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MEASUREMENTS OF THE AZIMUTHAL ANCHORING

ENERGY AT A POLYIMIDE-NEMATIC INTERFACE

WITH A NEW TRANSMITTED LIGHT METHOD

Sandro Faetti

INFM and Dipartimento di Fisica di Pisa,

via Buonarroti 2,56127 Pisa, Italy

A new transmitted light method has been used to measure the azimuthal

anchoring energy coefficient W at the interface between the nematic liquid

crystal 5CB and a rubbed polyimide substrate. This method overcomes the typi-

cal drawbacks of the transmitted light methods and provides an unambiguous

measurement of the director rotation at the surface. The contributions of the

bulk director distortion are very small and can be easily separated from those

due to the anchoring. The measurements can be performed also in the critical

case of somewhat strong anchoring. The small optical anisotropy of the orient-

ing layer (polyimide) can be also taken into account.

Keywords: pacs 61.30 Hn; 42.70.-a; 61.30 Gd; 78.20. Ci

1. INTRODUCTION

The classical methods used to measure the azimuthal anchoring energy
consist on the optical measurement of the polarization state of either trans-
mitted [3–13] or reflected [14–17] light. In a recent paper [18], we studied
the properties of the light transmitted by a twisted NLC and we showed
that a special behavior occurs for a wedged NLC cell. Exploiting these spe-
cial features we proposed a new simple and accurate method to measure
the azimuthal anchoring energy. This method can provide accurate mea-
surements of azimuthal anchoring energies also in the critical case of some-
what strong azimuthal anchoring (W>10�2 erg=cm2) where the classical
transmitted light methods are unsuccessful [18]. In this paper, we develop
this transmission light method and we measure the azimuthal anchoring
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energy at the interface between the NLC 5CB and a rubbed polyimide
substrate.

2. THE EXPERIMENTAL METHOD

2.1. Transmission of a Monochromatic Beam Through
a Twisted Nematic Wedge

A plane electromagnetic wave of wavelength k propagates along the z-axis,
passes through a polarizer which rotates with the angular frequency x, and
impinges normally on a nematic sample contained between two optically
isotropic plates making a small wedge angle (h � 1�) as shown schemati-
cally in Figure 1. A uniform magnetic field H can be applied along the
x-axis and the director field lies everywhere in the layer plane x-y (the
small wedge angle can be disregarded). The incident beam is separated
by the nematic wedge into a generalized extraordinary beam and a
generalized ordinary beam [18]. We define the small parameter.

FIGURE 1 A nematic liquid crystal (NLC) is enclosed between two solid plates

that make a wedge with a small angle �1�. A polarized laser beam passes through

a rotating polarizer and impinges at normal incidence on plate 1. The laser beam is

separated into an ordinary and an extraordinary beam. The wedge angle and the

refraction angles have been exaggerated in order to make the figure clearer.

The arrows in the region between the plates represent the local directors. /1 is

the azimuthal angle of the director at surface 1.
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a ¼ k
2pDnn

; ð1Þ

where n is the magnetic coherence length

n ¼
ffiffiffiffiffiffiffi
K22

va

s
1

H
: ð2Þ

Dn ¼ ne�no is the anisotropy of the refractive indices of the NLC, K22 is
the twist elastic constant, va is the anisotropy of the magnetic suscepti-
bility. a is proportional to H with a � 0.14 for a 5CB sample at temperature
T ¼ 25�C and H ¼ 5 kOe. Using the Berreman theory [19], we find that the
intensity of the output extraordinary beam is [18]:

Ioute ¼ IA þ IB cos 2ðxt� /1 � cÞ; ð3Þ

where IA, IB and c are coefficients and the polarizer is assumed to be
parallel to the magnetic field at time t ¼ 0. This intensity is characterized
by angular frequency 2x and phase coefficient

