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Strong azimuthal anchoring energy at a nematic-polyimide interface
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Some years ago we proposed an automated reflectometric method to measure the director azimuthal angle at
the interface between a nematic liquid crystal and another medium. The method ensures a great accuracy and
sensitivity and is virtually unaffected by the presence of a director bulk distortion. This latter property makes
it possible to measure strong anchoring energies. In the present experiment, we use this method to measure the
azimuthal anchoring energy at the interface between the nematic liquid crystal 4-pentyl-4’-cyanobiphenyl
(5CB) and a rubbed polyimide layer. This kind of interface is characterized by a strong azimuthal anchoring
and, thus, it represents a good test for the proposed reflectometric method. An ac planar electric field is applied
to a nematic layer and the consequent azimuthal rotation of the director at the interface is measured. The
anchoring energy coefficient W, at room temperature is strong (W,=0.33 X 1073 J/m?) and decreases greatly
as the clearing temperature is approached. The time response of the azimuthal surface director angle to a
stepwise electric field evidences the characteristic slow dynamics which is currently observed for weak an-

choring substrates.
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I. INTRODUCTION

Interfacial phenomena in nematic liquid crystals (NLC)
are object of a lot of attention both for their relevance to
basic physics and for the applications in the optoelectronic
industry. Nematic liquid crystals are usually sandwiched be-
tween two plane transparent solid plates that determine the
resulting orientation of the average long molecular axis de-
noted by the unit vector n(r) (the director) [1]. The director
orientation at the interface is characterized by the zenithal
angle 6, with the normal z-axis and the azimuthal angle ¢,
with a x axis on the surface plane. The alignment of the
surface director ng is determined by the competition between
surface and bulk interactions. In the absence of external
torques, the director is aligned along the easy axis n, which
minimizes the surface anchoring energy W(ny) [1,2]. W(ny)
represents the work which is needed to rotate the director
from the easy axis n, toward the actual surface orientation
ng. The anchoring at the interfaces plays an important role on
the macroscopic behavior of nematic liquid crystals. Indeed,
the bulk director field, the threshold fields and the dynamic
behavior of NLC are greatly affected by the anchoring en-
ergy. If 6, is held fixed and equal to the easy polar angle 6,,
W(6,, p,) becomes a function of ¢, only and is called the
azimuthal anchoring energy. If the director remains close to
the easy axis, the azimuthal anchoring energy is well repre-
sented by the parabolic form:

W,
Wz?(d)s_d)e)z’ (1)
where W, is a coefficient named azimuthal anchoring energy

coefficient and which measures the strength of the azimuthal
anchoring.

* Author to whom correspondence should be addressed. Email ad-
dress: faetti@df.unipi.it

1539-3755/2005/72(5)/051708(9)/$23.00

051708-1

PACS number(s): 61.30.Hn

The azimuthal anchoring energy can be measured apply-
ing an azimuthal external torque on the director and measur-
ing the consequent change of the surface azimuthal angle.
The external torque can be generated either applying external
fields (magnetic, electric) or exploiting the competition be-
tween different surface orientations (hybrid cell). Different
experimental methods have been proposed to measure
the azimuthal surface director rotation. Most of them consist
on the optical measurement of the polarization state of either
transmitted [3—11] or reflected [12—19] light. All these meth-
ods provide accurate measurements of weak azimuthal
anchoring energies (W,<107*J/m?), but most of them
are not appropriate to measure strong anchoring energies
(W,>10"*J/m?). Indeed, the measurement of strong an-
choring energies needs the application of high external
torques on the nematic sample to produce an appreciable
surface director rotation. These torques induce a rotation of
the director at the surface but also an interfacial director twist
with a small characteristic length which affects the polariza-
tion state of the transmitted and the reflected light. This noisy
effect is especially relevant for the transmission light meth-
ods and leads to spurious optical signals that simulate great
apparent surface rotations. For strong anchoring, the appar-
ent surface rotations can be some orders of magnitude higher
than the true surface director rotation.

In a recent paper [15] we proposed an automated reflec-
tometric method which provides high sensitivity and high
accuracy and is virtually insensitive to the specific optical
characteristics of the interface. Furthermore, with the choice
of a special geometry, the reflectometric method is virtually
unaffected by the presence of the bulk director twist also in
the high external fields regime. Therefore, strong azimuthal
anchoring energies can be measured accurately with this
method.

