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Influence of the bias-voltage on the anchoring energy for nematic liquid crystals
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~Received 11 September 2003; published 27 February 2004!

The influence of the bias-voltage on the anisotropic part of the nematic surface energy is analyzed. The
experimental data show a strong dependence of the anchoring strength on the bias-voltage when the electrodes
of the nematic cell are covered with WO3. The observed dependence can be interpreted taking into account the
ions dissolved in the liquid crystal. We propose a model in which the effect of the bias-voltage is to collect the
ions near the electrodes, in a surface layer whose thickness is of the order of the Debye’s screening length. The
surplus of electric field due to this ions confinement gives rise to an electrostatic contribution to the total
energy that can be considered as a surface energy. The proposed model is in good agreement with the
experimental data. The model is used to interpret the observed independence of the anchoring strength on the
bias-voltage when the~indium-tin-oxide! electrode is covered with a film of polyimide, or it is without any
covering. The influence of a charge emission from the electrodes under the bias voltage on the anchoring
energy is also analyzed. Possible applications of the observed phenomenon are discussed.
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I. INTRODUCTION

In the framework of the continuum theory, the surfa
properties of nematic liquid crystals~NLC! are described by
a surface energyg. It takes origin from the reduced symme
try close to the surface, and from the direct interaction
tween the NLC and the substrate@1#. It is a property of the
interface NLC substrate, independent of the thickness of
sample and of the external fields applied to the NLC. It
usually written in the formg5g01 f s , whereg0 is the iso-
tropic surface tension andf s its anisotropic part.f s , which is
a scalar quantity, is a local property of the interface@2#. It
depends on the nematic orientationn and on the geometrica
normal to the interface in the considered pointk. In general
f s5 f s(n•k). The surface orientation for whichf s is mini-
mum is known as easy axis, and indicated byne . The cur-
vature around this minimum is called anchoring energy, a
indicated by w. Very often f s is approximated by f s
52(1/2)w(n•ne)

2, proposed by Rapini and Papoular@3#.
Long ago it has been observed a thickness dependen

w @4#, and interpreted in terms of selective ions adsorpt
@5#. The influence of the ionic adsorption on the anchor
energy has been invoked also to explain anchoring tra
tions @6–8# and other surface effects@9–12# in NLC.

The aim of this paper is to propose a theoretical interp
tation of the dependence ofw on a bias-voltage applied to th
NLC sample,DV, observed when the electrodes of the ne
atic cell are covered with WO3. The experimental data wer
originally reported by some of the present authors in R
@13#. This effect can be rather important for application
because it gives the possibility to modify the anchoring
ergy by means of an external field. We will show that t
observed phenomenon can be interpreted by taking into
count the electrostatic energy connected with the ionic
tribution induced by the applied bias-voltage.

Our paper is organized as follows. In Sec. II the expe
mental technique used to determine the anchoring energ
1063-651X/2004/69~2!/021713~8!/$22.50 69 0217
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described. In Sec. III a discussion on the saturation field
reported, and possible interpretations of the phenomenon
analyzed. In Sec. IV a simple model taking into account
ionic distribution induced by the bias presented. The co
parison of the experimental data with our model is repor
in Sec. V. In the same section we discuss the role of a film
polyimide on the electrodes on the phenomenon, and
case in which the indium-tin oxide~ITO! electrodes are with-
out any covering. The influence of cold emission from t
WO3, induced by the bias voltage, on the anchoring ene
is investigated in Sec. VI. Finally, in Sec. VII the main r
sults of our paper are critically analyzed. In Appendix A t
general solution of the Poisson-Boltzmann equation fo
liquid containing ions, in presence of a bias voltage, is p
sented, and in Appendix B the case of unipolar emiss
from the electrodes is considered.

II. EXPERIMENTAL ANALYSIS

The NLC cell consists of two glass-ITO plates cover
with a layer of WO3 deposited by radio-frequency sputterin
@14#. The sample plates are fixed at a distance of ab
10 mm apart by using Mylar spacers. On the two ITO su
faces two ohmic contacts~with indium-tin alloy! are sol-
dered. The cell was filled with a NLC called BL001~pro-
duced by Merck! with initial planar alignment and oriente
in such a way to have maximum transmitted light on a m
croscope stage between crossed polarizers.

