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Determination of nematic polar anchoring from retardation versus
voltage measurements

Yu. A. Nastishin, R. D. Polak, and S. V. Shiyanovskii
Liquid Crystal Institute, Kent State University, Kent, Ohio 44242

O. D. Lavrentovicha)

Liquid Crystal Institute and Chemical Physics Interdisciplinary Program, Kent State University,
Kent, Ohio 44242

~Received 27 January 1999; accepted for publication 19 May 1999!

The popular ‘‘high-electric-field’’ technique to determine the polar anchoring coefficientW of a
nematic–substrate interface requires the simultaneous measurement of the capacitance and optical
phase retardation of a liquid crystal cell as a function of applied voltage. We develop a generalized
model that makes it possible to eliminate the capacitance measurement. The new technique, called
the RV ~retardation versus voltage! technique, requires only the measurement of retardation as a
function of applied voltage, and allows for the determination ofW by a linear fit over a prescribed
voltage window. The technique is not sensitive to uniformity of the cell thickness, does not require
patterned electrodes, and allows for the local probe of the surface. The value ofW obtained by the
RV technique is the same asW obtained by the traditional technique. ©1999 American Institute
of Physics.@S0003-6951~99!02828-4#
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The surface orients a nematic liquid crystal directorn
along a particular orientation, called ‘‘the easy axis.’’ Exte
nal torques deviaten from its easy axis. The energetic cost
this deviation is usually characterized by an anchoring co
ficient W. A variety of techniques have been developed
determineW,1–5 most of which test elastic deformations cr
ated by an external field. The most commonly used, es
cially for strongly anchoring cells of industrial interest, is th
so-called ‘‘high-electric-field’’~HEF! technique4 developed
by Yokoyama and van Sprang.2 It requires simultaneous
measurements of the capacitanceC and the optical phase
retardationR of a nematic cell as a function of applied vol
age V. W is determined by a simple linear fit of the da
plotted in the formR vs 1/CV over some voltage window
(Vmin ,Vmax) which is well above the Frederiks threshold. T
resultingW is only weakly dependent on the nematic bu
properties and does not require accurate knowledge of
cell thickness.

In this article, we seek to simplify the HEF technique
eliminating the measurement of the capacitance. The m
surement of capacitance can be complicated since it requ
patterned electrodes, as well as uniform cell thickness ov
large area. Recently, Sun and Yokoyama suggested o
coming the difficulties by adding a small capacitanceC0 , in
series with the liquid crystal cell and to approximate t
dependenceR vs 1/C–V by a dependenceR vs 1/C0V.5 In
this article, we analyze theoretically the response of the
with a finite W to the applied field and show that this r
sponse can be completely characterized by the functiona
pendenceR vs V without any additional capacitors in th
circuit or any assumptions about the capacitance of the
This approach is made possible by deriving an equation
the cell capacitance as a function of applied voltage. Us
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this equation in place of the measurement of capacitanceW
can be determined by a simple linear fit of the experimen
dependenceR vs V. The experimental test for standard pol
imide alignment agents produces the same value ofW with
and without the measurement of capacitance.

Theory:Consider a liquid crystal cell of thicknessd con-
fined between two electrodes atz50 and z5d ~Fig. 1!.
When the electric field is zero,n is oriented along the eas
axis and makes an angleup with the x axis. up defines the
minimum of the surface anchoring potential and is called
pretilt angle. In an external electric field,n becomesz depen-
dent and the free energy per unit area of the cell reads

F5E
0

d 1

2 F ~K1 cos2 f1K3 sin2 f!S df

dzD 2

2D–EGdz

12F1

2
W sin2~u2up!G , ~1!

where K1 (K3) is the splay ~bend! elastic constant,D
5e0êE is the electric displacement,ê is the relative dielec-
tric tensor,E is the applied electric field~applied voltageV
5*0

dEz dz), f is the angle betweenn(z) and x axis, andu
5f (z50,d). The deviationu2up is taken to be small so

FIG. 1. Director configuration in the cell without field~left-hand side! and
with an applied electric field~right-hand side!.
© 1999 American Institute of Physics
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that the energetic cost of surface director deviations can
approximated by the Rapini–Papoular potential.6 Note that
Eq. ~1! neglects any possible effects of the divergence ela
K13 term in the free energy, and assumes that the effect
free electric charges are negligible. From the Maxwell eq
tion divD50, then, in a cell with a one-dimensional disto
tion, Dz does not depend onz. With this and the Euler–
Lagrange equation, the applied voltageV, optical phase
retardationR, and capacitanceC are integral parametric
functions with parametersym5sin2 fm, wherefm is the di-
rector angle atz5d/2, andyb5sin2 u:

V5
Vth

p
A11gymI V~yb ,ym!, ~2!

