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Elastic deformations of homeotropic nematic liquid crystal layers subjected to a d.c. electric
field were studied numerically in order to find the dependence of threshold voltage on the
properties of such a system. A nematic material characterized by a negative sum of
flexoelectric coefficients and by a small negative dielectric anisotropy was considered. The
flow of ionic current was taken into account. The electric properties are described in terms of
a weak electrolyte model. Finite surface anchoring strength was assumed. The director
orientation, the electric potential and the ion concentrations were calculated as functions of
the coordinate normal to the layer. It was found that the threshold for the deformation
depends on the distributions of the ions, governed by the generation constant and by the
properties of the electrodes. The effects observed may be interpreted as a consequence of the
separation of the ions. When the electrodes have pronounced blocking character, a high and
non-uniform electric field, created by the subelectrode ion space charges, causes drastic
decrease of the threshold voltage, much below the value Uy valid for the insulating nematic.
On the other hand, the electric field gradient arising in the bulk at moderate concentrations
has a stabilizing effect and remarkably enhances the threshold above Ur. When the electrodes
are conducting there are no significant space charges and the threshold voltage remains close
to Ur. These results indicate that phenomena related to the charge transport should be taken
into account in the analysis of the elastic deformations of ion-containing flexoelectric
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1. Introduction

The interactions of a nematic liquid crystal with an
external electric field are primarily due to the dielectric
anisotropy of the liquid crystalline medium [1]. The
applications of nematic liquid crystals in display devices
are based on director field deformations induced by
these interactions. Nevertheless several other effects
contributing to these deformations are also considered:
flexoelectricity [2], surface polarization [3] and ion
adsorption [4, 5]. In particular, the ions, usually present
in the liquid crystal material, have an important
influence on the electric field distribution within the
sample and therefore affect the field-induced deforma-
tions [6, 7].

In previous papers [8, 9], the threshold voltage for
deformations of flexoelectric nematic containing ions
was studied numerically under the assumption of
perfectly blocking electrodes. It was shown that the
threshold voltage decreased significantly providing that
the flexoelectric properties were sufficiently strong, the
surface anchoring was sufficiently weak and the ion
concentration was sufficiently high. This decrease was

*Corresponding author. Email: gderfel@p.lodz.pl

attributed to the strong and highly inhomogeneous
electric field which arose in the vicinity of the electrodes
under these circumstances.

In the present paper, we move away from the
idealized assumption of blocking electrodes. We per-
form numerical calculations in which the current flow
across the layer is admitted. For this purpose, we have
adopted a simplified model for electrical phenomena
taking place at the nematic—electrode interface, as well
as the weak electrolyte model for the bulk nematic [10].
The computations concerned the homeotropic layer of a
weakly anchored nematic with negative dielectric
anisotropy and negative sum of flexoelectric coeffi-
cients. Our main aim was to determine the effect of the
electric current flow on the deformations of the nematic
possessing flexoelectric properties.

The results show that the blocking character of the
electrodes is the fourth condition necessary for the
decrease of the threshold voltage. If this condition is not
satisfied, the steady current flowing across the layer
diminishes the ion concentration at the electrodes and
therefore reduces its influence on the director field
distortions. In brief, the threshold voltage for the
deformation depends strongly on the average ion
concentration when the electrodes have pronounced
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blocking character, whereas it is practically constant
when the electrode-nematic contacts are well
conducting.

In the next section, the parameters of the system
under consideration and the basic equations are given.
In §3, the results of calculations are presented; §4 is
devoted to their discussion.

