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Local measurement of the zenithal anchoring strength

João G. Fonseca and Yves Galerne
Institut de Physique et Chimie des Mate´riaux de Strasbourg, Groupe des Mate´riaux Organiques, 23 Rue du Loess,

67037 Strasbourg, France
~Received 23 July 1999!

We present an electro-optic method for measuring the zenithal anchoring strength of nematic liquid crystals,
based on the determination of the distortion produced by a small electric field. This method yields the zenithal
anchoring strength at small applied torques, and remarkably, only needs local measurements~optical path
difference versus applied voltage, sample thickness!, in contrast to the classical methods that use measurements
integrated over the entire sample. We determine the zenithal anchoring strength for two nematic liquid crystals
~5 CB and 5 OCB! with positive dielectric anisotropy, onto poly~tetrafluoroethylene! ~PTFE! treated surfaces,
that yield planar liquid crystal cells. We find that the anchoring at the PTFE-5 CB interface is strong, with an
extrapolation length;30 nm, and independent of temperature far enough from the isotropic transition. We
observe a pretransitional weakening of the anchoring strength near the nematic-isotropic transition, due to the
reduction of the orientational order parameter at the interface. With 5 OCB, we measure a stronger anchoring,
with an extrapolation length;15 nm. This result may be explained by the increase of the van der Waals
interactions between the liquid crystal molecules and the surface, due to the presence of the oxygen atom.

PACS number~s!: 61.30.2v, 64.70.Md, 68.45.2v
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I. INTRODUCTION

In the past few years, for fundamental reasons but a
because of the potential display applications, there has b
an increasing interest in studying the surface properties
liquid crystals and more specifically, their anchoring prop
ties onto solid substrates. The preferred alignment direct
of nematic liquid crystals~NLC! @1–3#, and then the zenitha
@4# and azimuthal@5–8# anchoring strengths, have thus be
determined onto different substrates, essentially ITO g
plates coated with organic materials as polymer and
phiphilic molecules. Polymers such as polyamide@9,10# or
PTFE@11# are found to produce the planar orientation~nem-
atic director parallel to the surface! while amphiphilic mol-
ecules such as lecithin@12# or silane@13# yield the homeo-
tropic orientation ~perpendicular to the surface!. Other
techniques are more sophisticated and yield alignment la
with a wider range of anchoring properties. By means
oblique deposition of SiO coatings@14–17# one may observe
a transition from the planar to the oblique anchorings a
function of the deposition angle. More recently, a nonmo
tonic behavior of the anchoring properties of a monola
deposited with the Langmuir-Blodgett technique, has b
observed on varying its surface density@18#. Finally, with
plasma modified silane monolayers, one observes an anc
ing transition from the homeotropic to the planar anchorin
at a critical density of the oxygen grafted onto the surfa
@19–21#.

The zenithal anchoring strength is less frequently m
sured though this property is interesting in itself, and see
moreover particularly important for the recently discover
display mechanisms@22–25#. Usually, it is expressed in
terms of the zenithal extrapolation length@26# ju , ~see Sec.
II A !. Different experimental means are available to det
mine ju . Let us briefly recall them.

The wedge-cell method@27–29#, initiated by Rivière
et al., uses a hybrid wedge-cell to measure the zenithal
PRE 611063-651X/2000/61~2!/1550~9!/$15.00
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trapolation length in one of the interfaces without needing
apply an external field. The major drawback of the method
that it needs a reference anchoring surface~assumed to be
infinitely strong! to provide the conflicting boundary cond
tions. This naturally places an upper limit to the accessi
anchoring strengths. Moreover, the method is excessiv
sensitive to defects and nonuniformities of the surface tre
ment, and works only with planar anchorings. So, since
few years, the methods which use an external electric fi
@30–47#, seem more convenient, all the more than they
essentially close to the conditions encountered in the disp
devices.

