfied by these two
parameters are given; hence the influence of surface
polarization on an NLC cell is obtained.

The paper is arranged as follows. In section 2, we derive
the Gibbs free energy, G, of a planar alignment NLC cell,
and deduce the differential equation for tilt angle of

Liquid Crystals
ISSN 0267-8292 print/ISSN 1366-5855 online © 2007 Taylor & Francis
http://www.tandf.co.uk/journals
DOLI: 10.1080/02678290701663720



15:27 25 January 2011

Downl oaded At:

1426 L. Jinwei et al.

director n and corresponding boundary conditions. In
section 3, we discuss the solutions of this differential
equation under boundary conditions. The equations
satisfied by threshold voltage and saturation voltage are
derived in section 4. From the curves of reduced threshold
voltage versus reduced strength of surface polarization
and reduced saturation voltage versus reduced strength of
surface polarization, the influence of surface polarization
can be seen. The results are discussed in section 5.

2. The Gibbs energy and the fundamental equations

Consider a planar alignment NLC cell. Taking the z-
axis as the direction perpendicular to the cell surface
(two substrates lie in z=0 and z=/ directions), the x-axis
parallel to the easy direction of anchoring, 6 the angle
between the director n and x-axis, the surface polariza-
tion, Py, and flexoelectric polarization, Py, are

. as. ., ds
Ps:sm0c050$1+(n sin 0+r2)5k, (3)

e1+e3
2

When the applied field is E=(0, 0, E3), the electric
displacement, D, can be expressed as:

Pr= (e cos” 0+ e5 sin’ 0) ?i—k ( sin 26) ?k. (4)
z z

D=¢, E+ 4¢(E-n)n+Ps+ P, (5)

and its third component is a constant and can be
expressed as:

D3=(8L +A8$i1’120)E3+P/'3—|—P33, (6)

where ¢, and ¢ are the dielectric constants parallel and
perpendicular to the director n, and A¢=¢;—¢, is the
dielectric anisotropy of the NLC. In general, Ae#0. The
voltage, U, between two substrates can be expressed as

I I
S P S S
) O(si+A£sm 0)
, )
J Pr3+ Pg
) (eL+4e sin’ 0)
Let
g(0)= (e +desin® 0). (8)
Then
I
1 Pr3+Pg
D;= U+ J : d 9
: ¢(0) ®)

Now we consider the Gibbs free energy per unit area
of substrate, G. It can be expressed as:
/

G= sz(felastic +fdielec +fpolari:e) + (gs|;=() +gs|z=1) P (10)
0

where foisrics Juietlee a0d fhomrize are the Frank elastic,

dielectric and polarization free energy densities, respec-

tively, and can be expressed as:

1 s 5 (dON?
felastic=§<K11COS 0+ K33 sin” 0) =)y

1 1
Jaictee=— 7D E=—3 (e +4esin’® 0) E?

1 ? (12)
== Eg(O)Ega
1 . do
fpolarize: - (Pf3+Px3)E3 = 7(31 +33)Sln 207E3
2 dz (13)

. ds
— (rl sin’ 0+r2) EE3’

and K;; and Kj; are the Frank

splay and bend elastic constants, respectively. The
surface anchoring energies, g,, in equation (10) are:

D3—Pj3—P
where E;= W

A .
8sl._o= §s1n200, (14)

A4 .
gS|Z:1=§sm201, (15)

where A is the anchoring strength and 6, and 6, are the
values of 6 at z=0 and z=/ respectively. Substituting
equations (11)—(15) into equation (10), and considering
that

51<Z<Z—52

=0
ﬁ{ .6
dz | #0 0<z<dy, [—dr<z<l

where d; and 9, are the thickness of layer in which
ds

— #0, we obtain
dz

i
1
G= szzl(l(ncoszé)%—Kgsinzf)) +
0

(e1+e3) .,
2 sin“ 20
4g(0)

! A
1 1

(&>2— %D% Jg(—e)dz— Eiﬁpﬁ (P3+2Ps3)dz (17)
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By using equations(17) and (9), we calculate the
variation of G by means of a literature method [8] to
obtain the differential equation of 0 and corresponding
boundary conditions as

10fur(0) (dON\® d (., dO
30 (a‘) —&Q’ef«f(@)&)

(18)

1 2A851n20:0
277 g(0) ’
: do
fe//(%)@ L
| (19)
e +e3 .
=< A+ D3;—Pgl._,) psin26,,
2{ 2(60) (D g|“°)} ’
do
— o (0))—
A _
1 (20)

_ 1 e +e3 _ .
=5 {A (0] (Ds PS3|ZZ)}sm201,

where—

(61 + 63)2

2=0) sin”26.  (21)

1(0) =k cos’ 0+ ki3 sin® 0+

To give the above equations, we make an
approximation by considering §;<«/, J>,«/ and that
the values of Pg and P; have the same order of
magnitude.

