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Electric polarization arising in hybrid aligned nematic liquid crystal layers with rigid boundary
conditions is studied numerically by solving the torques equation and Poisson equation.
Three phenomena that give rise to the polarization are taken into account: flexoelectricity,
surface polarization and adsorption of ions. The director orientation within the layer, as well
as the distribution of electric potential and space charge density are calculated for layers
deformed by an external magnetic field. The role of the ionic space charge is investigated.
For a particular set of parameters of a model substance, the voltage arising between the layer
surfaces varies from 10™'V (in an extremely pure nematic) to 10”° V (in material with a
typical ion concentration). The surface polarization yields an additional voltage (of the order
107 V) nearly independent of the ion concentration. The effect of simultaneous flexoelectric
polarization and ion adsorption is evidently different from a linear superposition of their
separate contributions The flexoelectric polarization leads to partial separation of ions of
opposite signs. In the case of positive flexoelectric coefficients, a thin sublayer of positive
charge arises at the planar-orienting boundary plate. The negative charge is displaced towards
the homeotropically aligning plate. The magnitude of this effect increases with the magnetic

field. The surface phenomena introduce additional subsurface charges.

1. Introduction

The electrical properties of nematic liquid crystals are
related to the anisotropic electric polarizability of the
mesogenic molecules, to the permanent dipole moments
which they usually possess, to the ionic space charge
which is practically unavoidable even in thoroughly
purified materials and to the quadrupolar moment density
connected with the quadrupolar form of the order para-
meter tensor. These properties are the origin of a variety
of complex phenomena resulting in the polarization of
nematic samples. Here we focus attention on the follow-
ing three effects of this kind: flexoelectric polarization,
surface polarization and ion adsorption.

Flexoelectric properties are quite common for liquid
crystal compounds. Usually they are attributed to the
asymmetrical shape of the mesogenic dipolar molecules
[1]. In the case of non-polar molecules, they appear to
be due to a gradient of the quadrupole moment density
[2]. Electric polarization arises in a sample of nematic
liquid crystal possessing flexoelectric properties when-
ever the director field in the sample contains splay or
bend [1]. This case is known as the direct flexoelectric
effect. Surface polarization may occur due to the adsorp-
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tion of dipolar molecules resulting from the different
chemical affinity of their ends for a substrate, or it may
be caused by a spatial variation of the nematic ordering
in a thin sublayer close to an interface (known as ordo-
electric polarization [3]). The selective adsorption of
ions of one sign (usually positive [ 4]) induces an electric
field over a distance of the order of the Debye screening
length from each of the surfaces. The ions of opposite
signs are accumulated in the vicinity of the surfaces
forming a double layer.

In this paper, hybrid aligned nematic layers with rigid
director orientations at the surfaces are considered.
One-dimensional distortions of the director distribution
induced by an external magnetic field are taken into
account. The flexoelectric polarization, which arises in
the hybrid layer, contributes to the electric potential differ-
ence between the layer surfaces due to the asymmetry
of the director distribution. The surface polarization and
the ion adsorption may also lead to potential differences
of comparable magnitude. The ionic space charge is
redistributed due to the adsorption and to the interaction
with the effective electric field and affects the potential
distribution. One may expect that the director con-
figuration in the sample is also influenced by interactions
of the dielectrically anisotropic and polarized medium

Liquid Crystals ISSN 0267-8292 print/ISSN 1366-585 5 online © 2002 Taylor & Francis Ltd
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with the electric fields induced by flexoelectricity and
adsorption phenomena [ 5]. The charged regions appear
in the electrically neutral sample. Sufficiently large ion
concentrations can cause screening effects and suppress
the potential differences. The properties of the nematic
layer cannot be described by the linear superposition of
the three polarizing phenomena mentioned above. This
is mainly due to the non-linear coupling between the
potential distribution and the ion concentration, and is
related to the non-local character of the electric field [ 6].