2. Method
2.1. Geometry and parameters

The material and layer parameters were the same as in
our previous paper [8]. A nematic liquid crystal layer of
thickness d=20 um was confined between two infinite
plates parallel to the xy-plane of the Cartesian
coordinate system. They were positioned at z=+d/2,
and played the role of electrodes. The voltage U was
applied between them; the lower electrode (z=-—d/2)
was earthed. Homeotropic alignment was assumed. The
anchoring strength W was identical on both surfaces
and was equal to 2x 10" °Jm~ 2. The director n was
parallel to the xz-plane; its orientation was described by
the angle 0(z), measured between n and the z-axis. Most
of the material parameters used in calculations were
chosen according to the properties of the liquid
crystal MBBA. The model substance was charac-
terized by the elastic constants k;=6.2 X 10" 2N and
k33=8.6 x 10 "> N. Negative dielectric anisotropy was
adopted with the dielectric constant components
gy=4.7 and ¢, =5.4. The flexoelectric properties were
expressed by the sum of flexoelectric coefficients
entes=—40x 1072 Cm™! (the separate values of ey,
and es3;3 are not essential in the geometry considered [2]).

The detailed nature of the ions responsible for the
electrical conductivity of nematic liquid crystals is
unclear. In general, the ions are treated as a conse-
quence of impurities (e.g. [11-13]) but it is difficult to
identify the kind of dissociating species or to determine
exactly the parameters concerning their kinetics. Our
calculations concern macroscopic phenomena, therefore
knowledge of the detailed character of the ions is
unnecessary. We use only concentrations of the ions,
leaving aside the problem of their nature. Such an
approach is commonly used in theoretical considera-
tions (e.g. [7, 14, 15]).

The average ion concentration N,, ranged from 10'”
to 3x 10 m 3. It was defined as

)2
j IN* (2)+ N~ (2)] dz (1)
—d)2

1
Nav= ﬁ

where N7¥(z) denote the concentrations of ions of
corresponding sign.

The transport of the ions under the action of
an electric field is characterized by their mobility
and diffusion coefficients. It was assumed that the
mobility of the positive ions was much smaller than that
of the negative ions [16, 17]. The values used in
calculations correspond to typical results of mobility
measurements in various liquid crystals and reflect
typical anisotropy of mobility: pu; =1.5x% 1077,
. =1x107° put=15x1071° p t=1x10"1°
m*V~'s™! de. pif /uf =15 [13, 18]. The Einstein
relation was assumed for the diffusion constants:
D = (ksT/q)ui", where ¢ denotes the absolute value
of the ionic charge, kg is the Boltzmann constant and T’
is the absolute temperature. The weak electrolyte model
[10] was adopted in which the ion concentration was
determined by the generation and recombination
constants. The generation constant f depends on the
electric field strength E according to the Onsager theory
[15, 19]:

P

- 1+7E>

ﬁ ﬂo( 87‘6805](32]—'2
where £=(2¢, +¢))/3. Its value corresponding to the
absence of the field, fy,, was varied from 10" to
10*m3s™! in order to control the ion concen-
tration. The recombination constant o was equal
to 45x107®m’s™". It was calculated from
the Langevin formula [15, 20]: o=2qu/es, where
the average mobility is expressed by

i () 5+ o +a0) 42

2.2. Basic equations

The aim of the computations is to find the stationary
states of the layer in the presence of ionic
current. Although in principle such a system is
dissipative, the mechanical equilibrium is given by the
same torque equation that describes the non-conducting
case [21].

The problem is considered to be one-dimensional.
The reduced co-ordinate, (=z/d, is used in the
following. The functions 6({) and V({) which
describe the director orientation and the potential
distribution within the layer are determined by the
torque equation:

: do\* ., d’0
ko—1)sin20( — | — (sin® 0+ky cos® 0) —
(kp—1) sin (dC> (sin b COS )dC

2
1eoAe | (dV>2 ley +es; . v
4+ ——sin20( — ) += sin20 —- | =0
2 ki d¢ 2 ki d¢?