The NLC used in our experimental analysis has«a5« i
2«'.0, and it is initially in planar orientation, withne
parallel to the surfaces of the sample. When an electric fi
normal to the surfaces, is applied to the sample, and its
plitude is increased one observes the cascade of orienta
transitions: planar→ distorted→ homeotropic, where dis-
torted means thatn is not constant across the sample, a
homeotropic thatn is perpendicular to the surfaces of th
sample. The order transition planar→distorted is the usua
©2004 The American Physical Society13-1
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Freedericksz transition, and it takes place at a threshold
Eth . The second transition distorted→homeotropic is called
saturation transition, and takes place at a saturation fi
Esat @15#.

Upon application of both a dc or ac electric field to the L
samples, the molecules undergo a reorientation which is
sponsible of the modification of the effective birefringenc
The effective birefringence changes can be found out
monitoring the ellipticitye of the transmitted light, which
varies betweene50 ~linear polarization! ande51 ~circular
polarization!.

In our experiments, described in details in Ref.@13#, ow-
ing to the induced reorientation of the NLC samples the
lipticity of the state of polarization of the transmitted lig
decreases linearly~high-field regime!. The ellipticity starts to
decrease from an initial value, which depends on both
cell thickness and the material birefringence, until it drops
zero when all the molecules are aligned homeotropically
the saturation voltageVsat.

To evaluate the saturation voltageVsat, we measured the
ellipticity e of the transmitted light as long as the amplitu
of the applied alternating voltage is increased. The satura
voltagesVsat have been determined by extrapolation for t
linear state of polarization of the transmitted light (e50).

To investigate the influence of the ionic charge on
anchoring energy, the experiment has been repeated w
dc voltage biasDV ~up to 7 V!, superimposed to the a
voltage.DV was kept fixed during the sweeping of the alte
nating electric field giving rise to a controlled charg
separation process during the induced molecular reorie
tion of the NLC sample. The results show a nonmonoto
behavior of the saturation voltage versus the superimpo
bias-voltage@13#.

In order to confirm this effect we carried out the sam
investigations on usual symmetric cells (d;10 mm) with
the same glass-ITO plates covered with polyimide depos
by spin coating. The polyimide alignment layers have be
hardly rubbed to align planarly the NLC slab, filled with th
same nematic BL001 by Merck. In this case the satura
voltage is found to be a monotonic increasing function of
bias voltage. The same result has been found when the
electrodes are without any covering.

III. SATURATION FIELD

Let us consider a NLC slab of thicknessd, planarly ori-
ented in the absence of a distorting field. When an ac elec
field E is applied along the normal to the surfaces the to
energy, per unit surface, of the sample is

F5E
2d/2

d/2 S 1

2
kf822

1

2
«aE2cos2f Ddz1

1

2
w1cos2f1

1
1

2
w2cos2f2 , ~1!

where thez axis is normal to the bounding surfaces, atz
56d/2, f is the angle formed by the NLC directorn with
thez axis,f85df/dz, andf15f(2d/2), f25f(d/2) are
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the surface tilt angles. Equation~1! is valid in the one-
constant approximation. Since we are interested in the s
ration field, wheref→0, k;k33 @16#.

The tilt angle profile is the one minimizingF given by Eq.
~1!. It is determined by solving the differential equation

2j2f92sin~2f!50, ~2!

wherej5(1/E)Ak/«a is the electric coherence length, wit
the boundary conditions

2L1f181sin~2f1!50,

2L2f282sin~2f2!50, ~3!

whereLi5k/wi are the extrapolation lengths, atz57d/2,
respectively. For large fields the NLC is close to the hom
tropic orientation, wheren is nearly parallel toz axis. To
determine the saturation field corresponding to the sta
NLC orientationf(z)50, for 2d/2<z<d/2, we have to
consider the solution of Eqs.~2! and~3! in the limit f→0. A
standard analysis shows that the homeotropic orientatio
stable forj<jsat given by

tanhS d

jsat
D5

jsat~L11L2!

jsat
2 1L1L2

. ~4!