In this paper, the above effects are investigated
numerically. Our aims are as follows: (i) to compare the
effects of surface polarization and ion adsorption with
the flexoelectric effect, (ii) to calculate the space charge
and electric potential distributions in the presence of
these effects and to give quantitative examples of them,
(iil) to determine the significance of the ion concentration
for the electric potential difference, for the director distri-
bution and for the net polarization of the layer. The
geometry of the layers, the material parameters and the
basic equations are given in the next section. The results
of calculations are presented in §3. Section 4 is devoted
to a short discussion.

2. Method
2.1. Geometry and parameters

The nematic liquid crystal layer of thickness d = 10 pm
was confined between two plates parallel to the xy
plane in a Cartesian co-ordinate system and positioned
at z= +d/2. The rigid director orientations, planar at
z = —d/2 and homeotropic at z = d/2, assured the hybrid
alignment. The director n was parallel to the yz plane.
Its orientation was defined by the angle 0(z), measured
between n and the y axis. The magnetic field of induction
B was applied along the y or the z axis. The model
substance was characterized by equal elastic constants
ki1 =ks3=k=10""" N and a positive diamagnetic aniso-
tropy Ay. The positive dielectric anisotropy Ae =¢,— ¢,
was taken into account with the dielectric constant
tensor ¢ having components ¢, =10 and ¢, =20. In the
following, reduced variables { and b defined by z ={d
and B = b(n/d)(kuo/|Ax|)"* are used.

The flexoelectric properties were determined by equal
flexoelectric coefficients e;; = e33 = e, varied in the range
0-3 x 10" Cm™ ". The flexoelectric polarization vector
P; was expressed by the formula

P;=e;1n(Vn)— e33n x (V x n). (1)

The surface polarization Pg was assumed to be induced
by the ordo-electric mechanism which is due to the
spatial variation of the nematic scalar order parameter
S({) taking place in the close vicinity to the layer walls.

This approach was based on the experimental results
obtained by Blinov et al. [7], who found non-zero
surface polarization on the homeotropic as well as on
the planar boundary plates. (The different chemical affinity
of the ends of the molecules for a substrate would not
give any surface polarization in the case of planar
alignment.) The surface polarization value Pg = |Pg| was
expressed by

3 1dS/ ., 1
Py =—=ey——|sin" 0 — = (2)

where e, is the quadrupolar coefficient [8]. It depends
on the director orientation 6({) and therefore has differ-
ent magnitudes Pp and Py at the planar and homeotropic
walls, respectively. We assumed that the order parameter
varied exponentially in the subsurface region from S, ¢ace
to Spue With the characteristic length L:

S(C) = (Ssurface - Sbulk){exp[_(C+ 05)/}~]
+ exp[(( = 0.5)/A1} + Spuix (3)

where /. =L/d. (The length L =50 nm was chosen arbitraril y.
Its exact value is not essential for the qualitative character
of the phenomena studied.) The form of the S({)
function given by equation (3) is approximate and can
be derived in the frame of a Landau—Ginzburg approach
[9]. According to equations (2) and (3), the surface
polarization decreases exponentially with distance from
the boundaries according to the formula

Py =Ppexp[—({+ 0.5)/A]+ Py exp[({—0.5)/1].
(4)

It was significant only in the close vicinity of the surfaces
where the changes of the calculated director orientation
were negligible. The electric field induced by the surface
polarization decayed over a distance of the order 3L
from each surface. We used the values of P, and Py
obtained from the relations

mp =PpL, my=PyL (5)

where mp and my are the effective dipole moments
counted per unit area of the layer. (The inequality L< d
was applied to derive (5)). The magnitudes, as well as
the senses of the vectors m, and my were based on
the results obtained in [7]: my(0, O, my), mp(0, 0, mp),
wheremy =4x 107" Cm ™ 'andmp=2x 10" Cm™ ..
Considerations analogous to those taken in [7] gave
the relation Surface > Svuic, Which resulted from the sign
of e, + es; and the senses of mp and my,.

