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Non-Debye screening of a surface charge and a bulk-ion-controlled anchoring transition
in a nematic liquid crystal

V. G. Nazarenko,* V. M. Pergamenshchik, O. V. Koval’chuk, A. B. Nych, and B. I. Lev
Institute of Physics, Prospect Nauki 46, Kyiv-22, 252022 Ukraine

~Received 14 June 1999!

We study the anchoring mechanism due to substrate-adsorbed ions by examining a related anchoring tran-
sition. An analytical solution to the Poisson equation shows that, as their number suffices for a non-negligible
anchoring contribution, the surface field is screened over some characteristic microscopic distance. It is shown
both theoretically and experimentally that the critical temperature of the transition can be controlled by bulk
ion density through its relation to the density of adsorbed ions.@S1063-651X~99!17710-9#

PACS number~s!: 61.30.Cz, 61.30.Gd
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I. INTRODUCTION

Anisotropic surface tension, called anchoring in the ph
ics of liquid crystals, is a major mechanism for aligning t
nematic director. It is characterized by its easy axis, show
the director alignment when any bulk forces are absent,
its strength, showing the energy needed to be spent to c
the director to deviate from this direction. Anchoring is
integral effect due to many forces acting at the nematic
terface as a result of the translational symmetry breaking
the infinite medium~see, e.g., reviews@1,2#, and references
in @3#! that makes identification of a specific mechanism
hind the observed phenomenon very difficult. The total b
ance of these forces manifests itself most distinguishabl
anchoring transitions when the easy direction begins
change at some critical temperatureTc . Particularly impor-
tant for studying anchoring are such transitions where a
dominating forces can be isolated from all other possi
forces and thus studied more comprehensively. Rece
such a transition was observed in Ref.@3# for a nematic
liquid crystal composed of centrosymmetric molecules
p8,p-di-n-heptylazobenzene~DHAB! with zero dipole mo-
ment on a substrate coated with dimethyldichlorosilane.
provide the coating, the glass plates were dipped in a 1
hexane solution of dimethyldichlorosilane and then was
in distilled water~see@3# for details!.

The behavior of the easy direction was found to depe
on washing time. In the entire temperature range of a n
atic phase (305.9 K,T,320.4 K5TNI), it was homeotro-
pic for unwashed substrates and tilted for long washed o
while for some intermediate time, asT increased the homeo
tropic to tilted anchoring transition occurred atTc.310 K.
Since a correlation was found between the washing time
the presence of ions on the substrates~the longer the washing
the less ions accumulated on the substrate!, the observed
behavior of the easy axis was attributed to ions adsorbed
the substrate@3#. The anchoring strength was estimated to
(5 –8)31024 erg cm22.

The anchoring energyf as a function of a small angleu
between the surface normal and the director can be writte
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~b1S1b2S21Wi !u

21O~u4!, ~1!

whereb1 and b2 are someT-independent coefficients,S is
the T-dependent scalar order parameter, andWi is a
T-dependent contribution of ions present in the syste
Equation ~1! shows that positive terms favor homeotrop
stateu50, whereas negative terms favor a tiltuÞ0.

The form ofWi was proposed in Refs.@4,5#. The idea is
that surface-adsorbed ions with surface densitynad produce
the electric fieldES54ps/«, wheres5nadq is the surface
charge density,q is the ion charge, and« is the dielectric
permittivity of the nematic liquid crystal. This field is
screened by bulk ions over the distance from the surf
given by the Debye lengthlD5A«kT/8pnq2, wheren is the
bulk ion density andk is the Boltzmann constant. The energ
density of the dielectric interaction of the field with the nem
atic is then@«aES

2/(238p)#lDu2 and thus

Wi ,D5
2p«as2

«2
lD , ~2!

where the subscriptD indicates the ion-related anchorin
term obtained under the assumption of exponential De
screening of the surface field@4,5#. Since for the DHAB
nematic liquid crystal,«a.0 and Wi ,D.0, the correlation
between washing time and the easy direction observed in@3#
can naturally be explained as follows: surface ions
washed off the surface so that, the longer the washing ti
the lesss, the smallerWi ,D , and thus the weaker the home
tropic state. Clear evidence that the transition is ion driv
provides an opportunity for experimental and theoretical
vestigation into the role that different parameters of a b
nematic phase can play in the ion-induced surface anchor

It is known that the exponential Debye screening tak
place only in a quasineutral plasma where the uncomp
sated charge density is very small compared to the densit
positive and negative ions, i.e.,un12n2u!n1.n2 @6#. In
this case, the total numbersN1 andN2 of positive and nega-
tive ions in a liquid crystal cell are much larger than the to
number of ions uN12N2u with uncompensated charge
However, analysis shows that it is a standard situation w
uN12N2u, equal to the number of surface-adsorbed ions
5580 © 1999 The American Physical Society
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PRE 60 5581NON-DEBYE SCREENING OF A SURFACE CHARGE AND . . .
virtue of the total neutrality of the surface-nematic system
at least of the same order as the number of bulk ionsN1 or
N2 . In this case, the quasineutrality is violated, and form
~2! should be reexamined.