Equation ~4! defines the saturation field Esat

5(1/jsat)Ak/«a. It was deduced long ago by Nehringet al.
@15# in the symmetric case (w15w2), and generalized by
Barberi et al. @17# to the nonsymmetric case. If the applie
field is larger than the saturation field, for the NLC is mo
convenient, from the energy point of view, to break the s
face alignment, imposed by the treatment, than to suppo
large distortion localized near the surfaces. If the satura
field is very large with respect to the usual critical field f
the Freedericksz transitiond/jsat@1, and consequently
tanh(d/2jsat);1 @18#. In this case Eq.~4! becomes

S 1

jsat
2

1

L1
D S 1

jsat
2

1

L2
D50, ~5!

whose solutions arejsat15L1 or jsat25L2. It follows that in
the limit of relatively strong anchoring energy the saturati
field is given by

Esat5
1

jsat,m
A k

«a
5

1

Lm
A k

«a
, ~6!

where jsat,m is the minimum saturation electric coheren
length, andLm is the minimum extrapolation length betwee
L1 andL2.

Equation~6! has been deduced by assuming that the
isotropic part of the surface energy has the form proposed
Rapini and Papoular@3#, with easy axis parallel to the sub
strate. In this casef50 is a maximum andf5p/2 is a
minimum of f s . A simple extension of the calculations pre
sented above shows that the saturation fieldEsat is given by
Eq. ~6! even in the more general case, where the Rap
3-2
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INFLUENCE OF THE BIAS-VOLTAGE ON THE . . . PHYSICAL REVIEW E 69, 021713 ~2004!
Papoular approximation forf s does not work, butf s has a
maximum for f50. In this situation in Eq. ~6! w
52(d2f s /df2)0, represents the curvature off s around its
maximum.

Equation~6! shows that the saturation field is fixed by th
strongest anchoring energy. Consequently, the experime
data relevant to the reduction of the anchoring energy
duced by the bias-voltage cannot be interpreted as a re
tion of the anchoring energy only on one surface. Henc
mechanism connected with a unipolar emission stimula
by the bias-voltage, a kind of ‘‘cold emission’’ of the WO3,
is unable to explain the observed phenomenon. It is, on
contrary, connected with a reduction of the anchoring ene
on both surfaces. This point is discussed more in detail
Sec. VI.

With our experimental technique we measure the sat
tion voltageVsat5Esatd. With this parameter it is possible t
evaluate the strongest anchoring energywmax between the
two orienting surfaces by means of Eq.~6!. It is given by

wmax5
Ak«a

d
Vsat. ~7!

In the following section we discuss the influence of the io
contained in the NLC on the anchoring energy characteriz
the interface WO3-NLC.

IV. INFLUENCE OF THE IONS ON THE ANCHORING
ENERGY

Let us consider a NLC containing, in thermodynam
equilibrium, n0 ions per unit volume, of chargeq, in the
absence of applied voltage. In this situation the NLC is g
bally and locally neutral. When a slab of NLC of thicknessd
is submitted to and external voltage, there is a migration
positive ions toward the negative surface and of nega
ions toward to the positive surface. In this case the samp
still globally neutral, but locally charged. In our analysis w
assume that the adsorption energies for positive and neg
ions are the same, and hence there is not selective ion
sorption. We suppose also that the conductivity of the e
trode covered with WO3 or polyimide is low enough, in such
a manner that it can be considered as a blocking electrod
this situation, the ionic charges moving toward the surface
opposite sign, give rise to an electrical cloud formed of co
terions localized in a surface layer whose thickness is of
order of the Debye’s screening lengthl, defined by

l25
«kBT

2n0q2
, ~8!

where kBT is the Boltzmann factor and« is the dielectric
constant of the liquid@19#. Since the measurements are p
formed near to the saturation regime, where the NLC
aligned along thez axis,«;« i . The rigorous analysis of the
nematic cell submitted to an external field is presented
Appendix A. In the following we present a naive approach
02171
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the problem, which takes into account the main points of
correct model, and allows an easy understanding of the p
ics of the phenomenon.