b ¼ 2ð/1 þ cÞ: ð4Þ

c is a coefficient of the second order in a and can be disregarded in many
practical cases. In this case, we find /1 ¼ b=2 which corresponds to the
prediction of the adiabatic theorem [5–7]. Note that, in the standard
geometry with nematic planar layers, the corrections to the adiabatic
theorem are much greater because they are usually of the first order in a
[5,18]. Coefficient c in Eq. (4) is equivalent to a small apparent rotation
D/ ¼ c of the director at surface 1 and depends greatly on angle /1 at
surface 1, but is nearly independent of angle /2 at surface 2. Here, we
consider a cell having the same orientations of the easy axes on the two
interfaces and the same anchoring energies. Then, /1 ¼ /2 for each
amplitude of the magnetic field. Figure 2 shows c versus the square power
of a for different values of /1 and for the nematic 5CB at temperature
T ¼ 25�C. The maximum value a2 ¼ 0.078 in Figure 2 corresponds to
H ¼ 10 kOe. We emphasize that: 1) c is nearly proportional to a2; 2)
c � 0 for /1 ¼ 0� or /1 ¼ 90�. In particular:

c ¼ coa
2 sin 2/1 þ Oða4Þ ¼ boH

2 sin 2/1 þ OðH4Þ; ð5Þ

where co depends only on the optical parameters of the NLC [20] and of
the substrate and O(a4) is a contribution of order a4. Then, the choice /e

� 90� extends enormously the range of validity of the simple adiabatic
result /1¼ b=2. Let’s consider, for instance, a 5CB sample at T ¼ 25�C with
/1 ¼ 89� which is subjected to the magnetic field H ¼ 5 kOe. With the
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standard planar nematic layers (see, for instance, refs. [5] and [18]), the
apparent surface rotation can reach c � 6�, while it is reduced to
c � 0.02� with the present method.

2.2. The Experimental Procedure to Measure the Anchoring
Energy Coefficient

Here we assume that the local thickness d of the nematic sample is much
greater than n and that D/1(H) ¼ /1(H)�/e is small enough. In these con-
ditions, we obtain [1,2]:

D/1 ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffi
K22va

p
W

H sin/e; ð6Þ

where W is the azimuthal anchoring energy coefficient [1,2] and where we
have exploited the condition /1 ¼ /e þ D/1 ffi /e. From Eq. (4) we get

D/1ðHÞ ¼ DbðHÞ
2

� cðHÞ; ð7Þ

FIGURE 2 Apparent surface rotation angle c versus the square power of a for dif-

ferent values of angle /1 at the first interface (/1 ¼ /2). The material parameters

used to make the calculations are those of 5CB at T ¼ 25�C: ne ¼ 1.717,

no ¼ 1.528 [20], K22 ¼ 3.93 10�7 dynes [21], va ¼ 1.07 10�7 (c.g.s. unities) [22].

The refractive index of the substrate is ns ¼ 1.51.
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If c is negligible, D/1 ¼ Db=2 and W can be simply obtained from the
measurement of the proportionality coefficient between Db and H (see
Eq. (6)). Note that c(H) is a quadratic function of H (Eqs. (1) and (2)
and Fig. 2). Therefore, the correctness of the proposed procedure can be
controlled looking at the linearity of Db on H.

So far we assumed that the NLC is sandwiched between two optically
isotropic plates. However, in the case of the standard polymeric layers
(polyimide, PVA), the rubbing procedure induces an alignment of the poly-
meric chains [23] and a consequent optical anisotropy. The optical axis is
parallel to the rubbing direction. Dephasing dp between the extraordinary
and ordinary rays is an increasing function of the rubbing strength [23]
(typically dp < 1�). Similar dephasings were measured in the case of photo-
sensitive polymeric films irradiated by linearly polarized UV light [24]. The
anisotropy of the aligning layer leads to a very small further apparent sur-
face rotation c�. For dp << 1 rad, using the Oldano perturbative approach
[5–7] and neglecting the reflections from the various interfaces and the
contributions of the second order in a we get

c� ¼ g1

ffiffiffiffiffiffi
no

ne

r
a sin/e ¼ g1

1

Dk

ffiffiffiffiffiffiffiffiffiffiffiffi
nova
neK22

r
dpH sin/e; ð8Þ

where g1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ne=no

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
no=ne

ph i
=2 � 1, Dj ¼ 2p(ne�no)=k and ne and

no are the extraordinary and ordinary refractive indices of the NLC. This
contribution is usually negligible except for strong anchoring (c�<0.14�

for 5CB with T ¼ 25�C, H ¼ 5 kOe and dp < 1�).