In this paper we derive a formula for the ion-induc
anchoring termWi , which is valid if the quasineutrality is
violated, and report an experimental study of its relation
the densityn of the bulk ions. This relation appears inWi via
the dependence ofnad on n @7#. It is found that if nad is
sufficient to produce a non-negligible anchoring contribut
Wi , the surface field is screened over some microscopic
tancelS from the surface, which naturally arises in the pro
lem along with the standard Debye lengthlD . The existence
of this length was recently shown in@8#. A strong correlation
between critical temperatureTc of the anchoring transition
and n is demonstrated experimentally. The ion-induced
choring termWi is an exponentially decreasing function ofT
and thus can play the role of a principal driving force for t
observed anchoring transition.

II. NON-DEBYE SCREENING
OF A SURFACE ELECTRIC FIELD

AND THE ION-INDUCED ANCHORING TERM

Consider a nematic layer normal to thez axis and sand-
wiched between two identical plane substrates locatedz
56d/2. Let the density of positive and negative bulk ions
n1(z) andn2(z), respectively. Since the energy of the ele
tric field is proportional to the distance over which it pe
etrates in the cell, this distance can be expected to be m
smaller thand ~this was recently suggested by a numeri
result in @9#!. Hence at the cell center,z50, the uncompen-
sated charge should be very small, i.e.,n1(0)>n2(0)5n,
which will be justifieda posterioriwith great accuracy. Then
the Poisson equation for the reduced potentialU5qw/kT
takes the form

U95lD
22sinhU. ~3!

Since U(z)5U(2z), the boundary conditions to thi
equation are

U8~d/2!5lS
21 , ~4!

U8~0!50, ~5!

where lS5«kT/4psq is a quantity of the dimension o
length in addition to the standard Debye length,lD . This
length, found in@8# from the asymptotic behavior of th
electric field in the proximity of surface, is inversely propo
tional to the number of adsorbed ionsnad and, for nad
;1010–1011 cm22, is of orderlS553(1026–1027) cm. At
the same time, for the standard bulk ion densityn
;1013 cm23, lD;331025 cm, which is one or two orders
of magnitude larger. Further, integrating Eq.~3! yields

U85lD
21 sinh

U

2
5

2lD
21 expS z1C

lD
D

12expS z1C

lD
D , ~6!
s

a

o

s-
-

-

-
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l

whereC is an arbitrary constant. Combined with Eq.~4! this
gives

2 expS d/21C

lD
D

12expS 2
d/21C

lD
D 5

lD

lS
@1. ~7!

This equation indicates that the denominator is very sm
and hence (d/21C)/lD!1. Then expanding the exponent
one hasC52lS2d/2. As a result, boundary condition~5! is
satisfied with great accuracy if the cell size is much larg
than the Debye length:U8(0).2lD

21exp(2d/2lD)>0.
For certainty, assumes.0,q.0, which corresponds to

the experiment described below. Then from Eq.~6!, the spa-
tial behavior of the density of negative ions obtains in t
form

n25n expU5nF 11expS 2
lS1Dz

lD
D

12expS 2
lS1Dz

lD
D G

2

, ~8!

whereDz5d/22z is the distance from the surfacez5d/2.
The density of the positive bulk ions isn15n exp(2U).
There are three areas where expU has a distinguishably dif-
ferent behavior, which can be written as

expU55
lD

2

~lS1Dz!2
, 0,Dz!lD ,

11expS 2
Dz

lD
D , Dz;lD ,

1, Dz@lD .

~9!