In a very simple analysis we assume that the NLC sam
submitted to the dc voltageDV can be approximated as tw
charged surfaces, atz57d/2, with a charge densities7S,
due to the external power supply, and two inner surfaces w
charge densities6s due to the counterions atz57(d/2
2l) @20#. The electrical potentials of the two surfaces a
7DV/2. In this approximation we have two surface layers
thicknessl, where the electric field isES5S/«, and a bulk
region, in which the electric field isEB5(S2s)/«. In the
surface layers there is an excess of electric field given
dE05ES2EB5s/«. The quantitiesS, s, andDV are con-
nected by the relation 2ESl1EB(d22l)5DV, which can
be rewritten in the form

~S2s!d12sl5«DV. ~9!

For low DV, the NLC behaves as a conductor. In oth
words, there is a migration of ions until the bulk fieldEB
50. In this range ofDV the counterions charge density
s5S5« DV/(2l), and the excess of surface electric field
found to be

dE0,low5
DV

2l
. ~10!

In the opposite limit of largeDV, all bulk ions are pushed
near to the surfaces. The maximum value of the ionic cha
density of a given sign issmax5n0qd. Consequently, in this
limit the excess of surface field is

dE0,high5
n0qd

«
. ~11!

The critical voltageDVc separating the two regimes is ob
tained by putting into Eq.~9! S5smax. It is given byDVc
52(n0qd/«)l, that taking into account Eq.~8! can be re-
written as

DVc5
kBT

q

d

l
. ~12!

For DV,DVc , dE0 is given by Eq.~10!, whereas forDV
.DVc , dE0 is given by Eq.~11!. For all values ofDV, dE0
can be approximated by

dE05
n0qd

«
tanhS DV

DVc
D . ~13!

Expression~13! for dE0 is useful to fit the experimental data
However, the agreement between the model and the exp
mental data does not depend critically on the form of t
expression. In other words a good agreement is obtained
by assuming that fordE0 the expressions~10! and ~11! for
DV<DVc and forDV>DVc , respectively.

Equation ~13! holds in the hypothesis that the NLC
sample can be approximated as a three-layers system. I
more realistic approximation, where the ionic charge b
3-3
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density is exponentially decreasing with the distance fr
the surface, the excess of surface field can be supposed o
kind

dE~z!5dE0 e2z/l, ~14!

if a semi-infinite sample is considered@21#, or

dE~z!5dE0

cosh~z/l!

cosh~d/2l!
, ~15!

if the sample has thicknessd, as assumed in our analysis. A
discussed in Ref.@21# to the excess of surface field it i
possible to associate an extra surface energy of electros
origin given by f 5 f el1 f q , where, in the exponential ap
proximation,

f el52
1

4
«a~dE0!2l~cos2f11cos2f2!, ~16!

taking origin from the dielectric anisotropy of the NLC«a
5« i2«' , and

f q52~e111e33!dE0~cos2f12cos2f2!, ~17!

due to the quadrupolar properties of the NLC. In Eq.~17!
e111e33 is the total flexoelectric coefficient@22#. By assum-
ing that the anisotropic part of the surface energy is sim
given by the Rapini-Papoular formf s5(1/2)wcos2f, as as-
sumed above, the total anchoring energy is

f eff5 f s1 f el1 f q5
1

2
weff,1cos2f11

1

2
weff,2cos2f2 ,

~18!

where the effective anchoring energy strengthsweff,i are
given by

weff,15w12
1

2
«a~dE0!2l22~e111e33!dE0 ,

weff,25w22
1

2
«a~dE0!2l12~e111e33!dE0 , ~19!

in which wi are the bare anchoring energy strengths, at z
bias-voltage. In our experimental arrangement the two lim
ing surfaces are the same. Consequently we assumew1
5w25w. For the discussion reported at the end of Sec.
with our experimental technique we measure the stron
anchoring energy. Since«a.0, if e111e33,0 we measure
weff,1 , whereas ife111e33.0, we measureweff,2 .