N —
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and the electrostatic equation:

d’v dvde
2 2
p(0)d* +eo(eL +Accos™ 0) — 2 —goAesin 20— & a

do\? 1 d%0
+ + cos 20 + sin20— =0
(e11+e33) <dC) (611 e33) a2

where k,=ks33/ky; and p({)=¢[N"()—
charge density.
The transport of ions in the bulk is governed by two
equations of continuity of the ion fluxes
ds*

d(f—aNTN™)= d—z (4)

N~ (0)] is the space

1 dv dN*
T=F(ufN? T
where J= = F 7 ( ZN= a —D: a )

denotes the flux of ions of given sign, i.e. the numbers of
ions which pass through a surface {=const, counted per
unit area and per unit time. The z-components of the
mobility and diffusion coefficients are given by
pE =uf +Ap* cos? 0 and DX =DT +AD* cos? 0, res-
pectively, where Au* =pu —uf and AD* =D —D7
denote the anisotropies of both quantities.

The boundary conditions for 0({) are determined by
the equations

lejg+ess . dv )
+4= sin20(+1/2)— —(sin“0(+1/2
e {30 (12| | -l
do 1 ©)
+kpcos® 0(+1/2)]— — ~ysin20(+1/2)=0
d¢ £1/2 2

for {=+1/2, where y=Wd/k,,. The boundary condi-
tions for the potential are V(—1/2)=0 and V(1/2)=U.
In order to establish the boundary conditions for the
ion concentrations, a suitable description of the
phenomena taking place at the electrode-nematic
interface is necessary. For the purpose of the present
numerical simulations, we propose a simple model, that
allows us to perform calculations with as few para-
meters as possible. The corresponding equations should
express the fact that the flux of ions of given sign that
approach a chosen electrode (or move away from it) is
equal to the net change in the number of ions resulting
from the generation and neutralization processes at the
electrode per unit area and per unit time. The speed of
neutralization of the ions, n*, is proportional to their
concentration: nf =K*N +, and the speed of genera-
tion, ng, is proportlonal to the concentration N, of the
neutral dissociable molecules: nf K +Nd, where K+
and K- * are suitable constants of proportlonahty In the
case of zero applied voltage, the equilibrium state

realizes in which N*=Ny=(8,/ oc)%. Therefore
K*No=Kg Ng. Since N7T « N4, one may neglect the
dependence of N4 on z and ignore the flux of the
dissociable molecules. This enables us to determine Kgir
if K* and Ny are estimated. In general, K;* and K* can
be different for each electrode process. For simplicity
however, we performed the calculations using a
common value of K, for all neutralization processes as
well as a common value of K,=K.N¢/N4 for all
generation processes at the electrodes.

The processes of charge transfer between the mole-
cules or ions in the liquid crystal and the electrodes are
limited by energy barriers arising between the liquid and
electrodes. For example, the transfer of an electron
from the cathode to a neutral molecule depends on the
work function of the electrode as well as on the affinity
of the electron to the molecule. Similarly, the transfer of
an electron from a molecule to the anode depends on
the ionisation energy of the molecule and also on the
work function of the electrode. The rates of generation
and neutralization of the ions at the electrodes can be
interpreted in terms of a model in which they are
determined by the activation energies ¢ of correspond-
ing electrochemical reactions. For example, the rate of
neutralization of a negative ion occurring by the
transfer of an electron from the ion to the electrode is
equal to K,=k.exp(—¢lkgT), where k. is a constant.
(Absolute values of the parameters ¢ and k, are not
essential, only the resulting K, value is important.) A
similar formula can be used for the generation constant
of positive ions occurring by the transfer of an electron
from a neutral molecule to the electrode. (In general, the
energy barriers ¢ can be of different height for every
electrode process.) The energy barrier is affected by the
electric field existing at the electrode, i.e. increased or
decreased by Ap=FEqgL, where L is the thickness of the
subelectrode region, of the order of several molecular
lengths. In our calculations L=10nm was assumed.