Among several possible variations, two of the most co
mon procedures based on applying an electric field, are
anchoring breaking method@44–47# and the high electric
field technique@40,41#. Both methods use strong electr
fields and measure the anchoring strength close to the m
mum of the anchoring torques. In the anchoring break
method, which may be performed on planar anchorings o
one applies a sufficiently high electric field to break the a
choring of the nematic from its easy axis onto the substr
Then, and assuming equal elastic constantsK115K335K,
the extrapolation length and the electric coherence len
jE5(K11/«0« i)1/2/Ec , are equalju'jE @47#. By measuring
the fieldEc that produces the breaking of the anchoring~then
the nematic is oriented homeotropically, and the cell exhib
a zero path difference between the ordinary and extrao
nary rays in normal incidence!, one can directly determine
the extrapolation length. However, one may notice th
though it is not crucial, accurate determinations ofEc are not
easy to realize, essentially because it is difficult to dist
guish between a small path difference and a null one. Mo
over, there are often problems at high electric fields, ess
tially because of electrolysis which irremediably produc
ions. The electric field is then partly screened out, and d
turbing flows appear in the sample. Such problems are e
worse for strong anchorings since the applied electric fi
1550 ©2000 The American Physical Society
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PRE 61 1551LOCAL MEASUREMENT OF THE ZENITHAL ANCHORING . . .
have to be large in these cases.
In the high electric field technique, the zenithal extrap

lation lengthju is determined by exploiting a roughly linea
regime of the optical path difference ratiod(V)/d (V50)
versus 1/CV, whereC is the sample capacitance andV the
applied voltage. Such a behavior may be shown from f
energy minimization, and is valid for high enough voltag
Then, ju is determined from a linear extrapolation of th
data. This method presents a wide voltage range of app
tion, and can be performed on both planar and tilted anch
ings @4#, but it needs thick samples~;50 mm!, much thicker
than used for the display applications~;5 mm!. It also needs
complementary measurements as the measurements o
sample capacity. Experimentally, capacity measurements
integrated over the whole surface of the electrodes, so
the physical characteristics of the sample have to be unifo
In particular, the sample thickness and the surface treatm
are required to be as uniform and homogeneous as poss
In practice, the uniformity conditions of the sample a
rarely realized. This is a supplementary cause of experim
tal errors. Moreover, the capacity measurements are no
ally standard, since they have to be performed in the p
ence of the electric field, generally alternative, whi
produces the torque and therefore the distortion.

We propose here a local method for measuring the
nithal anchoring strength in the small torques limit, th
therefore avoids the problems related to high electric fie
and to the nonuniformity of the sample thickness or the s
face treatment. Essentially, we determine the director dis
tion inside the sample on measuring the optical path dif
ence as a function of the applied voltage above
Fredericks transition, in a small area of the sample. We t
extrapolate the distortion out of the sample limits to dedu
the extrapolation length and the zenithal anchoring stren

II. PRINCIPLE OF THE LOCAL METHOD

Before entering into the details of our experimental p
cedure for measuring the anchoring strength, let us
quickly recall the relationship that exists between the ne
atic distortion, the extrapolation length, and the optical p
difference in normal incidence. We then discuss the way
perform the calculations.

A. Free energy

We consider a sample of NLC with positive dielectr
anisotropy«a , between two parallel substrates atz56d/2,
uniformly and identically treated, with parallel easy dire
tions (w50). The NLC director in the cell isn
5(sinu,0,cosu). Assuming translational symmetry in th
horizontal plane, we restrict the problem to one dimensi
u[u(z). We also assume that the NLC is perfectly insul
ing and that the anchoring is uniformly planar@us
5u(6d/2)5p/2# in the absence of external fields. An ele
tric field is then applied perpendicular to the surfaces. At l
voltages, below the Frederiks threshold@48#, the NLC keeps
everywhere oriented along thex axis. For higher voltages
than the threshold, one observes a distortion in the NLC
as the nematic molecules tend to align along the elec
field. If then the anchoring has a finite strength, the orien
-
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tion of the director at the surface is no longer planar@Dus
[us2u(6d/2).0#. One can then extrapolate the distortio
from the real surface to a virtual one where the anchoring
once again planar and infinitely strong~Fig. 1!. The distance
between the two surfaces is defined as the zenithal extr
lation lengthju . It is related, in first approximation@26#, to
the anchoring strength coefficientEa , and to the bend elastic
constantK33, by the equationju5K33/Ea .

At a given applied voltageV, the director distortionu(z)
is determined from minimization of the free energy per u
area of the sample@26#:

F5E
2d/2

d/2

~ f elast1 f elect!dz12 f surf~Dus!. ~1!

In this expression,f surf is the coupling energy of the NLC to
the substrate. Following Rapini and Papoular~RP! @49#, f surf
may be approximated to the first order in the variations of
director orientation at the surfaces (Dus!1) by

f surf5
1

2
EaDus

2, ~2!

whereEa is the anchoring strength coefficient. Let us noti
that the RP approximation is not very restrictive, since e
perimentally it is justified up to a wide range of angle var
tions, typicallyDus,p/6 ~see, for instance, Ref.@44#!.