The first area with the power low screening extends o
severallS from the surface and, as can be obtained by in
gration of Eq. ~8!, contains the uncompensated char
2s@Dz/(Dz1lS)#. For instance, the subsurface layer
thickness 10lS contains 0.91 of the total bulk charge2s of
half of the cell. Heren2(z)@n1(z), n2(0)5lD

2 /lS
2@n,

n1(0)5(lS
2/lD

2)n!n, which means that the negative ion
are attracted to the surface so strongly that thermal ene
kT is unable to make this dense layer diffuse. Farther fr
the surface where the quasineutrality conditionun12n2u
,n is marginally met, there occurs a crossover to the De
exponential screening,kT is of order or larger thanqw, and
the charged layer is diffusive. Finally, forDz@lD the sur-
face field is completely screened andn1(z)>n2(z)5n. Ob-
viously, the dense layer disappears and the diffusive one
gins right at the surface whenlS;lD , i.e., for s
;A«nkT/2p, which givesnad;109 cm22.

To calculate the surface-field–nematic interaction ene
«au2/8p*0

d/2E2dz for small anglesu, it is sufficient to note
thatE2 behaves as exp(U), and hence the principal contribu
tion to this integral comes from the dense layer. Then o
obtains the ion-induced anchoring term in the form
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Wi5
«a

«
nadkT. ~10!

This term is of order 1024–1023 erg cm22 for nad
;1011–1012 cm22, which agrees with the experimental es
mates given below. It is important to note that at the edge
the crossover to the pure Debye regime, whennad
;109 cm22 andlS;lD , both formulas~2! and~10! predict
anchoring of the same negligible order 1026 erg cm22. We
see that adsorbed ions can produce substantial anchorin
fects when the screening occurs in the dense layer, whe
the contribution from the diffusive layer can be neglecte
As the dense layer is of a molecular scale, applicability of
macroscopic«a is questionable and it should be replaced
some effective microscopic quantity«a,e f related to an indi-
vidual polarizability of liquid crystal molecules. Thus th
ratio «a /« is to be thought of as some effective coefficient
order unity that, nonetheless, is proportional toS similar to
«a .

III. BULK ION DENSITY
AND THE ANCHORING TERM Wi

The termWi cannot be studied directly, butnad entering
Wi depends on the distribution of positive ionsn exp(2U)
@7# and thus on their bulk densityn, which can be estimated
from experimental data on the conductivity. Let us findnad
as a function ofn. According to Stern theory@10#, if Nad is
the number of sites on the substrate,nad obeys the relation

nad5

NadexpS m1A

kT
2U~d/2! D

11expS m1A

kT
2U~d/2! D , ~11!

where m5 ln@n(2p\/kTM)3/2# is the chemical potential o
bulk ~positive! ions with massM , \ is the Planck constant
andA.0 is the energy gained by an absorbed ion. It follo
from the first line in Eq.~9! that exp@2U(d/2)#5lS

2/lD
2

5«kTn/2pq2nad
2 . Substituting this into Eq.~11! and solv-

ing the obtained cubic equation with respect tonad yields

nad5S n2Nadp

3 D 1/2F S 11A11
27Nad

4pn2 D 1/3

1S 12A11
27Nad

4pn2 D 1/3G , ~12!

p5S 2p\3

kTM3D 1/2
«

q2
expS A

kTD . ~13!

In particular, if nad!Nad the derivednad}Nad
1/3n2/3, as in

Ref. @7#, where only the adsorption regime far from the sa
ration @i.e., when the Fermi-like distribution~11! can be re-
placed by the Boltzmann one# was considered.

The dependence ofnad on n is even stronger than onNad ,
which should manifest itself in anchoring phenomena.
deed, formula~12! implies that an increase ofn results in an
increase ofWi and hence in the shifting upward of the crit
f

ef-
as
.
e

f

s

-

-

cal temperatureTc of the anchoring transition described
the Introduction. In addition,nad is a decreasing function o
T, which contributes to the mechanism of the homeotropic
tilted anchoring transition. Moreover, since the exponentiaT
dependence ofnad is much stronger than that ofS ~see@11#!,
the T dependence ofWi can be expected to be dominant f
this transition. If the shiftDTc5Tc(n)2Tc(n0) when the
bulk density changes fromn0 to n is small, it can be found
from the above formulas.

The critical condition for the anchoring transition is th
vanishing of the expression in brackets in Eq.~1!. Neglecting
all theT dependences but the exponential one in Eq.~13! and
noting that thennad depends just onn2 exp(A/kT), this criti-
cal condition reduces to the requirement thatn2 exp(A/kTc)
5const along the transition line. This immediately gives

DTc5
2kTc

2~n0!

A
ln

n

n0
. ~14!