The ion concentration N was assumed to lie between
10"® m™* and 10*' m~* according to the typical electrical
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conductivity k=~ 10""?-10"'"°Q 'm~"' [10] and ionic
mobility u~ 107°-10"" m> V™' s™ ' [ 11, 12]. The selective
adsorption of positive ions was assumed. Their surface
densities were equal on both plates, g, =0y =0. The
fraction of positive ions, which were adsorbed by the
boundary surfaces, was characterized quantitatively by
means of the parameter ¢ =2¢/Nd. In our calculations,
o reached 10" m™? for N =10%° m™* which gave a =0.2.
Because of selective adsorption, the material in the bulk
was not electrically neutral and potential differences
appeared within the layer. The electric field originated
by the adsorbed positive ions influenced the distribution
of the remaining charges. The asymmetry of the director
distribution and high electric anisotropy of the nematic
provided some effective voltage between the boundary
plates, even if op =oy. This yielded a contribution to
the net polarization of the layer. The ion adsorption
influenced the bulk electrical properties of the sample
due to the space charge redistribution.

2.2. Basic equations
The total free energy of the layer can be expressed as
a sum of several contributions. They are due to curvature
elasticity, dielectric anisotropy, flexoelectric properties,
surface polarization, the external magnetic field and
interaction of space charges with the intrinsic electric
field:

F=J(/‘;+ Jat fit fot St f)de (6)

where f, fa, fr, o, fm and f. denote the corresponding
free energy densities, respectively and the integration is
performed over the volume t. They are given by the
following general formulae:

i =%k(v ny + %k(v « )’ (7)
o

fi=—3%E D (®)
fi=—P, E 9)
fr=—Ps E (10)

fu = _2%01‘ 7B (11)
fo=pV (12)

where V is the electric potential, E is the electric field
strength vector, D is the electric induction vector,
denotes the diamagnetic susceptibility tensor and p is
the space charge density.

According to the aforementioned assumptions, the
formulae (7)—(10) become

, 1 doy
fo= 2_d2k a (13)
. 1 5 dry?
fd=—2—aﬂ80(8l+ Ag sin” 0) d_C (14)
e . do dv
ff=} Sin 29d_Cd_C (15)
. exp(=0.5/1) drv
= 7 [mp exp(—{/2)+ my exp(C/A)] ac )
(16)
The magnetic term (11) is replaced by
, 1 .,
jm=—§?kb sin” 0 (17 a)
when B| z, or by
, I
jm=—zykb cos” 0 (17 b)

when B y.

The ions in the nematic liquid are assumed to obey
Boltzmann statistics. The concentrations of ions of both
signs, denoted by N, ({) and N_({), depend on the
position in the sample. This distribution is governed by
an ionic energy +¢V, where g is the absolute value of the
ionic charge. Therefore, N, ({) depends on the potential
distribution, which, on the other hand, is influenced by
the ion distribution. For the layer containing N ion pairs
per unit volume, they are given by

(1—a)N exp(=V({)qlksT)

N, (= /2 >
f exp(—V({)glks T) d{
-1/2
N V(O)qlks T
V()= N et CilkaT) 08
f exp(V(Q)qlks T)d{
12

where ky is the Boltzmann constant and T is the absolute
temperature. The adsorption of positive ions is represented
in (18) by means of the coefficient 1 —a. The charge
density in the layer is therefore expressed by

p(8) = NgR(() (19)



17:44 25 January 2011

Downl oaded At :

892 G. Derfel and M. Felczak

where
(1 —a)exp(=V(()qlks T)

RO)=—73
exp(—V(Qalks T)d{

-1/2

___ewOakT)

2
Jj exp(V({)glks T)d

1/2

The equilibrium states of the layers are calculated by
minimization of the total free energy. Standard vari-
ational methods give the set of two differential equations.
The torques equation has the form

d?o 1 ) dry? ) d?v
kd_Cer anAsstQ d_C + e sin 20 d_CZ

+ —n?kb? sin 20 =0 (21)

o] =

where ‘+° before the last component refers to B| y and
‘=’ to the B| z case. The electrostatic equation is

d?v . dv do
—+ & Agsin 20— —
d¢ d¢ d¢

doy . d’0  exp(—0.5/4)