The electric energy density is given by the relation

f elect5
1

2
D•E52

1

2

C2V2

«~u!
, ~3!

where «(u)5«0(« i cos2 u1«' sin2 u), « i and «' being the
relative dielectric constants of the NLC forE parallel and
perpendicular ton, respectively. According to Maxwell’s
equations, the electric displacementD keeps constant ove
the whole sample and, since the electric fieldE has to be
normal to the electrodes, its orientation is in general
alongz. Its z component is related to the electric potentialV
by the relationDz5CV, whereC is the sample capacity pe
unit area:

FIG. 1. Orientation of the nematic director in a liquid cryst
cell with planar anchoring, for~a! Applied voltages smaller than
Frederiks threshold.~b! Above threshold, the competition betwee
the electric and the surface torques give rise to a distortion. In
case of finite anchoring strengths, the anchoring at the surfaces
longer planar. The zenithal extrapolation lengthju is defined as the
distance between the real surface of the sample and a virtual
where the director is once again planar.
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1552 PRE 61JOÃO G. FONSECA AND YVES GALERNE
C5
1

E
2d/2

d/2 1

«~u!
dz

. ~4!

Expression~4! is integrated over the whole distortio
u(z). As we shall see below, the exact expression of
distortionu(z) can be calculated only numerically. The int
gration~4! has therefore to be performed numerically also,
that C and the electric energy~3! cannot be determined ex
actly before the distortion is known. Practically, we proce
with the calculation of the distortion in at least two steps.
the first one, we neglect the sample distortion and appr
mate the electric energy on considering that the electric fi
is constant inside the cell, and simply equal toV/d. In this
manner, we get a first approximation of the NLC distorti
that we use in a further step to calculateC and the electric
energy, more correctly.

Due to our particular experimental conditions, the dist
tion involved in the sample is limited to thexz plane, with
only splay and bend contributions. The elastic energy den
may then be expressed as

f elast5
1

2
K~12x cos 2u!S ]u

]zD 2

, ~5!

where K5(K111K33)/2, x5(K112K33)/2K, K11 and K33
being the splay and bend elastic constants of the NLC. N
that the surfacelike splay-bend elastic term inK13 is not in-
cluded here in the elastic energy density since, as rece
shown@50,51# this term does not exist in fact. Several arg
ments have been proposed to justify thatK13 is zero. In par-
ticular, this elastic coefficient would surprizingly lead to
distorted ground state of the NLC cell in the absence of
applied field. The surfacelike saddle-splay elastic term w
the K24 coefficient is also null here due to the on
dimensional nature of the problem.

B. Determination of the NLC distortion

We may now minimize free energy~1! and calculate the
equilibrium distortion in the cell submitted to an electric fie
E. Before doing this, let us notice that the distortion abo
the Frederiks threshold, is symmetric because of the sym
try of both the cell and the field, so thatu(z)52u(2z). The
calculations may therefore be restricted to the domaiz
P@0,d/2#. For practical reasons, we choose to start the in
gration from the center of the cell~at z50!. The anchoring
strength onto the surfaces being unknown at this sta
boundary conditions have to be assumed to perform the
culation of the distortion. We thus choose the starting va
of the angle at the center of the cell, to beu(0)5u0 . Fol-
lowing the usual method, the integration is performed in t
steps. First the Euler-Lagrange equation is obtained and
tegrated to yield

]u

]z
5S a~u!B

cos2 u02cos2 u

12x cos 2u D 1/2

, ~6!

whereB anda~u! are defined as
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B5
«0~« i2«'!V2

Kd2 , a~u!5
C2d2

«~u0!«~u!
. ~7!

The boundary condition atz5d/2 is given by

d fsurf

du
5K~12x cos 2u!

du

dzU
z5d/2

, ~8!

which expresses the torque equilibrium at the surface of
substrate.

The distortionu(z) is then obtained on integrating th
differential equation~6!. This second integration cannot b
performed analytically, only numerically, and as discuss
above, we start the calculation from the center of the c
with the tilt angleu0 . However, due to symmetry, the ce
center is an inflexion point in then-field line, which imposes
the conditiondu/dzuz5050. This relation clearly prevents u
to prime the numerical calculation directly from Eq.~6!. To
escape the problem, we start the integration by means o
expansion of Eq.~6! valid close toz50. The distortion may
then be calculated to the lowest order inz as

u~z!5u01
1

4

a~u0!B sin 2u0

12x cos 2u0
z2. ~9!