As a result of the above assumptions, the boundary
conditions take the forms:

dv dN=

+47V o4
N a D= a

+NoK.exp (FA¢/kgT))d for (=—1/2

= [~ N*K exp (+a0/kaT)

dv dn=
+ At _pt
Uz N~ aC D= dC

+ NoK, exp (+Ag/kgT)]d for {=+1/2

=[—N*K.exp (FAy/ksT

The left hand sides of these equations represent the
fluxes of the ions at the electrodes. The first terms on
the right hand sides denote the numbers of ions which
are neutralized; the second terms denote the numbers of
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ions generated at the electrodes in the course of
accepting or donating electrons by neutral molecules.
To our knowledge, the boundary conditions formulated
in such a form have not been applied previously.
However, the existence of the energy barriers as well as
the activation character of the electrode processes have
been considered [11, 22, 23]. The influence of the
subelectrode electric field on the height of the barriers
was taken into account in terms of the Schottky effect,
which was proposed as a plausible mechanism of charge
transport in liquid crystal layers.

In order to illustrate possible essentially distinct
behaviours of the layer, the calculations were carried
out with several different values of K.: 1077, 107>,
3x107% 5x107* and 10 *ms™!, whereas Ny was
taken as equal to 10**m ™~ in every case. The set of ten
equations (2)—(7) was solved numerically. The director
configurations-described by the angle 6({) — the electric
potential distributions V({), and the ion concentrations
N7 () were calculated for various voltages and various
generation constants f,. The results allowed us to
determine the threshold voltages Ur for the deforma-
tions in the following way. The director distributions
were calculated for several successively lowered vol-
tages, including very small distortions, for which
0(0)<1°. The angle 0,,=0({=0), which was chosen as a
measure of the deformation, was plotted vs. the voltage.
No rapid decay of 0,,, was detected, which indicates that
the transition between the distorted and undistorted
structures is of second order. The plots 0,(U) were
extrapolated to 6,=0 which yielded the threshold
voltage value with accuracy of 0.01V. We find it
sufficient for our purposes.

3. Results

The deformations of the initial homeotropic alignment
are due to the torques which have twofold origin:
dielectric and flexoelectric. They are expressed by the
third and fourth term of equation (2) and by the first
terms of equation (5).

3.1. Threshold voltage

All the deformations revealed by the calculated 60(()
functions have threshold character. The threshold
voltage depends on the generation constant f3, as well
as on the properties of the electrodes. These depen-
dences are shown in figure 1, where the threshold
voltage Ut is plotted as a function of average ion
concentration, N,,, for five values of K.

For K,=10""ms™!, when the electrodes have strong
blocking properties, three ranges of N,, can be
distinguished. For very low average concentration

Buczkowska

0 1 L L 1 !

17.5 18 18.5 19 19.5 20 20.5
log(N,, / m'3)

Figure 1. The threshold voltage Ur as a function of average
ion concentration N,,, for five values of K, indicated at each
curve (in ms™!). The dashed line represents the threshold
Ur=3.53V.

(10'7-10"8 m ), the threshold is close to the theoretical
value Ur=3.53V, calculated from the formula

( Uf) wd U,
cot | m—

ey Ur\’

wd U,

UC B 27‘Ck33 Uf
Ueern +e3)\’

G R
where U, =mn(ks3 /80|A8|)%, [2]. It increases significantly
with concentration up to 6.15V at moderate N,, value
of c. 10" m™3. At higher concentrations, the threshold
decreases drastically to values as low as 0.5V for
Npw=2x10*"m 3.

For K,.=10"°ms~', the ranges of low and moderate
concentrations in which we observe similar behaviour as
in the previous case are shifted towards lower values.
The maximum threshold exceeding 6V takes place at
Naw=2 x 10" m 3. Enhancement of N,, does not reduce
the threshold below Uy, and results in Ur=3.7V instead
of 0.5V at N,,=2x10*m >. For K,=3x 10 *ms",
the Ut(NV,,) dependence is similar but shifted to the
higher concentrations. Further increase of K. reduces
the maximum Ut value which is illustrated by the curve
plotted for K,=5 x 107*ms™ . For K,=10 *ms™ !, ie.
for the well conducting electrodes, the threshold weakly
depends on concentration. Its magnitude remains close
to Ur and varies between c. 3.6 and 3.8 V.

3.2. Director distributions

The deformations occurring at various average ion
concentrations and starting from various threshold
voltages have different character. A variety of director
distributions is shown in figures 2 and 3 by means of



16: 20 25 January 2011

Downl oaded At:

Flexoelectric deformations of nematic layers 1187

0() profiles plotted for voltages exceeding the threshold
by 0.1V.