V. COMPARISON WITH THE EXPERIMENTAL DATA

In this section we compare our theoretical predictio
with the experimental data. We discuss also the role o
polymer deposited on the electrodes on the observed
nomenon, and the case in which the ITO electrodes are w
out any covering.

In Fig. 1 we show the experimental data relevant to
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ITO-electrodes covered with WO3 and the best fit obtained
by Eq. ~19! rewritten as

weff5w02P1tanh2~P2DV!1P3tanh~P2DV!, ~20!

where

P15
1

2
«aS n0qd

« D 2

l, P25
1

DVc
5

q

kBT

l

d
,

P352
ue111e33u

«
n0qd, ~21!

obtained by assuming fordE05dE0(DV) expression~13!,
and w05w(DV50)51.0531023 J/m2, as experimentally
detected. The parameters of the best fit are

P151.4931023 J/m2, P250.34V21,

and P350.9131023 J/m2. ~22!

Assuming «a5143«0 , «5« i5193«0 , l;0.1 mm @23#,
ue111e33u52.7310211 C/m @24#, andd;11 mm, we obtain
for the parametersP1 , P2, andP3 the values reported above
We note that the value ofDVc51/P2;3V is comparable
with the one deduced by Pagliusi and Cipparrone by me
of a direct measurement of the this quantity@25#.

Until now the analysis has been performed by assum
that the NLC is not ferroelectric. This means that, althou
the electric dipole of the molecule forming the mesophas
different from zero, in the absence of an external elec
field there is not electric polarization. This result is co
nected with the equivalence, in the bulk, ofn with 2n. As it
is known, at an interface the equivalence betweenn and
2n does not exist any longer, due to the different chemi
affinity of the two extremities of the molecules forming th
nematic phase with the substrate. In this case close to
homeotropic orientation a surface electric polarization c
exist even in the absence of an external field@26#. In our

FIG. 1. Experimental results relevant to the anchoring ene
strengthweff vs the bias-voltageDV when the ITO electrodes of the
nematic cell are covered with WO3 ~triangles!, and polyimide
~squares!. Continuous curves are the best fits according to the p
posed model. The best fits are obtained by fixing the physical
rameters of the NLC, since in our investigations it was the same
the two sets of data.
3-4



co
a
is

e

c-
th
t

-
rt
e

pa

by
t t
is
-

ta

d

on
er
un
ta

an

le
ffe
n
e
on
th

t,
ov
ct
o

ec-
are
the

-
cre-

der

at

. A
g.

are
. We

ting

itive
e to
he

he-

ans
lo-
yer

ence
ace
ace
the

rgy
r-
ge,
and
rgy

rgy
i-
ect-

of

n-

this
the

s-

INFLUENCE OF THE BIAS-VOLTAGE ON THE . . . PHYSICAL REVIEW E 69, 021713 ~2004!
analysis we have neglected the electrostatic energy
nected with this possible surface polarization. However,
discussed in Ref.@20#, the connected electrostatic energy
of the order of 1026 J/m2, i.e., negligible with respect to th
other contributions listed above.

When a film of polyimide is deposited over the ITO ele
trodes the effect of reduction of the surface energy with
bias-voltage disappears. This can be easily explained in
following manner. Let us assume that a film, of thicknessdp
and dielectric constant«p , is deposited over the ITO elec
trodes. In this case an analysis of the same kind repo
above shows that in the limit of lowDV the excess of surfac
electric field is given by

dE0,low5
DV

2l

«pl

«pl1«dp
, ~23!

whereas in the opposite limit of largeDV it is

dE0,high5
n0qd

«
, ~24!

as in the absence of the film. Now the critical voltage se
rating the two regimes is

DVc52
n0qd

«
lS 11

«dp

«pl D . ~25!