Then, as soon asudu/dzu is sufficiently different from
zero, the numerical integration of Eq.~6! can begin nor-
mally. Practically, expression~9! is used in the rangeuu(z)
2u0u,1024 rad only.

Let us notice that, due to the distortion, a flexoelect
coupling arises between the applied electric field and
polarization induced by the distortion. This flexoelectric e
fect cannot be introduced in the first run of the calculatio
since the distortion is unknown yet. This is done in the fu
ther runs by means of a renormalization of the elastic c
stant, according to the expression@52#

K~u!5~K2dK cos 2u!1
~e11e3!2

4«~u!
sin2 2u, ~10!

wheree1 ande3 are the flexoelectric constants of the NLC
So, because the two correctionsa(u) in Eq. ~6! and K(u)
area priori unknown, the calculation of the distortion nee
several numerical runs. The calculations are thus perform
in a loop, until the distortion stabilizes within an accuracy
at least 1023 rad in the tilt angle onto the substrateud/2 .

C. Zenithal extrapolation length

Once the exact distortionu(z) is calculated, we determine
the zenithal extrapolation lengthju , on simply continuing
the calculation of the distortion in the rangez.d/2, but with
zero electric field, untilz* where the director retrieves th
initial orientation at the surface,u(z* )5us . According to
definition, the extrapolation length isju5z* 2d/2. One may
equivalently determineju on writing the equilibrium condi-
tion between the surface and the volume torques. Equa
the surface torque,GS5EaDus in theRPapproximation, and
the volume torqueGv , obtained on integrating the electri
torque
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GV5E
0

d/2

uP•Eudz5E
0

d/2 1

2
a~u!BK~u!

«~u0!

«~u!
sin 2udz,

~11!

we finally deduce the zenithal extrapolation length:

ju5
2KiDus

B*0
d/2a~u!K~u!

«~u0!sin 2u

«~u!
dz

. ~12!

Knowing the distortion inside the cell, we may now ca
culate the optical path differencedcalc between the ordinary
and the extraordinary rays that pass through the sample
normal incidence and for our planar distortion, restricted
thexz plane, the Maxwell’s equations yield the usual expr
sion, which is therefore exact contrarily to what in som
times asserted@4# ~see the Appendix!:

dcalc5E
2d/2

d/2 S n0ne

An0
2 sin2u1ne

2 cos2 u
2n0D dz, ~13!

In this manner, and with the help of some NLC physic
parameters such as the optical indices and the elastic
stants, we get the optical path differencedcalc as a function of
the angleu0 chosen in the center of the cell. By comparis
to the measured optical path differencedexpt, we finally de-
termine the distortion of the NLC cell and the extrapolati
length at the surfaces, as functions of the applied voltageV.

III. EXPERIMENTS

A. Samples

Poly~tetrafluoroethylene! ~PTFE! films are deposited on
ITO coated glass plates~square resistance< 100 V, thick-
ness;25 nm! by means of hot friction~Fig. 2!, following
the procedure developed by Wittman and Smith@53#. The
deposition is made twice in order to assure a good uniform
of the alignment. Measurement cells are then prepared,
the two plates in the parallel~or indifferently anti-parallel!
azimuthal orientation. Silica spheres of;5 mm are used as
spacers in-between, and an effective surface;1 cm2 is left
for the NLC sample. The parallelism of the plates is carefu
adjusted by controlling the pressure exerted by four screw
the corners of the cell, and by observing the equal-thickn
interference fringes with Hg light@11#. Epoxy glue is then
used to permanently fix the cell plates. The sample cells

FIG. 2. A PTFE bar~hatched! is rubbed on an ITO coated glas
plate at a speedv;0.2 mm/s, temperature;230 °C, and with a
pressure; 10 bar. A thin PTFE film~thick line! is deposited in this
way with most of its fluorinate chains aligned along the fricti
direction.
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placed in an electric thermostat~from Instec! in which the
temperature is stabilized to within;10 mK. The liquid crys-
tal is introduced in the cell by capillarity in the isotrop
phase and heated up at;15 K beyond the nematic-isotropi
transition, to avoid parasitic memory effects onto the anch
ing, due to the shear flows produced during the cell fillin
Uniformly oriented nematic cells are obtained with this pr
cedure ~Fig. 3!. They exhibit a planar anchoring with a
azimuthal orientation parallel to the PTFE friction directio
as already reported for this type of surface@11#.