Figure 2 shows the case for K,=10"'ms™'. For low
concentrations (curve 1), the deformation is very close
to that predicted for a non-conducting nematic, which is
described approximately by a combination of sin (n{ U/
U, and cos(n{U/U.) [2]. At a somewhat higher
concentration (curves 2 and 3) additional slight subsur-
face deformation of another type appears at {=—1/2. At
an even higher concentration, the deformation changes
its character qualitatively, as illustrated by curves 4 and
5. Nevertheless, the singularity at {(=—1/2 does not
disappear. The deformation becomes limited mainly to
the region neighbouring the negative electrode. At last,
when the ion concentration is high, another qualitative
change occurs. The angle 6 increases linearly with {
except for narrow subelectrode regions, where rapid
changes of orientation take place (curves 6 and 7).
These profiles are very similar to those reported in [8]
for blocking electrodes and are attributed to flexo-
electric deformations resulting from a subsurface non-
uniform field.

For K,=10"°ms™!, similar behaviour takes place,
but only for low and moderate concentrations (figure 3,
curves 1- 4). The deformations are about twice as
strong. For higher concentrations, the deformations
have another character. The director deviation from
initial homeotropic alignment is the largest in the
middle of the layer (curves 6 and 7). There are also
narrow regions adjacent to electrodes, where the
director orientation changes rapidly.

0.4
2
o]
£ 7
@
0.2 3
4 5 1 6
0 — T ————
-0.5 0 0.5
¢

Figure2. Director orientation angle 0 as a function of the
reduced coordinate { for U=U+0.1V and K,=10 "ms .
Average ion concentrations (in m ) and voltages (in volts)
are as follows. 1: N,,=5.2x 10'8, U=5.64; 2: N,,=7.8 x 10%,
U=6.25; 3: N,,=1x10", U=6.12; 4: N,,=1.65x10",
U=4.86; 5: N,,=3.8x10", U=3.15; 6: N,,=6.8x 10",
U=1.85; 7: N,,=1.8 x 10%, U=0.60.

0.8
0.6 | )
e
©
= 3
D
04
7
4 5
0.2 § ;
0
-0.5 0 0.5

Figure3. Director orientation angle 0 as a function of the
reduced coordinate ¢ for U=Ur+0.1V and K,=10 °ms .
Average ion concentrations (in m~>) and voltages (in volts)
are as follows. 1: N,y=2.5x10'7, U=4.17; 2: N,,=2.5x 108,
U=6.26; 3: N,,=3.6x10'®, U=5.90; 4: N,,=5.15x10'%,
U=5.32; 5. N,,=1.15x10", U=4.42; 6: N,,=5.0x10",
U=4.03; 7: N,,=2.2x 10%°, U=3.85.

The shape of the deformations of the highly
conducting layer (K,=10"*ms™") is practically inde-
pendent of the ion concentration. The corresponding
profiles 0({) are nearly sinusoidal and very similar to
those appearing at K,=10"" and =10 "> ms~' for low
concentration. Very slight departure from such a shape
can be noticed for K,=5x 10" *ms™ .

3.3. Ion concentration and electric field strength

The external voltage separates the ions and gathers
them in the vicinity of the electrodes of opposite signs.
The resulting space charge is particularly large when the
electrodes are blocking and the average ion concentra-
tion is high due to high value of the generation constant
Po. Such a case is illustrated in figure 4 by curve pair 1
where the results for K,=10""ms~ " are presented. The
bulk of the layer is electrically neutral. The concentra-
tions at the surfaces are nearly two orders of magnitude
higher than in the bulk. As a result, a high and non-
uniform electric field arises in the vicinity of the
electrodes, which is shown in figure 5 by curve 1. The
subsurface sheets of the space charges significantly
reduce the electric field in the bulk to about 0.1U/d. At
lower N,,, the ion concentrations are distributed
inhomogeneously, which is due to greater mobility of
the negative ions (figure 4, curve pairs 2 and 3). The
layer becomes electrically charged as a whole, because
the total number of positive ions is evidently larger than
that of negative ions. The subsurface electric field
becomes smaller. Its gradient also decreases and spreads
over the prevailing part of the layer (figure 5, curve 2).