3. The solutions of the fundamental equations

Now we discuss the solutions of equation (18)—(20). If
% #0, then equation (18) yields

2 2
o) - 25 =¢ 22)

where C is constant. Supposing 0 reaches the maximum
value 0,, at z=d, then

DZ
C=——2 23
g(0m) )
Equation (22), by using equation (23), yields
do _ N 3\/Aa(sinz 0,, —sin’ 0) (24)
dz J(0)g(0)g(6m)

Let

I As(sin2 0,, —sin’ 0)
M<9>‘\/ T @00 P

Then
D5
dz _ D d <z<l,
M(0)
the solution of which can be expressed as
. 0
Z=D—JM(9)d9 for 0<z<d (27)
3
0o

and
0

1
z=l+D—JM(0)d0 for d<z<Il.  (28)
3
0

There are five unknown quantities in equations (27)—
(28), 0y, 0,, 0,,,, d and D3. They should be determined by
the thickness of cell, /, the voltage U and the boundary
conditions in equations (19)—(20). These quantities may
be calculated by following equations:

[ [0
1 1
=5 J MO0+ - J M@Odo  (29)
00 ()I
or
| O O
D= J M(0)do+ J M@O)d0|:  (30)
Oy 0,
O
d= -1 [ m0)do: (31)
D;
o
o) ) ()
eir+es  g(U
U= J—d9+ do— A Y
50 «0 Y 24 Mgy %Y
0o 0,
1 e1+e3 B
EI{A_ 2g(90)PS3|Z_0}sm200_
0, 0,
M(©)do+ | M(0)do (33)
0o 0,
{f(eo) B (61 +e3)sin 290}
M(0o) 2g(0o)



15: 27 25 January 2011

Downl oaded At:

1428 L. Jinwei et al.

1{A+—el+e3p

22(00) S3|Z=,}sm 20,=

1

2

0,0, 0,

{J M(©)d0+ | M(0)do (34)

0o 0,

f(0)  (ej+e3)sin20;
{M<91)+ 22(0) }

In order to calculated these quantities by a numerical
method, we introduce a new variable v to replace 0, as in
a previous paper [4],

2
V= %, (35)
and let
m=sin>6,,, (36)
then
sin 0= #imv (37)
Let

_ks—kn o, de
kn el

(38)
The function M(0) in equation (26) can be transformed

to

K1 1 1

& /m(l—m)v1—vy

M) = ¢[1 —m+m(l+n)][l ;i"};:r};ljn’)v]—b—ezm(l —m)y

M(Q)ZSL

M),  (39)

(40)

and the integral in equations(29)-(34) may be re-
expressed as

O
M(9) _ K“(I—H]’m) 1)
J 2(0) do= P I, (41)
0o
0”7

H‘l K 1
K11 ( —H?mlz(l ’ (43)
dg— /K]l 1-|—i1m (44)

where
1 M)
v
= dv, 45
Jz,/ T L—mtm(I+q)"" “3)
1 1 M
11<2>=J W) 4, (6)
2\/v(1—v) l=m+m(1+n)v
1 1 M(v)
(1) v
L = dv, 47
? J2\/v(1—v)1—m+mv (47)
)
[ 1 M)
2) v
L7 = dv. 48
? J2«/v(1—v)1—m+mv “8)
v
Let .
1 2
n=s (1" 1), (49)
1/ 2
h=3 (1) +1?) (50)
and define reduced quantities
U Al ey tes
u= ,o0=—— and e= , (51
2k Vel G

Ae

which can be termed the reduced voltage, reduced
anchoring strength and reduced flexoelectric coefficient,

respectively.
Equations (29)—(34) can be now re-expressed as
— —eu/l—l—nmlz, (52)
D3 = 7 A—ggj_\/ 1+17/m12, (53)
2
u= E\/H—n’mll
54
e (T=m+mvo l—=m+m(1+n")v (54)
2n l—m+mv 1l—m+m(l+y)v )’
d= Lk, T ml“_z(—£ (55)
DV etV L2
. L—m+m(l+n)vo  elPs|._,
1 —m-+mvg 2VkneL
(56)

1—vp l—m+m(1+75")v
- M (vo)— I
{ Yo (vo) e\/ 1 —m+my »
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) L—m+m(l+n)v  elPgs|._,
‘ 1 —m+my, 2VkieyL

J— _ /
:{ 1 VZM(V/)-f—e\/l m+m(1+n)v1}12
V] 1 —m+my,

Meanwhile, the solutions of equations (27)—(28) become

(57)

v

z 1 1 M(v)
= dv for O<z<d, (58
[ 12J2,/V(1—v)1—m+mv ( )
E=1+LJ 1 M(v) dy
/ 25 2,/v(1fv)1—m+mv (59)
v

for d<z<l.