We perform the anchoring measurements with two rese
bling compounds, 5 CB~4-cyano-48-n-pentylbiphenyl) and
5 OCB~4-cyano-48-n-pentyloxybiphenyl!, to test the effect
on the anchoring properties, of the oxygen atom loca
about in the middle of the molecule~Fig. 4!. Both com-
pounds are cyanobiphenyls with strong positive dielec
anisotropies, which make them easy to align with an elec
field. The temperatures of the nematic-isotropic transitio
areTN2I534.5 °C for 5 CBTN2I567.5 °C for 5 OCB. One
commonly observes narrow birefringent stripes~;10 mm
large! parallel to the PTFE deposition direction under pola
izing microscope. These stripes are not visible before in
ducing the NLC, and typically persist up to;15 K above the
nematic-isotropic transition. They correspond to scratche
the PFTE film with probably a reduced thickness. The f
that they persist at temperatures above the nematic-isotr

FIG. 3. Typical photograph of a 5 CB samplebetween crossed
polarizers~A andP!. The orientation is uniformly planar with, how
ever, stripes along the rubbing direction that probably correspon
different thicknesses in the PTFE layer.

FIG. 4. 5 CB and 5 OCB molecules. They differ from each oth
by only one oxygen atom.
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transition seems to indicate that the nematic contact laye
highly ordered in these places, and that it needs a stro
entropy to go in the isotropic phase.

B. Parameters

In order to determine the zenithal extrapolation leng
~Sec. II!, one first measures the optical path differencedexpt
in a uniformly oriented nematic cell~Sec. III A! as a function
of the applied voltageV. One then calculates the distortio
in the cell and for that, one has to know several physi
parameters with an equilibrated precision. From a sensib
study ofju on the different physical parameters, we obse
that they are not all equally important for the quality of t
measurement. We thus select a group of nonsensitive pa
eters, which are the relative dielectric constants« i and«' ,
the ordinary optical indexn0 , the ratio of the NLC elastic
constantsK33/K11, and the flexoelectric constante11e3 .
These parameters can just be taken from literature@54–59#.
For example, for 5 CB at a temperatureDT57.5 K below the
isotropic transition, we find« i510.72,«'57.05,n051.54,
K33/K1151.53,e11e355310210Cm21.

At the opposite, the other parameters of the cell~the
sample thickness, the NLC birefringence, the anchoring
and the ratioK11/«a! which play a predominant role in th
calculation of the distortion, have to be determined all
more carefully than their relative errors propagate to the
trapolation length with an amplification factor of 2 to 3. Th
thickness of the empty cells is measured after solidificat
of the glue, with a precision;0.1 mm, by measuring the
distance between the Michelson-like interference fringes p
duced by a He-Ne laser beam diffused close to the cell@11#.
Typical thicknesses are in the range of 5–10mm, so thatd is
known to within a relative errorDd;1 – 2 %. The NLC bi-
refringence and the anchoring tilt angleus are determined in
each cell before applying the electric field, by means of
terferometry measurements equivalent to conoscopy@11#.
The measurements are performed in the same experim
conditions ~temperature, NLC, surface treatment! as the
electro-optic measurements themselves, to reduce the ex
mental errors which typically are;1°. The ratioK11/«a ,
which directly measures the elastic torque relative to
electric one, is particularly sensitive, and needs to be c
fully determined. It may be deduced from the measurem
of the Frederiks thresholdVth , through the relation, valid for
planar strong anchorings,Vth5p(K11/«a)1/2. More gener-
ally, it may be obtained from a stability criterion concernin
the variations of the extrapolation length with voltage~Sec.
III D !.

C. Electro-optic measurements

The optical path differencedexpt is measured in white
light by means of a tilting compensator~Leica!, as a function
of the ac applied voltage at frequencyf 510 kHz. A capacity
filter is placed in the circuit in order to suppress parasitic
voltages from the ac signal, and to avoid electrolysis effe

In Fig. 5~a! are shown typical measurements of the opti
phase differencedexpt as a function of the r.m.s. voltageV
~for the 5 CB-PTFE interface atDT57.5 K!. One can see the
Frederiks transition and the associated rapid decrease in
optical phase difference with voltage. This behavior is co
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pletely reversible and exhibits no hysteresis. One also
serves that the transition is not as well defined as in the
The slope at transition in Fig. 5, clearly differs from vertica
This difficulty in determining the Frederiks threshold d
rectly, has already been reported by different authors@60,61#.
In our case, it is probably due to local variations in the
rector orientation which are induced by substrate irregul
ties as mentioned above about the birefringent stripes.
though the measurements of the optical path differences
taken in a region as far as possible from the stripes, betw
two of them, they nevertheless can slightly be affected cl
to the transition because the sample there becomes critic
sensitive to small perturbations. In a first attempt to av
such a difficulty in determining the voltage thresholdVth
accurately, one may fit a parabolic law, characteristic of
second-order mean-field transitions as generally are the
deriks transitions, onto the experimental data as shown
Fig. 5~b!. However, though improved, theVth measurements
obtained in this manner, do not generally lead to prec
determinations of the anchoring strengths.