Since«;203«0 , «p;43«0, for dp;l, DVc is of the or-
der of a few tens of volts, i.e., out of the region explored
us. In Fig. 1 we show also the best fit for the data relevan
the ITO-electrodes covered with polyimide. The best fit
obtained by consideringw0 and P2 as free parameters, be
cause the substrate is changed whereas the liquid crys
the same as before. The values for best fit are

w058.731024 J/m2 and P250.025 V21. ~26!

To the value of P2 reported above corresponds aDVc
540 V. From this quantity the thickness of the film is foun
to be of the order of a few hundreds of nanometer.

We have also performed the same kind of investigati
on a NLC cell whose ITO electrodes are without any cov
ing. For this system the anchoring energy has been fo
independent of the bias voltage. According to our interpre
tion, in this case the electrodes are no longer blocking,
there is an electric current across the NLC sample@27#. Con-
sequently, when the ions present in the NLC reach the e
trodes are neutralized by the injected charges, and the e
of the double layer is strongly reduced, because the scree
length is in the molecular scale. Immediate consequenc
this non-Debye screening is that the dielectric coupling c
tribution to the anchoring becomes negligible, and only
flexoelectric one survives, as it follows from Eq.~19!. This
aspect of the problem is discussed, in a different contex
Refs. @7,8#. Consequently the phenomenon described ab
gives rise to an effective anchoring energy which is pra
cally independent on the bias voltage, in agreement with
experimental data.
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VI. INFLUENCE OF THE ELECTRODES ON THE
EFFECTIVE ANCHORING ENERGY

In the model proposed above, the reduction of the eff
tive surface energy is a bulk effect, because the ions
present in the liquid crystal itself. They are not created by
bias, since in our analysis we have assumed thatn0 is inde-
pendent ofDV. According to our point of view, the bias
voltage produces a charge separation responsible for the
ation of two double layers close to the electrodes.

At first sight, a charge emission from the electrodes un
the bias voltage, a kind of cold emission@27#, could give the
sameweff5weff(DV). However, a deeper analysis shows th
this model predicts a behavior ofweff5weff(DV) completely
different from the one observed by us with our technique
simple manner to arrive at this conclusion is the followin

We assume that the WO3 electrodes containsN15N2

5N ions, in the absence of the bias. The negative ions
supposed fixed, whereas the positive charges can move
indicate withA the extraction energy, inkBT. Let us consider
now a sample in the shape of a slab, formed by an insula
liquid limited by two electrodes of WO3. When a bias volt-
age is applied to the sample, there is an emission of pos
charges from the positive electrode. These charges mov
the negative electrode, forming a double layer near to it. T
thickness of this double layer is of the order of,;Abd,
where

b5
«kBT

2Nq2
~27!

is a new intrinsic length connected with the emission p
nomenon, discussed in details in Appendix B. Using forN
the value determined in Ref.@28#, and assuming«;19«0,
and d;10 mm, we have,;0.1 mm, comparable with the
Debye’s length used in our numerical estimation. This me
that, according to this model, there is one charged layer
calized near to the negative electrode. For this double la
we can repeat the discussion reported above on the influ
of the localized electrostatic energy on the effective surf
energyweff , whereas the surface energy of the other surf
does not change with the bias. In this framework two are
possibilities.

~1!. The electrostatics contribution to the surface ene
reduces the barew: w.weff . In this case, since the ancho
ing energy is evaluated by measuring the saturation volta
we are sensible only to the strongest anchoring energy,
hence tow. Consequently, the detectable anchoring ene
should be independent ofDV.

~2!. The electrostatics contribution to the surface ene
increases the barew: w,weff . Repeating step by step prev
ous discussion, we arrive at the conclusion that the det
able anchoring energy should be an increasing function
DV.

According to our experimental results, the effective a
choring energy is a nonmonotonic function ofDV, tending
to a saturation voltage smaller than the bare one. From
result we conclude that the mechanism responsible for
observedweff5weff(DV) is the one connected to the pre
3-5
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ence of the ions in the liquid crystal. Probably the electro
contribute also to the effective anchoring energy, but w
our experimental technique we cannot analyze it.