The interface between a nematic liquid crystal and a
rubbed polyimide substrate is currently used both in experi-
mental investigations of liquid crystals and in display indus-
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try. This interface is known to be chemically stable and to
induce a strong azimuthal anchoring [10]. Therefore, this
kind of interface represents a good test for our reflectometric
method. In this paper we report measurements of the azi-
muthal anchoring energy between the nematic liquid crystal
5CB and a substrate of rubbed polyimide. The azimuthal
anchoring energy is measured as a function of the tempera-
ture. We find a strong azimuthal anchoring at room tempera-
ture characterized by the anchoring coefficient W,=0.33
%107 J/m? which corresponds to the small extrapolation
length [1] d,=12 nm. The anchoring energy greatly de-
creases as the temperature approaches the clearing tempera-
ture 7,=35 °C. The dynamic response of the surface azi-
muthal angle to a step-wise planar electric field is
characterized by a first fast response (time scale lower then a
few seconds) followed by a very slow drift (time scale
greater than many minutes and hours). A similar slow drift
has been often reported in the literature in the case of weak
anchoring and has been explained in terms of a gliding of the
easy axis [13,19-26]. Note that also a gliding of the surface
zenithal angle has been recently reported for the interface
between 5CB and the same rubbed polyimide used for the
present experiment [27]. From these experimental results we
infer that the gliding phenomenon is not a peculiar feature of
weak anchoring but is a very general property which charac-
terizes the interfacial interactions between a nematic liquid
crystal and a different medium. In Sec. II, we shortly de-
scribe the experimental apparatus and the nematic cell and
the experimental procedure used to measure the spatial de-
pendence of the electric field. In Sec. III, the experimental
measurements of the anchoring energy are reported together
with the evidence for the easy axis gliding. Section IV is
devoted to conclusions.

II. EXPERIMENTAL PROCEDURES
A. The wedge cell and the experimental apparatus

The details of the reflectometric method have been dis-
cussed extensively in Ref. [15], then here we only summa-
rize the main points. The method exploits the anisotropy of
the reflection coefficients at the interface between a nematic
liquid crystal and an isotropic medium.

Figure 1 shows schematically the experimental apparatus.
A  monochromatic laser beam (He-Ne, A=632.8 nm)
passes through a polarizer P, a basculating compensator
C and a mirror M. Then, this beam passes through a polar-
izer P, which rotates with the constant angular velocity
®=5.71 rad/s. The polarizer P and the basculating compen-
sator C are set in such a way to produce a circular polariza-
tion of the optical beam reflected by mirror M,. For an el-
liptic polarization, the intensity of the beam transmitted by
the rotating polarizer P is a sinusodal function with pulsa-
tion 2w. The oscillation amplitude vanishes for a circularly
polarized wave. In our experiment, we set the optical com-
pensator C in order to reduce the residual modulation ampli-
tude at the pulsation 2w much lower than 0.5%. Note that,
also in these conditions, a 4% modulation at the pulsation w
is always present in the experiment due to some spurious
contribution caused by the non-ideality of the rotating polar-
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FIG. 1. (a) Experimental reflectometric apparatus. P and P;
(i=1,2)=polarizers, C=tilting optical compensator, M; (i=1,2,3)
and M[(i=2,3), W=wedge glass plate (wedge angle of 1=°L; (i
=1,2)=lenses, Ph; (i=1,2)=photodiodes, NLC=wedge cell with
the NLC, and T=thermostatic box. The system P;-A; represents
two concentric crossed polarizers glued together and rotating at a
constant angular velocity. (b) Detail of the system of the crossed
rotating polarizers P;-A,. The polarizers are made by two crossed
concentric polaroids glued together on the border line.

izer P,. However, according to the analysis reported below,
this latter modulation does not appreciably affect the accu-
racy of the anchoring energy measurements. The beam trans-
mitted by polarizer P, impinges at nearly normal incidence
(within 1°) on a nematic wedge cell inserted in a thermo-
static box that ensures a temperature accuracy and stability
better than 0.1 °C. The beam reflected by the nematic-
polyimide interface passes through analyzer A; which is
crossed with respect to polarizer P; and rotates solidally with
it. Then the beam is focused on photodiode Ph;. A reference
beam is obtained by inserting an isotropic wedge glass plate
W between the polarizer P; and the nematic cell. The beam
reflected by the glass plate passes through a fixed polarizer
P, and is focused on photodiode Ph,. The output of photo-
diode Ph, is a cosinusoidal signal at the angular frequency
2w with a phase which can be set at any value by changing
the orientation of polarizer P,. This signal provides a phase-
reference signal in our experiment. According to Ref. [15],
the intensity of the reflected laser beam which impinges on
photodiode Ph, is

Ir(t) = IobO[aO — COos 4(wt - ¢s - ¢app)]’ (2)

where I, is the intensity of the incident beam, b, is a suitable
reflectivity coefficient, a; is an adimensional coefficient
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(ap=1), ¢, is the surface director azimuthal angle and ¢,,,
is an apparent rotation due to the presence of the bulk direc-
tor twist. It has been shown that this apparent rotation is very
small also for relatively strong interfacial twist distortions.
Furthermore, it is further reduced if the director at the sur-
face is close to 90° with respect to the external orienting field
(magnetic or electric). In the present experiment we use an
electric field which makes an angle of 85° with
the surface easy axis. At the maximum electric field
(E=0.4 V/um), the apparent rotation is ¢,,,<0.002° which
is completely negligible with respect to the true surface di-
rector rotation which is of the order of one degree. Then, the
oscillating signal in Eq. (2) is reduced to