D. Criterions for V th determination

To determine the parameterVth with a better accuracy, we
therefore prefer to use a simple criterion, based on the an
sis of the variations of the calculated extrapolation len
versus the applied voltage. In the RP approximation, wh
is valid at least for not too large tilt changes onto the su
strate,Dus , the anchoring coefficientEa is a constant. The
zenithal extrapolation lengthju(5K11/Ea) should therefore
be independent of the applied torques, i.e., of the app
electric field. As shown in Fig. 6, the calculated extrapo
tion lengthsju(V) exhibit variations with voltage which de
pend on the threshold valueVth chosen for the calculations
On selecting the value which yields an extrapolation len
roughly independent ofV, we determine the Frederik
thresholdVth ~i.e., equivalently the ratioK11/«a! and conse-
quently, the extrapolation lengthju , with a better accuracy

In the case of planar anchorings, the above criterion m
be presented differently. Due to symmetry, the extrapolat
length is then an even function of the tilt change onto
substrateDus , i.e., at the lowest order,ju is a constant,
independent ofV. Moreover, in the RP approximation, th

FIG. 5. Optical path differencedexpt as a function of the applied
voltage. The Frederiks transitions are generally not well defined
often appear to be smoothed a little bit with nonvertical slopes
V5Vth . ~a! General view.~b! Zoom at the transition region. A fit of
a power law with a1

2 exponent~solid line!, is performed onto the
experimental data to get a better determination of the thresh
~arrow!.
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tilt change at the interfaceDus being proportional to the tota
electric torque, is also proportional toE2 times the correla-
tion length (jE;1/E), i.e.,Dus is simply proportional to the
applied electric voltage. In Fig. 7 are shown the tilt chang
onto the substrateDus versus the applied voltage. They a
calculated from the experimental data of Fig. 5, with t
same threshold voltages as in Fig. 6,Vth50.67, 0.74, and
0.81 V ~close dots, crosses, and open dots, respectively!. The
data in the vicinity of the Frederiks transition are excluded
avoid the systematic errors denoted above. The solid l
depict the linear least squares fittings in the three cases
spectively. Clearly, within the experimental errors, the int
mediate valueVth50.74 V yields proportionality variations
betweenDus andV, while the two others do not. Such be
haviors are consistent with the above discussion, and ma
used as a variant criterion for determining the thresh
valueVth or the ratioK11/«a , in the case of planar ancho
ings.

FIG. 6. Zenithal extrapolation lengths calculated with differe
values of the Frederiks voltageVth (Vth50.67, 0.74, and 0.81 V
close dots, crosses, and open dots, respectively!, as functions of the
applied voltage for the 5 CB-PTFE interface atDT57.5 K. They
exhibit positive~negative! variations with the applied voltage, de
pending on the too high~low! Vth values chosen for the calcula
tions. Noticing that, in the RP approximation, the extrapolat
length should be independent of the applied voltage, we dedu
simple criterion for determining the correct value forVth , and con-
secutively, for the zenithal extrapolation length. Hereju530
65 nm.

FIG. 7. Tilt changes onto the substrate,Dus , calculated for the
experimental data of Fig. 5, as functions of the applied voltage w
Vth50.67, 0.74, and 0.81 V~close dots, crosses, and open do
respectively!, and least-squares fits of linear behaviors~solid lines!.
s

o
es
re-
-

be
d

E. Experimental discussions

A total compensation of the path difference due to t
sample, is easily achieved in the first order of the interf
ence, simultaneously for all visible wavelengths. One th
observes a precise black fringe. The path difference is t
measured with a precision of;1 nm, i.e., with a relative
accuracy better than 5%, except close to the anchoring br
ing region where the optical path difference gets null. In t
case of higher optical path differences which are obtained
thick samples at low voltages, one observes higher order
interference. Unfortunately then, the dispersion properties
the NLC and of the compensator are different. The fring
are colored and thick, and the compensation tuning wh
slightly depends on the wavelength, cannot be realized a
rately. To solve the problem, one could use color filters,
then, the light becomes insufficient to make good measu
So, we choose to determine the extrapolation length in
first interference order only. This also makes us to avoid
critical region of the Frederiks transition, where the sensit
ity of the sample diverges and increases the experime
errors.