— 2e cos 20 a@ —esin 29d—C2+ — Yz
x [mp exp(— /) — my exp(/A)] =0. (22)
The boundary conditions for 6({) are 6(—1/2) =0,

0(1/2) =mr/2. The boundary conditions for the potential
are determined by the equations

Ngd® R({)+ &o(e, + Aesin®0)

dv
dl)c= s 10
_esin 20(£1/2)(d0/d0)|; = . 1o+ Ps(£1/2)d + ad
B co[e, + Aesin® 0(+1/2)]
(23 a)
which read
dv mp/}y_ O'pd
Bz Tr7 )
d¢ €€ (238)
for { = —1/2, and
dv A+ oud
_ PalAt oud (23¢)

- o€

for { =1/2. The lower boundary plate is assumed to be
grounded: V(—1/2)=0.

Equations (21) and (22) were solved numerically. The
functions 0({) and V({) were obtained and the space
charge density p({) was calculated.

Charged regions arise as a consequence of separation
of positive and negative ions even within the electrically
neutral layer (i. e. in the absence of ion adsorption). The
magnitude of the corresponding separated charge per
unit area is defined for the neutral layers by the quantity

/2

0= lp(O)]dL. (24)

-1/2

3. Results

The director configuration (described by the angle
0(0)), the electric potential distribution V({) and the
volume space charge density distribution p({) were calcu-
lated from the torques equation (21) and the Poisson
equation (22). The influence of the magnetic field, of the
ion concentration, of the surface polarization and of
the ion adsorption on these distributions was studied.

The non-uniform director distribution in the hybrid
layer is sufficient for the appearance of interesting polar-
ization phenomena. The situation in the absence of the
magnetic field is briefly described in §3.1. The stronger
deformations induced by the field enhance the magnitude
of these effects. The detailed description of the results
for the field applied perpendicular to the layer is pre-
sented in §3.2. The case for the field parallel to the layer
(and to the director plane) is described qualitatively
in §3.3.

31. B=0

In this subsection, we restrict our attention to the
pure flexoelectric polarization. It arises in the absence
of the magnetic field due to the hybrid structure of the
layer. For a high ion concentration (N =10*"m™?),
the angle 0 varies linearly with {. This coincides with the
0(¢) function expected for the hybrid structure in the one-
constant approximation and does not reveal any evidence
of the flexoelectric effect. For a low ion concentration
(N =10" m™?), a subtle deviation from linearity of the
0({) function can be noted. Nevertheless, in both cases,
an approximate symmetry is evident in the potential
and space charge distributions as exemplified in figure 1.
The function f({)=V({)— U/2 (where U denotes the
voltage arising between the layer boundaries) is nearly
odd. Small deviations from perfect symmetry are due to
the high dielectric anisotropy and its interaction with the
electric field of flexoelectric origin. The positive ions are
partially removed from the region 0 < {< 0.5, whereas
the negative ions are displaced from the other half of
the layer. The separation of ions occurs symmetrically,
i.e. their concentrations are connected by a relation
N, ()=~ N_(—{). As a result, the charge distribution is
described by the nearly odd p({) function. The potential
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0.15

-1.6 . L : -0.15
-0.5 -0.25 0 0.25 0.5

Figure 1. Distributions of the orientation angle 0({) (curves 1,
2, left scale), electric potential V({) (curves 3, 4, right scale)
and space charge density p({) (curves 5, 6, left scale)
in the hybrid aligned nematic layer for N =10"*m™°
(curves 1, 3, 5) and N =10 m™ > (curves 2, 4, 6). Please
note that the units for 0 and p on the left scale coincide.

and charge distributions caused by the surface effects
are superimposed on the functions mentioned above.
The details of these effects are described in the next
section.