4. The threshold voltage and saturation voltage
4.1. The threshold voltage

The threshold voltage, U,, corresponds to m=0
because sin’6,,=0. From equation(52), we obtain

2
the reduced threshold voltage u,, as u,hzgll

m=0
1 1— 11—
- ltanl il +tan~! —W] ; uy, satisfies
s Vo Vi
1— V() 1— V]
tan u,h . (60)
1— Vo 1— V]
1—
Using equation (56)—(57), we have
y— elP.y3|Z=0
=
TN
\/% = Uth
2
o elPﬁ =]
- _ Szl
Mo Zvkng (62)
\/‘TI Eu[h
ds ds . S
If —| = —— hold approximately by considering
dz|, Z]o
. ds
the symmetrlc property, then Pgl|._, =r25 =
ds .
—rzd— = —Pg|._,. Defining the reduced strength of
Zlo

surface polarization as

EZPX3|_:0
= 21z=0 63
2\ kel (63)
we have
VI—vy a—ep
— =7 +e, (64)
\/_0 Euth
\/l—v/:ocz—ep_ (65)
\/W guth
Equation (60) becomes
1 2ul, —4(a—ep)’
cot(muy) = LFEV T —dEmep)” o

4nuy,(a—ep)

Equation (66) gives the relationship between the
reduced threshold voltage, wu;, and the reduced
strength of surface polarization, p, and shows the
influence of surface polarization on NLC cells. Now
we estimate the value of p. Equation(63) yields

[ e +€3 dS / (81 +€3)2 1 ds
= — ———— | ——| |, where
2 k118l dZ 0 2 k118L oS dz 0

61;63 as in Zakharov and Dong [5]. If

let+e3]~(1~10)x 107" Cm~!, &, =(1~10)ey, &=

we use rp= —

885x1072C*N""'m™2, [=10um, k;;~(1~10)x
107> N, and taking S=1, (;S j—S, AS=-0.5 and
z

Az=10nm [5], then p~/. The calculated results are
shown in figure 1.

4.2. The saturation voltage

The saturation voltage corresponds to m=1, because
sin’6,,~1. From equation (54), we obtain the reduced
the saturated voltage, u,,;, as

2
Ugqr = E V l+’7/11’

(67)
=l\/ [tanh v/ 1—vo+tanh™ \/l—vl}.
n
The saturation voltage, u,,,, satisfies:
1 V1i—vo++v/1—v
tanh | 7 ———=1uy; (68)
VIi+y 1+\/1—v0\/1—v

From the boundary conditions of equations (56)—(57),
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0.65

0.60 -

Figurel. The function of u,(p) for different values of e and «.

0.55 -
:E ———————
0.50 - - e=0.05 x=1.5
e=0.1 x=1.5
0.45
0.40 ’ - ; ;
0 2 4
we have
EZPS3 z=0
o (l+y)— —==
AR T
Vitnv/1+n'h VAR
€lPS3 =]
w(l+n)+ —==
I~ e 2verkn ¢ (70)
VTNV T TN
where
r\ dS
PS3|:=0:r2<1+é)E , (71)
z=0
ri\ dS
Pabe=r(1+ 1) G ==Pabeo (2

Let r:%, and using the parameter p provided by

equation (63), we obtain

I foa(l+n)—(1+r)ep
VIR () Ju

I—V(): +e|, (73)

1 a(l+n")—(1+r)ep Y

Vi—v=
\/1+17 (1_}_]7/)%”‘“[

(74)

Substituting equations (73)—(74) into equation (68), we

obtain

1
tanh <7t ﬁ um,)

AV1+n(1+n")musa o1 +n') — (14 7)ep]
(1+n—e2)(1 +11’)27t2u%a1+4[oc(1 +7)—(1 +r)ep]2 .

(75)

Equation (75) gives the relationship between u,,, and
reduced anchoring strength, o, reduced flexoelectric
coefficient, e, and reduced strength of surface polariza-
tion, p. If o and e are known, then the relationship
between u,,, and p is obtained.

We may take compound MBBA as an example: its
elastic constants are K33;=1.25K;;, K;;=5.8x 10712 N,
€1=>5.4 and ¢;=4.7. Figure 2 shows the curves of u,,
versus p, where we take r=—3 [9].

5. Discussion

The main result of our theoretical analysis is that the
surface polarization of NLC cells is influenced by
boundary conditions. This result is consistent with the
result obtained by Zakharov and Dong [5], which
implied that the surface polarization is mainly influ-
enced by the effective anchoring energy.

In this paper, the flexoelectric polarization is con-
sidered but the selective ion absorption is ignored, and
this is different from the result of Zakharov and Dong
[5]. If selective ion absorption is considered, our work
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1.5+

sat
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-
-

05 . . . "

Figure2. The function of u,(p) for different values of e and .

can be generalized. In the theoretical frame, the free
energy for the selective ion absorption should be added
to the Gibbs free energy, G.
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