VII. CONCLUSIONS

We have analyzed, experimentally and theoretically,
influence of the bias-voltageDV on the anisotropic part o
the anchoring energy of a nematic liquid crystal in cont
with a substrate,weff . Experimentally we have observed
rather strong dependence ofweff on DV, if ITO electrodes of
the nematic cell are covered with WO3. In this case the
dependence ofweff on DV is nonmonotonic, andweff tends to
a constant value for largeDV. On the contrary,weff is prac-
tically independent ofDV if the ITO electrodes are covere
with a film of polyimide, or are without any covering. T
interpret the experimental data we have developed a sim
model in which the ions dissolved in the liquid crystal are t
source of the phenomenon. According to our model, in
absence of the bias-voltage the liquid crystal is globally a
locally neutral. When a bias-voltage is applied, the liqu
crystal remains globally neutral, but locally charged, due
the charge separation induced by the bias-voltage. In par
lar, there are two surface layers, whose thickness are o
order of the Debye’s screening length, charged near to
electrodes. These charged surface layers are responsib
an excess of electric field localized near the electrodes.
electrostatic energies of the liquid crystal connected to th
excesses of electric field can be considered as surface
tributions to the energy of the liquid crystal, because Deby
screening length is very small with respect to the thickn
of the sample. According to our model, the dependence
the anchoring energy on the bias-voltage is due to the de
dence of the electrostatic energy connected with the ions
the bias-voltage. This dependence takes origin from the
cumstance that increasing the bias-voltage the ions
pushed close to the electrodes, up to the liquid crysta
without ions in the bulk. The electrostatic interactions b
tween the liquid crystal and the electric field due to the io
distributions are of two kinds. One is connected with t
anisotropic part of the dielectric constant, the other one w
the quadrupolar properties of the NLC. The first contributi
is quadratic, whereas the second one is linear with respe
the excess of electric field of ionic origin.

The observed phenomenon is, in some manner, simila
the dependence ofw on the thickness of the sampled, ob-
served long ago by Blinovet al. @4#. However, in that case
the w5w(d) dependence is connected with a selective
adsorption@5#, whereas in the present case it is connec
with the formation of ionic surface clouds induced by t
bias-voltage.

In our analysis we have neglected the selective ion
sorption, by assuming that the adsorption energies are
same for the positive and negative ions. But, as it is eas
understand, the effect described by us exists also in the
in which the selective ions adsorption is present. We h
assumed that the density of ions in the liquid crystal,n0, is
independent on the bias-voltage, which seems reasonab
the range of bias-voltage considered in our analysis.
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We have also studied the effect of a film deposited on
ITO electrodes of the nematic cell on the phenomenon. O
analysis shows that a dependence ofweff on DV is expected
for bias-voltage larger than the one used in the experime
investigation. The shift toward larger bias-voltage is co
nected with a reduction of the surface electric field when
film is present. It is simply due to a kind of screening effe

The same type of investigations performed on a NLC c
whose ITO electrodes are not covered show that the anc
ing energy is bias independent. This experimental result
been interpreted taking into account that when the electro
are not blocking, the surface double layer is strongly
duced, and so the surface electric field responsible for
variation of the anchoring energy with the bias.

Finally we have shown that our experimental data can
be interpreted by means of a model based on the unip
injection of charge by one of the electrodes covered w
WO3.

The phenomenon described in our paper looks rather
teresting from the application point of view because it giv
an indication to reduce the anisotropic part of the anchor
energy.
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APPENDIX A

In this appendix we present the rigorous solution of t
Poisson-Boltzmann equation of a liquid containing ions, s
mitted to an external electric field. We will show that, a
cording to the bias-voltage, the liquid behaves as a condu
or as a perfect insulating material. We will give also t
critical bias-voltage separating the two regimes.