To detect experimentally the tendency predicted by f
mula ~14!, several cells were prepared using the method
veloped in @3#. We used glass plates covered by a SnO2
transparent conductive layer. The orienting coating is a re
of chemical reaction between the molecules (CH3)2SiCl2
and the glass surface containing Si-OH groups; this reaction
releases hydrogen chloride, which crucially influences
commonly used ITO coating. The cells had the same wa
ing time and differed only by the amount of ionic impuritie
in the liquid crystal. These impurities were the molecules
thetrabutyl ammoniumbromide added to the DHAB liqu
crystal. Dissociating, these molecules give foreign ions. T
thickness of all cells controlled by glass microspheres w
20 mm. The concentration of ionsn was estimated from
measurements of the cell conductivity and effective mobi
of all present charges by the method described in@12#.

Thus prepared cells exhibited a homeotropic to tilted
choring transition when the temperature increased. The
tained dependenceTc versus bulk ion densityn is shown in
Fig. 1 by circles for seven cells. The solid line is the be

FIG. 1. Critical temperature of the anchoring transition vers
effective bulk ion density for seven cells~circles! and the fit~solid
line!.
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theoretical fit to this curve using Eq.~14! obtained forA
596kT'2 eV. We tookM580 amu, which corresponds t
a plausible dissociation of the impurity whose mass is 2
into the positive ion Br1 with mass 80 and negative ion wit
mass 172.

To determine the sign of the adsorbed ions and estim
their density, we performed the following experiment. A
asymmetric cell was made, using two different substra
The first one was covered with dimethyldichlorosilane wi
out additional washing, which corresponds to a large
sorbed charge. The second one was covered with an ordi
polyimide layer that was found to give a planar orientation
DHAB. This planar anchoring was separately measured
the Fréedricksz technique in a 10 kHz ac electric field to
(2 –10)31024 erg cm22. This value was of the same orde
as the homeotropic anchoring on the first surface but did
exhibit any significant temperature effect. This implies th
nad on this substrate at worst is of the same order as tha
the surface producing the anchoring transition, which
ables one to estimate the order ofnad . After assembling and
filling, the cell was short-cut via a multimeter. Detecting t
direction and the value of current induced by temperat
change, we found that it is positive ions that are trapped
the surface in question. Their density estimated by the t
charge passed isnad5(0.5–5)31011 cm22.

The usual value of the adsorption energy is varied aro
1 eV. Calculation with Eqs.~12! and ~13! shows that forA
596kT the adsorption is saturated andnad>Nad . This, of
course, contradicts the fact thatnad is sensitive to the bulk
densityn. However, the accuracy in measuringn from which
A was deduced is low, whereasnad is very sensitive toA. For
instance, twice smallerA545kT, which corresponds to an
inaccuracy of 50% inA, results in a well undersaturated a
sorption regime@the exponent in Eq.~11! is about 0.1#. For
Nad51013 cm22 and A545kT, one obtainsnad5(3 –7)
310211 cm22, which produces the anchoring termWi
5(3 –9)31023 erg cm22, as desired. At the same time, th
accuracy in estimatingA cannot be expected to be high
than 50%. Indeed, the estimates ofn from the conductivity
2

te

s.
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-
ry

f
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ot
t
n
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e
y
al

d

data essentially depend on the estimate of the mobility
our case, both the ‘‘own’’ cell ions, brought by the substra
and always present in the liquid crystal, and the ‘‘foreign
ions, produced by the added impurities, contribute to
mobility. However, the mobility employed in the calculatio
was effective rather than the differential one. If the differe
tial mobility of the ‘‘foreign’’ ions is higher than that of the
‘‘own’’ ions, the actualn is lower, which implies a lower
value ofA. Another factor of reducingA can be aT depen-
dence~decreasing! of the non-ion terms in Eq.~1!, which
were set constant in our model for simplicity.

IV. CONCLUSION

Solving the Poisson equation, we have predicted the
istence of a thin very dense ion layer close to a substrate
adsorbs ions. The thickness of this layer is given by
fundamental lengthlS that naturally arises in the problem o
surface charge screening along with the well-known Deb
length lD . This lS is essential for the anchoring relate
effects, since adsorbed ions can affect anchoring for suchnad
that the Debye screening is already not important. The i
induced anchoring is given by formula~10!, and the number
of adsorbed ions is given by formulas~12!,~13!, which gen-
eralize the result obtained in@7#. Experimental results on the
dependence of the critical temperatureTc of the homeotropic
to tilted anchoring transition are in qualitative agreeme
with our theoretical prediction. They show thatTc can be
controlled by the density of ions in the bulk. This throw
light on the mechanism of this anchoring transition, whi
most likely is driven by the exponentialT dependence of the
ion-induced term.
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