16: 20 25 January 2011

Downl oaded At:

1188 G. Derfel and M. Buczkowska

22

21

20

19

18

log(N*/ m™)

17

16

0.5 0 05
G

Figure4. Ion concentrations as a functions of the reduced
coordinate ¢ for K,=10""ms™!; thick lines denote positive
ions, thin lines denote negative ions. Average ion concentra-
tions (in m~°) and voltages (in volts) are as follows. 1:
N.,=18x10%°, U=0.60; 2: N,,=3.8x10", U=3.15; 3:
Now=7.8%x10'8, U=6.25. Circles (1), triangles (2) and squares
(3) permit identification of the concentration values at {=+1/
2.

At extremely low ion contents, the electric field strength
is practically equal to U/d, with the exception of a very
small excess field at the electrodes (figure 5, curve 3).
Similar dependences were found for K,=10"° ms !,
however at high ion concentrations the field strength in
the bulk is not so radically reduced as previously and is
very close to Uld.

For conducting electrodes, i.e. for K,=5 x 107% and
=10">ms~', the subsurface charges are so small that
their influence on the electric field becomes unimpor-

|E]/10° Vm™"

¢ 0.5

Figure5. Electric field strength |E| as a function of the
reduced coordinate { for K,= 10 "ms™ . Average ion
concentrations (in m~*) and voltages (in volts) are as follows.
I: N,=1.8x10%, U=0.60; 2: N,,=7.8x10'%, U=6.25; 3:
Naw=1.1x10"8, U=4.06. Circles (1), triangles (2) and squares
(3) permit identification of the values of [E(41/2)|.

tant. The inhomogeneous distribution of the ions gives
rise to a gradient of the electric field in the bulk
(figure 6).

4. Discussion

In this paper, we consider the bias d.c. voltage-induced
deformations of a nematic liquid crystal, a in which the
flexoelectric properties play a crucial role. Deforma-
tions of this type are often referred to as the converse
flexoelectric effect [24]. The main results of our
calculations may be summarized as stated:

(a) Three ranges of the threshold voltage can be
distinguished (figure 1): a threshold voltage close
to the theoretical value Uy, if the ion concentration
is low or if the average concentration is high and
the electrodes are well conducting; a high threshold
voltage at moderate ion concentrations; a very low
threshold voltage at high concentrations and with
blocking electrodes.

(b) Three types of director configuration occur above
the threshold, depending on ion concentrations
and electrode properties (figures 2 and 3).

These findings can be explained qualitatively by
considering the electric field distributions which arise
in the layer under various circumstances. First, the case
of blocking electrodes (K,=10""ms ') is analysed. The
flexoelectric torque in the bulk of the layer is propor-
tional to the electric field gradient dE/d{. In the case of
high average ion concentration, this torque acts in the
vicinity of the electrodes. In the vicinity of {=-—1/2,

3 |-
3

g 2
£
s 2|
= 1 ~
o

1

0

05 0 05

-
el

Figure 6. Electric field strength |E| as a function of the
reduced coordinate { for K,=5x10 *ms . Average ion
concentrations (in m~*) and voltages (in volts) are as follows.
I: N,=4.8x10", U=3.77; 2: N,=1.5x10", U=4.16; 3:
N,w=4.7x10'8, U=4.74.
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(where d>V/d¢® <0), it is opposite to the dielectric
torque and therefore has a stabilizing effect. At {=1/2,
(where d?V/d¢*>0), it co-operates with the dielectric
torque, i.e. it gives rise to the deformation. The
flexoelectric torque at the boundary surfaces is propor-
tional to the electric field strength magnitude, dV/d(. It
has destabilizing effect at (=—1/2 and quenches the
deformation at {=1/2. Magnitudes of each of these four
contributions depend on N,,.