We assume that there is not selective ion adsorption
that the electrodes are perfectly blocking. In the absenc
external electric field the liquid is globally and locally ne
tral, i.e.,n1(z)5n2(z)5n0. If DV is the difference of po-
tential across the sample due to the external power supply
have, according to Poisson-Boltzmann theory

n6~z!5n exp@7c~z!#, ~A1!

where c(z)5qV(z)/kBT is the electric potential inkBT/q
units andn is the density of ions wherec50. Equation~A1!
has been obtained by assumingV(6d/2)56DV/2, i.e.,
V(z)52V(2z). In Eq. ~A1! n5n6(0) has to be deter-
mined by imposing the conservation of the number of io
From Eq. ~A1! the bulk density of electric charge isr(z)
5q@n1(z)2n2(z)#522nq sinhc(z). A simple calculation
shows that

E
2d/2

d/2

r~z!dz522nqE
2d/2

d/2

sinhc~z!dz50, ~A2!
3-6
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as required. The conservation of the number of ions imp
that

n0d5E
2d/2

d/2

n1~z!dz. ~A3!

The distribution ofc(z) across the sample is obtained b
solving the Poisson equationV9(z)52(r/«), which can be
written as

L2c9~z!5sinhc~z!, ~A4!

with the boundary conditions

c~6d/2!56u56
1

2

qDV

kBT
. ~A5!

In Eq. ~A4!, L is the effective Debye screening length of t
liquid when the bias-voltage isDV. It is given by L2

5«kBT/2q2n5(n0 /n)l2, wherel25«kBT/(2q2n0) is the
usual Debye’s screening length introduced in the text,
Eq. ~8!. In the present problemL depends on the applie
voltage.

From Eq.~A4! we easily obtain

Lc8~z!5A2~coshc1m!, ~A6!

wherem is an integration constant. By means of Eq.~A6! we
can rewrite Eqs.~A3! and ~A5! in the form

J~m,u!5A2~d/L! and I ~m,u!5A2~dL/l2!,
~A7!

respectively, where

J~m,u!5E
2u

u e2c

Acoshc1m
dc

and

I ~m,u!5E
2u

u 1

Acoshc1m
dc. ~A8!

We obtain

I ~m,u!J~m,u!52~d/l!2, ~A9!

which determinesm5m(u). When this quantity is known
the effective Debye’s screening length isL
5A2@d/J(m,u)#.

The above equations indicate that for small bias-volta
the ionic charges screen completely the field due to the
ternal power supply. This is the region of lowDV considered
in the text. The liquid behaves as a conductor: the io
moves until the electric field inside it vanishes. In this ca
.
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the electric field is localized close to the bounding surfa
over a thickness of the order ofl5L(0). In the opposite
limit of large bias voltage (u@1), the ionic charge is local-
ized in a surface layer whose thickness is of the order
d/(2u). A perturbative analysis of Eq.~A4! allows to show
@29# that the border between the two regimes is atuc
;d/(2l), i.e., atDVc;(kBT/q)(d/l), as determined in the
text in a rough manner@see Eq.~12!#.

APPENDIX B

Let us assume that the electrodes containN15N25N
ions per unit surface. The negative ions are fixed, and
positive ones are free to move. The extraction energy, inkBT
is A. As in Appendix A, we putc5qV/kBT. In the mean
field approximation the partition function is

Z5eA2c(2d/2)1eA2c(d/2)1
1

dE2d/2

d/2

e2c(z) dz. ~B1!

The surface and bulk densities of positive ions are then

N~2d/2!52N
eA2c(2d/2)

Z
,

N~d/2!52N
eA2c(d/2)

Z
, ~B2!

and

n~z!5
2N

dZ
e2c(z). ~B3!

Poisson’s equation reads in the present case

d2c

dz2
522

Nq2

«kBT

1

dZ
e2c(z). ~B4!

The quantityb5«kBT/(2Nq2) is an intrinsic length similar
to the one introduced in Ref.@7#. By defining ,5Abd we
can rewrite Eq.~B4! in the form

d2c

dz2
52

1

,2Z
e2c(z). ~B5!

This equation shows that in the present case the pote
changes over,. From now on the problem is standard, a
can be easily solved taking into account the boundary c
ditions on the potential. This analysis is not important in t
present context because, as it has been discussed in the
the mechanism connected with the electrodes is unabl
explain the experimental observations.
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