3. EXPERIMENT

In order to prove the ability of the proposed method to measure somewhat
strong azimuthal anchoring energies, we used a strongly rubbed polyimide
film as orienting medium. The polyimide coated plates were purchased
from EHC Ltd. The glass plates (refractive index ns ¼ 1.51) are covered
by a 200 Å thin film of indium-tin oxide and by a thin hardly rubbed poly-
imide layer [Hitachi Chemical LX-5400(PIX-1400)]. The polyimide layer is
rubbed using a polyester roll. The rubbing parameters are: polyester fiber
length ¼ 8 mm; diameter ¼ 58 mm; roll rotation speed ¼ 600 rpm; speed of
glass ¼ 2 m=min and number of times ¼ 7. This rubbing procedure ensures
a strong enough azimuthal anchoring with a pretilt angle lower than 1�. The
optical dephasing introduced by the thin polyimide film has been measured
using the Senarmont method [25]. We find dp ¼ 0.1� � 0.02�. This dephas-
ing produces a maximum spurious rotation c�� 0.02� at the maximum
applied magnetic field H ¼ 7.76 kOe [see Eq. (8)]. This spurious rotation
is smaller than the random noise which is present in our experiment
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(�� 0.05�) and, thus, it will be disregarded in the analysis of the experi-
mental results. A wedge cell (h�1�) is built using two identical plates sepa-
rated by two mylar spacers of different thickness (60 mm and 160 mm). The
nematic LC 4-pentyl-40-cyanobiphenil (5CB) is purchased from MERK and
has the clearing temperature TNI ¼ 35�C. 5CB is introduced by capillarity
between the glass plates in its isotropic phase in order to avoid possible
aligning effects of the liquid flow [26]. A schematic view of the experimental
set-up is shown in Figure 3. The cell is contained in a thermostat which
ensures a stability better than 0.02�C and lies between the polar expansions
of a Brucker electromagnet. A He-Ne laser beam (k ¼ 632.8 nm and diame-
ter�1 mm) passes through a rotating polarizer P and impinges at normal
incidence on the first glass plate of the cell. The extraordinary beam
impinges on photodiode Ph1, while the ordinary beam is stopped by a black
screen (BS). A part of the incident beam is reflected (at nearly normal
incidence) by the glass plate G, passes through the analyzer A and is col-
lected by photodiode Ph2. Polarizer P rotates with the constant angular
velocity x ¼ 1.88 rad=s. In these conditions, the outputs I1(t) and I2(t)
of photodiodes Ph1 and Ph2 are sinusoidal functions of time t with pulsation
2x. A PC performs the Fourier analysis of them at frequency 2m and calcu-
lates amplitudes A1 and A2 and phases b1 and b2. Signal I2(t) gives a refer-
ence for the phase and the phase difference b ¼ b1�b2 is measured. When
the magnetic field is switched on, the change Db of the phase difference
between the two signals is measured. The surface director rotation D/1

is related to the measured phase change Db by Eq. (7).
In our standard experimental conditions, we set /e ¼ 85� � 1�. To mea-

sure the azimuthal anchoring energy, we switch on a magnetic field of
amplitude H and we measure the corresponding phase variation Db after
a few seconds when the director field has reached its stationary value.
For this kind of substrates we find that the gliding [27] of the easy axis

FIGURE 3 Schematic view of the experimental apparatus used to measure the

azimuthal anchoring energy. L ¼ He-Ne Laser, P ¼ rotating polarizer, A ¼ analyzer,

NLC ¼ nematic wedge cell, G ¼ glass plate, Ph1 and Ph2 ¼ photodiodes, BS ¼
black screen, H ¼ magnetic field. All the angles are exaggerated in order to make

the figure clearer.
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is negligible during this short time. The main uncertainty in the measure-
ment of the phase change Db comes from the phase noise that is of the
order of � 0.1� and leads to an uncertainty of � 0.05� on the surface direc-
tor rotation angle D/1 � Db=2 (Eq. (7)). Full points in Figure 4 represent
�Db=2 versus the magnetic field amplitude H for T ¼ 25�C and
/e ¼ 85�� 1�. In agreement with the theory, �Db=2 is a linear function
of H for small enough magnetic fields (see Eq. (6)) but non-linear contribu-
tions are clearly visible for H>2 kOe. They are due to the non-adiabatic
contribution c in Eq. (7). The full straight line represents the best
fit of the experimental results below H ¼ 2 kOe with the linear
function�Db=2 ¼ a1 H, where a1 is a free coefficient (the best fit value
is a1 ¼ 1.03 10�4 deg=Oe). The azimuthal anchoring energy coefficient is
calculated using the expression:

W ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
K22va

p
a1

sin/e: ð9Þ

Using K22 ¼ 3.93 10�7 dynes [21], va ¼ 1.07 10�7 [22], /e ¼ 85� and a1 ¼
1.8 10�6 rad=Oe we get W ¼ (1.13 � 0.2) 10�1 erg=cm2 which is a relatively
strong azimuthal anchoring energy (it corresponds to an extrapolation

FIGURE 4 Db=2 versus the intensity of the magnetic field when the easy director

angle at surface 1 is /e¼85��1� and temperature is T ¼ 25�C. Points represent the

experimental results, the full straight line represents the best fit of the experi-

mental results obtained for H < 2 kOe with the linear function �Db=2 ¼ a1 H.

The full curve represents the best fit of the experimental points with func-

tion�Db=2 ¼ a1Hþ a2H
2.
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length b ¼ K22=W ¼ 34.8 nm). The experimental results in the whole range
of magnetic fields are well represented by the quadratic function:

�Db
2

¼ a1H þ a2H
2; ð10Þ

where the linear contribution is the true surface rotation angle D/1, while
the quadratic contribution is due to the non-adiabatic apparent rotation c
(see Eqs. (5) and (7)). The full curved line in Figure 4 represents the best
fit of the experimental results with the quadratic function in Equation (10).

Figure 5 shows�Db=2 versus intensity H of the magnetic field for
/e ¼ 43.3�. Now, according to Eq. (5), the apparent rotation c gives a
much more important contribution to the experimental results. The
straight line in Figure 5 represents the theoretical dependence of �Db=2
which is obtained disregarding the non-adiabatic contributions [c ¼ 0 in
Eq. (7)] and substituting the measured anchoring energy coefficient
W ¼ 1.13 10�1 erg=cm2 in Equation (6). The full curve in Figure 5
corresponds to the best fit of the experimental results with Equation
(10). According to the theory [see Eq. (5)], a2 is expected to be pro-
portional to sin(2/1)�sin(2/e). Full points in Figure 6 show coefficient
a2 versus angle /e, while the full curve represents the best fit of the

FIGURE 5 Db=2 versus the intensity of the magnetic field when the easy director

angle at surface 1 is /e ¼ 43.3��1� and temperature is T¼25�C. Points represent

the experimental results, the broken straight line represents the behavior which

is predicted in the absence of non-adiabatic contributions (c¼0). The full line is

the best fit with Equation (10).
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experimental data with function a2 ¼ bo sin(2/e) [see Eq. (5)]. From the
best fit we obtain bo ¼ 0.0215 � 0.001 deg=kOe2 which is in a satisfactory
agreement with the value bo ¼ 0.0224 deg=kOe2 which is calculated using
the numerical integration of the Berreman equations with ne ¼ 1.717
and no ¼ 1.528 [20], K22 ¼ 3.93 10�7 dynes [21] and va ¼ 1.07 10�7

(c.g.s. unities) [22].

4. CONCLUSIONS

A new transmitted light method has been developed based on the theoreti-
cal predictions of the Berreman optical theory. This method uses a nematic
twisted wedge and improves greatly the accuracy and the measurement
range of the conventional light transmission methods. Accurate measure-
ments of somewhat strong azimuthal anchoring energies are possible with
this method. All the qualitative and quantitative theoretical predictions have
been confirmed by our experimental results. In particular, the main correc-
tions to the adiabatic theorem are quadratic in the intensity of the magnetic
field and become very small if the surface director is nearly orthogonal to
the magnetic field. The measurement method and the analysis of the experi-
mental results is very simple and direct. Furthermore the contributions due
to the bulk director distortion can be easily distinguished from the anchor-
ing ones simply looking at the linearity of the dependence of Db on H.

FIGURE 6 Coefficient a2 in Equation (10) versus the easy azimuthal angle /e. The

full line represents the best fit with function a2 ¼ bosin 2/e (see Eq. (5)).
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