Another source of problems in the electro-optic measu
ments, arises from the ions that the nematic medium ge
ally contains. At large concentrations, they can screen
electrodes from the applied electric field. The electric fie
effectively received inside the nematic cell, is then reduc
and difficult to estimate. In such a case, the measuremen
the anchoring strength should be erroneous. However,
may consider that the screening effect of the ions in the
is negligible if the Debye lengthLD is larger than the sample
thicknessd. The Debye length for monovalent ions is give
by the relation

LD5A«0«kT

2ne2 , ~14!

wherek is Boltzmann constant,T is the temperature,e is the
electronic charge, andn the ion density. Knowing the ion
mobility m in the NLC ~in the case of 5 CB,m53.5
31026 cm2 V21 s21 @62#! and measuring the NLC resistivit
r, one determines the ion density, using the relation

n5n0

kT

2eV
5

kT

2re2m
. ~15!

Typically, we haven0'0.4 mol/m3 and a Debye screen
ing lengthLD;15mm.d. For example, for a sample thick
ness of 7.5mm, this corresponds to a reduction of the elect
field inside the cell of; 1%, and thus to a negligible screen
ing effect. So, our samples may be considered to be in
pure dielectric regime. In the opposite case (LD<d), one
should have to make corrections corresponding to the c
duction regime@52#.

F. Experimental results

We measure the zenithal extrapolation length of the
CB-PTFE and PTFE-5 OCB interfaces at different tempe
tures, using the method described above. On the 5 CB-P
interface far from the nematic-isotropic transition, the z
nithal extrapolation length is found to be rather small,ju

t

a

h
,



co
n-

°
o
-
in
th

o
ke
io
th
h

TF
e
s
rt

re
m
nd
ra
c

e
he
li

al
or

ng

ce
la

pa
LC

tly
rin
a
o

a

nd
, it
he
ap-
-
a

e of

s a
y

ths
di-
tic-

s.
dent
nsi-
re-
the
bly

don

ring
en-
hor-
riks
ue.
hod
on
m-
ther
are
he
d of
re is
hat
that
er,
xi-
im-
g

ues,

od

ay

ing
tran-
sed
s
as

p in

for

ra

, e
bl
er
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53065 nm, which corresponds to an anchoring strength
efficient Ea'1025 J/m2. These values indicate that the a
choring strength of 5 CB onto PTFE is similar as on SiO@41#
~60 nm thick film deposited at an incidence angle of 60!,
and twice as strong as on plasma modified silane, far fr
the homeotropic to planar transition@21#. The same measure
ments are repeated as functions of temperature. They
cate that except close to the nematic-isotropic transition,
anchoring keeps roughly independent of temperature~Fig.
8!. When approaching to the nematic-isotropic transition
increasing temperature, one observes a quasicritical wea
ing of the anchoring strength. This pretransitional behav
of the anchoring strength has already been reported on o
interfaces@14,41#, and is probably due to the decrease of t
orientational order parameter at the interface.

The same measurements performed at the 5 OCB-P
interface exhibit similar behaviors, but with a twice strong
anchoring strength. Far from the nematic to isotropic tran
tion, the zenithal extrapolation length is measured to wo
only ju515 nm. Such a behavior is consistent with the
mark that the extra oxygen atom increases the dipole
ment and the polarizability of the 5 OCB molecules, a
therefore reinforces their van der Waals and London inte
tions to the substrate. Though a minor change in the mole
lar skeleton, the supplementary oxygen atom is thus abl
change the anchoring strength by a factor as large as 2. T
measurements of strong zenithal anchorings of nematic
uid crystals onto PTFE alignment layers, confirm the qu
tative observations previously reported by different auth
@63,64#.