The influence of the ion concentration is evident. The
potential differences are drastically suppressed at N =
10> m™* in comparison with the case of N =10"* m™>.
The space charge distributions are affected to a lesser
extent.

32. B| z
3.2.1. Director distribution

The director configuration in the hybrid aligned layer
can be affected by the flexoelectric properties of the
nematic substance, due to the interaction between the
flexoelectric polarization and the dielectric anisotropy
[5]. The ionic space charge influences this effect, since
it may compensate the flexoelectric polarization.

In our layers, the change of the director distributions
caused by the flexoelectricity is rather small and significant
only at low ion concentrations (N =10"* m™?). High
ion concentrations (N = 10> m™*) cancel this influence
due to the screening effect of the ions. The resulting
director distribution is identical to that obtained for a
non-flexoelectric nematic. These relations are illustrated
in figure 2 by means of 0({) functions plotted for the
reduced magnetic field b =2. The surface polarization
does not exert any remarkable effect on the director
distribution either for N = 10" m™ > or for N = 10> m~°.
The same applies to the surface adsorption with a =0.2.

1.6
N=10"m"

2 1.2 F N=1018m_3
S
D

08

0.4

0.0 L

-0.5 0 ¢ 0.5

Figure 2. Influence of the ion concentration N on the director
orientation in the layer deformed by the magnetic field
b=2e=30pCm "

3.2.2. Electric potential distribution

All three phenomena leading to the polarization of
the sample induce the electric potential differences in
the layer and give rise to a voltage U between the layer
boundaries. In our case, the greatest voltage arises at
low ion concentrations as a consequence of the flexo-
electric polarization resulting from the distortion of the
director field in the hybrid structure. Its value is of the
order 107" V. In figure 3, examples of the potential distri-
bution V({) are presented (curves 1 and 6). At a high
ion concentration N = 10*° m~ >, the potential differences
due to the flexoelectricity are strongly suppressed. In
strong magnetic fields, the flexoelectric potential is almost
constant in the affected part of the layer due to the
nearly uniform director distribution in this region.

In the absence of surface phenomena, the form of the
equations (21), (22) and (23) (for given material properties
k, e, Ae, and the magnetic field ) does not change with
N or d if only the quantity Nd® remains constant. In
consequence, the solutions 6({) and V({) are valid for
various layers with the same Nd”. Therefore, the depend-
ence of U on ion concentration can be presented in a
universal form including its dependence on thickness.
Corresponding plots of the functions U(Nd”) are pre-
sented in figure 4 (curves 1-3). The voltage U decreases
with ion concentration or with thickness of the layer.
The highest values are obtained at low concentrations
or in thin layers. For instance, in the layer of thickness
d=10pm filled with thoroughly purified material con-
taining 10'® ion pairs per m®, U reaches 0.22 V at b = 1.
In the case of a typical nematic with N =10*m~>, U
can still have a noticeable value of 0.02 V at the same
thickness if a sufficiently high field is applied, e.g. b =4.
The highest U value found within our limits of para-
meters is 0.23 V for an insulating nematic. The effect of



17:44 25 January 2011

Downl oaded At :

894 G. Derfel and M. Felczak

0.25

0.2

0.15

V [/ volts

0.1

0.05
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-0.5 -0.25 0 0.25 0.5

Figure 3. Potential distribution V' ({) for two ion concentrations
N =10" m™> (curves 1-5)and N =10’ m™ > (curves 6-10);
b=2¢=30pCm™ . Curves 1, 6—pure flexoelectric effect;
curves 2, 7—pure surface polarization; curves 3, 8—pure
ionic adsorption with a =0.2; curves 4, 9—flexoelectric
effect in the presence of surface polarization; curves 5, 10—
flexoelectric effect in the presence of ionic adsorption.