R5
2p dn0n

l

I R~yb ,ym!

I C~yb ,ym!
, ~3!

C5
e0e'S

d

I C~yb ,ym!

I V~yb ,ym!
. ~4!

Here,e i and e' are the components of the dielectric tens
that are parallel and perpendicular to the director, resp
tively, g5(e i2e')/e' , Vth5pAK1 /e0ea, ea5e i2e' , n
5(ne

22no
2)/ne

2, no and ne are ordinary and extraordinar
refractive indices, respectively,S is the overlapping electrod
area,l is the wavelength of the probing light, and

I V~yb ,ym!5E
yb

ymA ~11ky!

~11gy!~ym2y!y~12y!
dy, ~5!

I R~yb ,ym!5E
yb

ymA~11ky!~11gy!~12y!

~ym2y!y@12n~12y!#

3
dy

11A12n~12y!
, ~6!

I C~yb ,ym!5E
yb

ymA~11ky!~11gy!

~ym2y!y~12y!
dy. ~7!

wherek5(K32K1)/K1 .
The balance of torques at the boundary gives the exp

sion for the anchoring coefficient

W5
2K1I C

d sin 2~u2up!
A~11kyb!~ym2yb!

~11gyb!
. ~8!

In the HEF technique,W is determined in voltage regio
(Vmin , Vmax) where the integrals in Eqs.~5!–~7! can be sim-
plified. WhenV.Vmin56Vth ,2 then 12ym,331026. This
allows replacingym with 1 in I R , while I C and I V have the
logarithmic singularities}u ln(12ym)u. Second, the deviation
from the easy axis should be small, allowing for a natu
expansion of the integrals in terms of sin(u2up) and keeping
only the linear term of the expression. Limiting deviations
uu2upu,0.2 radians, one gets the upper voltage limit:

V,Vmax5
0.2

p cosup
Ae'

e i

Wd

K1
Vth .

Within (Vmin , Vmax), the productRCV can be written as a
linear function of CV with a coefficient proportional of
W21:
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RCV

R0
5J02

2K1

dW
~11k sin2 up!CV, ~9!

whereJ0 is a constant, andR0 is the retardation under no
external field. Also, the capacitance can be written as

CV5
e0e iS

Qd
~V2V̄!, ~10!

where

Q512
2K1

Wd

g~11kyp!~12yp!

~11gyp!
, V̄5a

ea

e i
Vth ,

and

a5
1

p E
yp

1A~11g!~11ky!

y~11gy!
dy.

Equation~10! is valid over the same voltage range (Vmin ,
Vmax) as Eq.~9!. For most liquid crystals with positiveg
.0 andk.0, the coefficienta is between 2/p and 1. Sub-
stituting Eq.~10! into Eq. ~9!, we have the final equation to
determineW:

R~V2V̄!

R0
5 J̃02

2K1

Wd
~11kyp!~V2V̄!, ~11!

where J̃0 is a constant. Note that the condition onVmax re-
quiresa priori knowledge ofW, however, one can show tha
this condition will be satisfied if the contribution of linea
term does not exceed 20% of the constant term in Eq.~9! or
Eq. ~11!.

Experiment:A liquid crystal cell was assembled from
substrates coated with a Nissan PI2555 alignment la
First, indium tin oxide was patterned on the glass substrat
create electrodes. Second, the alignment layer on the g
was prepared by spin coating a 1:4 solution of Nissan po
imide PI2555 in the solvent HD MicroSystems T9039 on
the substrates, baking for 1 h at 275 °C, andmechanical rub-
bing. Two substrates were assembled into a cell such tha
rubbing directions at the plates were antiparallel. The c
gap fixed by Mylar strips was measured to be 27mm by an
interference method. The optical phase retardation of
empty cell was measured to be 0.8° by the Senarmont te
nique.