IV. CONCLUSIONS

A local method for measuring the zenithal anchori
strength is proposed. The method is essentially based on
measurement of optical path differences across a NLC
submitted to different applied voltages, and on the calcu
tions of the subsequent distortions. Only a few physical
rameters of the NLC cell, the sample thickness, the N
birefringence, the anchoring tilt and the ratioK11/«a , have
to be known accurately to calculate the distortions correc
and consequently to determine the zenithal ancho
strength. In principle, the measurements of the optical p
differences can be performed satisfactorily in a wide range
voltages, from the Fredericks to the anchoring breaking tr

FIG. 8. Zenithal extrapolation length as a function of tempe
ture for the 5 CB-PTFE interface~open dots!. The anchoring
strength is found to be strong and independent of temperature
cept close to the nematic-isotropic transition where it noticea
decreases~largerju!. The anchoring strength is about twice larg
at the 5 OCB-PTFE interface~close dot!.
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sitions. However, in order to limit the electrolysis effects a
to preserve the sample from pollution with too many ions
is better to avoid the region of the high electric fields. If t
voltage is restricted to low values enough for the RP
proximation be valid~which roughly corresponds to the con
dition Dus,p/6!, one may at the same time, take profit of
second advantage. One may then directly determine on
the most sensitive parameters, the ratioK11/«a , by using the
criterion of a constant extrapolation length calculated a
function of V, or equivalently by testing the proportionalit
of the tilt change onto the substrateDuS , with V ~Sec. III D!.

The measurements of the zenithal extrapolation leng
for the 5 CB-PTFE and 5 OCB-PTFE interfaces both in
cate strong anchoring strengths far from the nema
isotropic transition, with respectively,ju53065 nm andju
51565 nm for the 5 CB-PTFE and 5 OCB-PTFE interface
The zenithal anchoring strengths are found to be indepen
of temperature, except close to the nematic-isotropic tra
tion where a pretransitional behavior is observed. More
markably, the presence of an oxygen atom in the core of
NLC molecule enhances the anchoring strength, proba
due to the enhancement of its van der Waals and Lon
interactions with the PTFE substrate.

In conclusion, the method presented here for measu
the zenithal anchoring strengths may be compared with b
efit to the other available types of measurements, the anc
ing breaking method, the wedge-cell technique, the Frede
transition technique, and the high electric field techniq
Although the method described here, is a less direct met
~it requires a PC program to determine the NLC distorti
and the knowledge of some of the NLC physical para
eters!, it has several advantages when compared to the o
ones. Essentially, it is a local method, so that the results
not affected by inhomogeinities in the thickness or in t
surface treatment of the cell. Furthermore, there is no nee
measurements of capacitance under electric field, and the
no limitation on the sample thickness. Let us also notice t
the method essentially weighs the surface torque, and
the limitation to the low voltages is not necessary. Howev
when the voltages are limited in order that the RP appro
mation be valid, the data analysis may substantially be s
plified on using a stability criterion. The zenithal anchorin
strength is then measured in the range of the small torq
complementary to the range of other known techniques~high
electric field technique and anchoring breaking meth!
which work close to the anchoring breaking.

Let us finally remark that the method presented here m
be extended to pretilted anchorings (usÞp/2). In this case,
the main features for determining the zenithal anchor
strength keep essentially the same, though the Frederiks
sition does not exist any more. Its threshold cannot be u
to determine the parameterK11/«a . One may nevertheles
apply the criterion of a constant zenithal anchoring length
a function of voltage~as in Sec. III C and Fig. 6!, if one
restricts the measurements to voltages low enough to kee
the range of the RP approximation.
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APPENDIX: LIGHT PATH DIFFERENCE
IN NORMAL INCIDENCE

The expression for the optical path difference in norm
incidence, Eq.~13!, is generally obtained from a Jones m
trix calculation, and is then considered@4# to be an approxi-
mation, only valid forl!jE . Let us stress here that, in fac
this equation is exact and valid for any value ofjE . It may
be shown as follows.

The electromagnetic wave which propagates alongz, may
be written as

$E,D,B%5$E0 ,D0 ,B0%exp$ j @F~z!2vt#%, ~A1!

From the Maxwell equations, we deduce that it satisfies
the relation
i,

l.

ys

. I

ev

C.

ys

iq

u-
l

o

v2m0Dx2S ]F

]z D 2

Ex50, ~A2!

whereEx is thex component of the electric field of light an
D is the electrical displacement given by

D5«0«'E1«0D«~E•n!n. ~A3!

Due to the continuity conditions at the interfaces, we ha
Dz50. Eliminating thenDx , Ex and Ez from these three
equations, we easily calculate (]F/]z) and deduce Eq.~13!:

dcalc5E
2d/2

d/2 S n0ne

An0
2 sin2 u1ne

2 cos2 u
2n0D dz.
ys.

t.

pl.

ch,

ys.
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