0.25

0.20

0.15

U /volts

0.10

0.05

0.00
7 9 11 13

log(Nd* / m™)
Figure 4. Voltage U between the boundaries of the layer as
a function of Nd* for various magnetic field inductions b;
e=30pCm™"'. Thick lines—pure flexoelectric effect;

thin line—flexoelectric effect in the presence of surface
polarization for d = 10 um.

a magnetic field is illustrated in figure 5 (curves 1-4).
The voltage U decreases with b for low N and increases
with b for high N. For given b and N values, the voltage

0.25

0.20

0.15

0.10

U / volts

0.05

0.00

_().()fs I I 1 1
0 1 2 3 4

Figure 5. Voltage U as a function of magnetic field induction b;
e =30 pCm"™ . Thick lines (1-4)—pure flexoelectric effect;
thin line—flexoelectric effect in the presence of surface
polarization, N = 10** m™>; dotted line—flexoelectric effect
in the presence of ionic adsorption, N =10 m™> 4 =0.2.

U is nearly proportional to the flexoelectric coefficient
e as exemplified in figure 6 (curves 1 and 2).

The potential differences produced by the surface
polarization are due to the electric field that arises in
the thin boundary regions. They are presented in figure 3
for a non-flexoelectric nematic with low and high ion
concentrations (curves 2 and 7). It is evident that the
potential distributions in the flexoelectric material with
surface polarization (curves 4 and 9) are approximately

0.25

0.2

0.15

U / volts

0.1

0.05

e/ pCm‘1

Figure 6. Voltage U as a function of the flexoelectric coeffi-
cient e for two ion concentrations b= 2. Thick lines—
pure flexoelectric effect; thin lines—flexoelectric effect in
the presence of surface polarization; dotted lines—{flexo-
electric effect in the presence of ionic adsorption, a =0.2.
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equal to the sum of the distributions found for pure
surface polarization and pure flexoelectric polarization
effects. The same concerns the voltages due to these
effects, as can be seen in figure 6. In the cases considered
in figures 3—6, the surface polarization enhances the
voltage of flexoelectric origin by about 0.05V. This
excess of voltage is almost independent of N, b and e as
illustrated in figure 4 (curve 4), figure 5 (curve 5) and
figure 6 (curves 3 and 4), respectively. For high N, it can
exceed the flexoelectric voltage. The excess of voltage is
proportional to the sum mp + my.

The potential distribution induced by the surface
adsorption is slightly asymmetrical with respect to { =0
which results in some low voltages. Curves 3 and 8§ in
figure 3 show the potential distributions induced in a
non-flexoelectric nematic layer free from surface polar-
ization, when the fraction @ =0.2 of all positive ions is
adsorbed in equal amounts on both surfaces. The corres-
ponding surface densities of ions are 10'* and 10" for
N =10" and 10*° m™>, respectively and result in signi-
ficantly different potential distributions. The thickness
of the regions in which the electric field has significant
strength is comparable to the Debye length. It amounts
to several tenths of a micron for N =10 m™>. Thus
the electric field is limited to the thin regions at the
boundaries. For N = 10" m™* a weak electric field extends
over the whole layer. A mutual correlation between the
ionic adsorption and flexoelectricity can be noted. The
potential difference arising in the presence of both effects
is not equal to the sum of the V({) distributions occurring
for each of them separately. This is especially evident
for low N (compare curves 1, 3 and 5 in figure 3). The
other manifestation of this effect is shown in figure 6,
where the influence of adsorption on the flexoelectric
voltage, measured by the difference between curves 1
and 5 (or 2 and 6), varies with the value of the flexo-
electric coefficient e. The influence of ion adsorption on
the voltage U depends on b, which also reflects its coupling
with the flexoelectric polarization (curve 6 in figure 5).
The ion concentration N also affects the magnitude of
this influence.

3.2.3. Space charge distribution

The polarization of the layer is connected with partial
separation of ions of opposite signs.