At high ion concentrations, the E(+1/2) values are
extremely high and the electric field gradients are also
very large. As a result, significant deformation in
vicinity of {=1/2 is induced whereas any director
deviation at {=-—1/2 is damped. In an analogous
manner, some weak surface deformation occurs at
{=—1/2, but is damped in the vicinity of {=1/2. In the
rest of the layer, the director distribution is adjusted to
the subsurface orientation angles. The resulting defor-
mations are illustrated in figure 2 by curves 6 and 7.
They develop above the very low threshold voltage.

At moderate ion concentrations, the surface fields
and subsurface field gradients are much smaller and do
not exert sufficient torques. There is however the field
gradient in the bulk; it induces a flexoelectric torque
opposite to the destabilizing dielectric torque, which
prevents deformation at low voltages. In consequence
the threshold is enhanced to about 6.15V.

At low ion concentrations, the flexoelectric torques
both in the bulk and at the surfaces are negligible and
the deformation typical for perfectly insulating nematic
arises above the threshold which is close to Us.

For K,=10">ms~ !, similar arguments can explain
the threshold values observed at low and moderate
ion concentration. For high concentrations however,
the electric field at the surfaces and the subsurface
field gradients are too small to induce deformations
at low voltages and the threshold is close to U;. For
well conducting electrodes, K.=103ms™ !, and the
electric field is practically uniform and close to Uld.
Therefore the threshold is close to the theoretical value
Us.

The qualitative explanation of the non-monotonic
horizontal shift of the Up(NV,,) curves in figure 1 is
difficult. The deformation arises if a subtle equilibrium
between all the torques in the bulk (elastic, dielectric
and flexoelectric) as well as at the boundary plates
(elastic, flexoelectric and due to surface anchoring) is
lost. All the torques are mutually related and connected
with the ionic charge density. Numerical calculations
seem to be the only way to predict the final effect
of their competitive action. (We have found similar
non-monotonic shifts for other cases of flexoelectric
deformation.)

Keeping in mind the results of our previous papers [8,
9], one can mention four conditions for the appearance
of the low threshold voltage: (i) high ion concentration,
(i) high flexoelectric coefficients, (iii)) weak anchoring,
and (iv) blocking electrodes.

One may expect that there are some similarities
between the results obtained here for K,=10"'ms!
and the results reported in [8], where perfectly blocking
electrodes were assumed. Indeed, the profiles describing
the deformations just above the low threshold, i.e. for
high concentration, are qualitatively the same in the
present paper (curves 6 and 7 in figure 2) and in [8]. On
the other hand, important differences between the
dependences of Ut on ion contents are evident. In
particular, the most distinguishing feature is the
enhanced threshold which occurs at moderate ion
concentrations due to the stabilizing field gradient in
the bulk of the layer. This field gradient is determined
by the asymmetric space charge distributions and by the
difference in total numbers of positive and negative
ions, and has its origin in the difference between u* and
u~ (and therefore between D and D). In [8, 9] when
the mobilities were not involved, the electric field
distributions were practically symmetrical and there
were no enhanced threshold voltages.

The importance of ion mobilities is confirmed by
additional calculations performed for various relations
between u* and p~. Preliminary results show that for
w"=u", the threshold at moderate concentrations is not
enhanced and remains close to U;. We will devote a
separate paper to this study.

Other differences between the present results and the
results obtained in [8] may be due to the processes of
generation and recombination of ions, which are taken
into account here but were ignored previously. These
phenomena influence the ion distributions and therefore
affect the electric field distributions.

In this paper, as well as in the previous one
concerning the homeotropic layer [8], the negative
sum of the flexoelectric coefficients was chosen. This
choice determined the signs of the surface and bulk
flexoelectric torques. The positive sum would give
opposite torques. Preliminary computations show that
in the case of u*##u~ and e;;+e33>0, deformations have
another shape and start at another threshold. The
corresponding results will be presented in our next

paper.
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