The cell was filled with the liquid crysta
4-n-pentyl-48-cyanobiphenyl 5CB~EM Industries!. The
properties of 5CB at 23 °C are as follows:K156.65
310212N and K358.95310212N;7 ne51.717,no51.530,
measured in the laboratory. To assure the most accurate
plication of the experimental techniques, we measurede'

58.0 ande i519.5 before and after the measurement of o
tical retardation and capacitance. The pretilt angle of the
was determined to be 3° by the magnetic null method.8 All
measurements were performed at 23 °C.

To determineW using the HEF technique, the cell ca
pacitance and optical phase retardation must be measure
a function of applied voltage. Before running the experime
the capacitance of the cell was measured using a Sch
berger SI1260 impedance analyzer. This serves as an ex
mental check of the bulk properties of the liquid crys
through determination of the threshold voltage, as well as
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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accurate measure of the capacitance. Leads are then atta
to the cell, and it is placed in the experimental setup for
determination of anchoring. The cell is driven by a Stanfo
Research Systems Model DS345 function generator am
fied by a Krohn–Hite Model 7600 wide band amplifier. Th
60 kHz sinusoidal potential is routed into a cell and a 30V
resistor in series, and the potential drop across the resist
measured. The voltage drop across the resistor is consid
when determining the voltage across the cell. Since the
sistance of the cells used was larger than 3 MV, and, thus,
gave negligible contributions to the total impedance, the
pacitance of the cell can be determined. Since the leads to
cell also add a capacitance, the results of this experimen
compared with the capacitance measured with the Schl
berger SI1260 impedance analyzer, with the appropriate c
stant subtracted off of the former results. This givesC with
an uncertainty of 1 pF.

The optical phase retardation of the liquid crystal cell
determined using the Senarmont technique with a low po
He–Ne laser. Linearly polarized light at 45° with the rubbi
direction impinges on the sample. The light emerging fro
the sample is elliptically polarized and transformed back i
linearly polarized light by a quarter wave plate. The angle
the linearly polarized light was determined by rotating t
analyzer to determine the point of extinction. The absol
uncertainty in the measured phase retardation is 0.5°.

Figure 2 shows the plot ofRCV againstCV for the cell.
The contribution due to the retardation from the cell’s su
strates is subtracted off. By performing a linear fit fro
Vmin56Vth54.3 V to Vmax525 V, Eq. ~9! yields W52.3
60.331024 J/m2. The uncertainty quoted here reflects on
uncertainties in the measured parameters. The possibilit
systematic errors affecting the ‘‘high-electric-field’’ tech
nique will be discussed in a future work.9

Figure 3 shows the plot ofR(V2V̄) and CV vs (V
2V̄) for the same cell. Note that the dependence ofCV on
(V2V̄) is linear with a zero intercept, in agreement with E

FIG. 2. The dependence ofRCV plotted againstCV. The solid line repre-
sents the best linear fit through the data from 4.3 to 25 V, and yieldsW
52.331024 J/m2.
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~10!. For 5CB in a cell with 3° pretilt,a50.828 andV̄
50.39 V. With this result and fitting the experimental da
from Vmin54.3 V to Vmax525 V, Eq. ~11! yields W52.5
60.331024 J/m2. The accuracy ofV̄ has a small effect on
the resultantW.9

We demonstrated a way to significantly simplify the d
termination ofW by the high-electric-field technique. On
should bear in mind, however, that bothRV and the standard
HEF technique are equally vulnerable to in-plane inhomo
neities of tested cells. Note that the theoretical models
both cases are based on a one-dimensional image of dire
distortions. In real cells, the in-plane inhomogeneities~e.g.,
variations of the easy axis and the associated anchoring
tential! lead to significant deviations from the ideal theore
cal response of the cell. The analysis of these deviations
be published elsewhere.9

The authors would like to thank C. Rosenblatt, J. Gle
son, J. Kelly, S. Shashidhar, D. Shenoy, R. Sun, and
Yokoyama for helpful discussions. This work was suppor
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FIG. 3. The dependence ofR(V–V̄) ~circles; left-hand side scale! andCV

~small squares; right-hand side scale! plotted against (V–V̄). The solid line
represents the best linear fit through the data from 4.3 to 25 V, and yi
W52.531024 J/m2.
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