The flexoelectric polarization enhances the positive
ion concentration in the vicinity of the planar boundary.
Simultaneously, a portion of negative ions is displaced
from this region towards the middle of the layer. As a
result, the space charge arises; its density distribution,
p({), is shown in figure 7 by curve 1. The thin layer of
positive charges adjacent to the planar oriented plate is
built up and a layer of negative charges is formed in its
neighbourhood. The rest of the sample is electrically

60

30

2,4

3,5

_90 1 1 13
-0.5 -0.25 0 ¢ 0.25 0.5

Figure 7. Space charge distribution p({), e=30pCm™ ',
N=10"m™>, b=2 Curve 1—pure flexoelectric effect;
curve 2—pure surface polarization; curve 3—pure ionic
adsorption, @ =0.2; curve 4—flexoelectric effect in the
presence of surface polarization; curve 5—flexoelectric
effect in the presence of ionic adsorption.

neutral. The stronger distortions induced by a higher
magnetic field enhance this effect.

The surface polarization considered in our work
removes part of the positive ions from the vicinity of
the homeotropic boundary and accumulates them at the
planar plate. On the other hand, a thin sublayer at the
homeotropic plate is enriched in negative ions which are
removed from the neighbourhood of the planar plate.
This charge redistribution yields very thin layers of
positive and negative charges at { = —0.5 and {=0.5,
respectively, shown by curve 2 in figure 7. In the pre-
sence of both flexoelectric and surface polarizations, the
corresponding charges are superimposed (curve 4).

In the presence of ions adsorption, the concentration
of positive ions is strongly reduced in the vicinity of the
boundaries, whereas the concentration of negative ions
is strongly enhanced in the subsurface regions. As a
result, clouds of negative charges accumulate at both
plates (curve 3 in figure 7). They strongly affect the space
charge distribution corresponding to the flexoelectric
polarization (figure 7, curve 5).

The charge separated by the flexoelectric effect,
counted per unit area of the layer and measured by the
quantity Q, formula (24), depends on the magnetic field
(thick curves in figure 8). For a low ion concentration
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0 /(107°Cm™)

Figure 8. Separated charge Q as a function of the reduced
magnetic induction b for various ion concentrations
e=30pCm~'. Thick lines—pure surface polarization;
thin line—flexoelectric effect in the presence of surface
polarization.

(N=10" m™?), Q has an almost constant value Q~ 3.2 x
107 ° C m™? which is equal to Ngd. This means that the
flexoelectric polarization arising in the hybrid structure
is sufficient for separation of the whole ionic charge even
in the absence of the field. The essential part of the
flexoelectric polarization remains uncompensated and gives
rise to the voltage U. For N =10"" m™?, the saturation
of O, due to complete ion separation, begins at b = 1.5;
for N =10 m™* it does not appear below b =4. The
charge per unit area of the layer reaches 4 x 107> Cm™?
at N=10m > and e=3x10""" Cm™". It is nearly pro-
portional to e. For low ion concentrations, the tendency
to saturation of the Q(e) dependence can be noted, i.c.
Q approaches the value Ngd.

According to the remarks made in §3.2.2, for the
sample which is electrically neutral and free from surface
polarization, the dependence of Q on the ion concen-
tration and thickness can be illustrated by the plots
of the quantity Qd as a function of Nd* (figure 9). The
latter relation results from the expression for Q derived
from equations (19), (20) and (24):

/2
Q=N¢1dJ1 [R(O)[dL. (25)
-1/2
The quantity dependent on Nd® can be obtained by
multiplying both sides of equation (25) by d. For a given
d, Q increases with N and saturates. This effect appears
when the whole polarization in the layer is compensated
by the redistributed charges, and this is clearly evident
at low fields. The saturation of the Qd value indicates
also that Q decreases with d for a given ion concen-

od/ (107°Ccm™)

7 8 9 10 11 12 13
log(Nd?/ m™)

Figure 9. Relation between separated charge and ion concen-
tration illustrated by the functions Qd(Nd") for various
magnetic fields. Thick lines—pure flexoelectric effect,
e=30pCm™"'; thin line—flexoelectric effect in the
presence of surface polarization; dashed line—pure surface
polarization, d = 10 pm.

tration. This reflects the smaller flexoelectric polarization
as a consequence of weaker deformation of the director
field.

The surface polarization gives its own contribution to
the separated charges. This is illustrated in figure 8 for
N=10*" m™?, by the thin line. For higher concentrations,
the charge separated by the surface polarization can have
significant magnitudes. For a given d, the Q value strongly
increases with N, which is exemplified by the dotted line
in figure 9. The charge separated in the presence of
flexoelectric and surface polarizations, presented by the
thin line in figure 9, is approximately equal to the sum
of the contributions due to both effects. However, this
approximation becomes worse at higher N.

33. By

The nearly symmetrical spatial dependences of the
electric potential and space charge density described in
§3.1 are distorted by the magnetic field B| y in a manner
analogous to the case for B| z. As a result, the corres-
ponding characteristics of the pure flexoelectric effects
have analogous properties, namely, p({)g, is approxi-
mately equal to — p(—{)g,, Whereas V(C)Bw is close to
[U—V(={)1g,- All the relations considered in §3.2, i.e.
U(Nd*), U(b), Ule), Q(b), Qd(Nd*) have analogous forms
to that shown in figures 4—6 and 8-9. The minor differ-
ences are due to the different roles of the electric field
E| z existing in the layer. In the present case, this field
counteracts the magnetic field-induced distortion of the
director distribution.
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The surface effects have approximately the same
influence since they do not depend on the direction of
the magnetic field. The small differences result from
different director distributions.

4. Discussion

A model for a flexoelectric nematic layer in the
presence of surface polarization and ion adsorption has
been studied numerically in order to estimate the relative
magnitudes of the effects caused by these phenomena. A
similar approach was applied in [ 13] where the role of
ions in the hybrid layer in the presence of a bias voltage
was studied and the surface phenomena were neglected.
In our paper, the properties of the layer are characterized
by the calculated distributions of the electric potential,
space charge density and director orientation angle.
Experimental determination of these quantities seems to
be very difficult or even impossible.

The values of the layer parameters were chosen to
assure the evident and significant effects. They remain
in the ranges determined experimentally for real liquid
crystals, [9-11, 14], although some of them are known
only from very few or uncertain measurements. In
particular, the positive sign of the sum of the flexoelectric
coeflicients was adopted and a wide range of its variation
was used. The range covers a part of existing experi-
mental data [147] which is controversial not only in
magnitude but also in sign. The non-flexoelectric nematic
was also considered in order to illustrate effects due to
pure surface phenomena, although flexoelectricity seems
to be common in liquid crystals. Negative flexoelectric
coeflicients would give a reversed sign of the flexoelectric
polarization.

Rigid boundary director orientations 6(—1/2) =0,
0(1/2) =n/2 were assumed. Therefore the influence of
the electric fields arising at the boundaries on the director
adjacent to them, predicted in [15], was ignored.

The role of the ion concentration has been illustrated.
At high concentrations, the flexoelectric polarization is
compensated by the ions, whereas the surface polarization
seems to be weakly sensitive to their presence. High ion
concentrations give rise to significant surface densities

of adsorbed ions, which may lead to high net polarization
of the layer. The asymmetry of the layer gives rise to
the voltage between the boundary plates, although the
densities of the ions adsorbed on both boundaries are
assumed equal. This effect can be explained by com-
parison of equations (23b) and (23c¢). They impose
different boundary conditions, even when e =0, mp =
my =0 and op = gy. The voltage would be significantly
larger if the adsorbing surfaces were not identical.

The significant number of parameters which determine
the properties of the layers being considered give rise to
rather complex behaviour. The polarization effects of
different nature are mutually correlated which makes
the prediction of their coexistence difficult.
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