I'(t) = 1,bolag — cos 4(wt — ¢y)]. (3)

The surface azimuthal angle ¢, can be simply obtained
from the measurement of the phase of the reflected intensity
I" in Eq. (3). Note that this measurement does not require the
knowledge of the bulk constants of the NLC and any fitting
procedure. These features make the reflectometric method
very simple, accurate and direct. The outputs of the two pho-
todiodes Ph; and Ph, are sent to a PC computer which
makes the Fourier transform of the two signals at the angular
frequencies 2w and 4w calculating amplitudes and phases of
both signals.

The cell containing the NLC [see Figs. 2(a) and 2(b)] is
made by two plane glass plates separated by two brass stripes
of different thicknesses (d;=50 um and d,=100 wum) that
produce a wedge with angle Af#=~1.6°. The internal glass
surfaces of the cell are covered by a thin film of polyimide
(Nissan Corporation SE-3510) which has been rubbed with a
velvet roll along a given axis in the plane of the layer. The
rubbing is unidirectional and done a single time (one pas-
sage). The rubbed polyimide plates were supplied by S. Joly
of Nemoptic. An important parameter which characterizes
the strength of rubbing is the total length L of the rubbing
cloth which contacts a certain point of the substrate. This
parameter depends on the number N of cumulative rubs
(N=1), on the contact width [/ of velvet on the glass plate
(I=2% 1072 m), on the number n of revolutions of the velvet
roll (n=500 rpm) on the radius r of the velvet roll (r=4.75
% 1072 m) and on the translation velocity v of the substrate
stage (v=10"2 m/s). Using the theoretical expression of L
given in Eq. (2) of Ref. [28], we find L=5 m. This treatment
gives a strong anchoring with the pretilt angle 6,~6°.

The wedge shape of the cell makes possible to separate
spatially the different beams that are reflected by the two
glasses and to select the ones coming from the first glass
(air-glass reflected beam and glass-polyimide reflected
beam). The beam reflected by the isotropic air-glass interface
of the first glass has the same polarization of the incident
beam and, thus, is stopped by the crossed analyzer A;. Then,
only the beam reflected by the anisotropic polyimide-nematic
interface can pass through the rotating analyzer A,. The NLC
used in this experiment is 4-pentyl-4’-cyanobiphenyl (5CB)
purchased by Merck and having the clearing temperature
T.=35°C. The NLC is inserted by capillarity in the cell
under vacuum to avoid the formation of air bubbles. The two
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FIG. 2. Schematic top (a) and side (b) views of the wedge cell
containing the NLC. The two figures are not in scale. Glass I and
glass II are two plane glasses, whilst A and B are two brass stripes
of different thicknesses at distance D=1.78 mm. The internal sur-
faces of the glasses are covered by a thin rubbed polyimide layer.
An ac voltage V, applied between the two electrodes, generates an
electric field E along the y axis which makes the angle S8=85° with
respect to the rubbing direction of polyimide. The light grey stripe
shown in (a) represents the region of the cell where the electric field
is virtually uniform and equal to £=0.90 V/D.

brass stripes make an angle of about 5° with the rubbing axis
and their distance is D=1.78 mm. An ac voltage at the
500 Hz frequency with the maximum value of 700 V rms
can be applied between the two stripes to produce an electric
field at 85° with respect to the rubbing direction. The voltage
amplifier used to generate the high voltage electric field pro-
vides two simultaneous voltage outputs V; and
V,=-V, (symmetrical with respect to ground) which are
connected to the two conducting stripes of the cell. This kind
of electrical connection minimizes the space inhomogene-
ities of the electric field.

B. The electric field spatial distribution and the measurement
method

For strong anchoring energies, appreciable surface direc-
tor rotations can be only obtained by applying sufficiently
strong external azimuthal torques. For this reason, in this
experiment we use an electric field instead of a magnetic
field. Indeed, our maximum electric field (rms value
E=0.4 V/um) is equivalent to a magnetic induction field of
about 4 T. Furthermore, the use of an electric field allows us
to avoid spurious signals due to the Faraday rotation in the
glass windows of the thermostatic box and in those of the
nematic cell. This spurious rotation is negligible for weak
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FIG. 3. Dependence of E* on the y distance from the thicker
electrode. Full points represent the measured values of the adymen-
sional parameter E"=[tan(A¢.)]""%, where A¢, is the measured
dephasing. The full line represents the best fit with a fifth-order
polynomial, whilst the broken line represents the average value of
E". The rms average value of the applied voltage is V=218 V and
the modulation frequency is ,,=18.8 rad/s.

anchoring but could be not completely negligible in the case
of very strong anchoring.

A drawback of the use of the planar electric field is that
this field is not uniform and its precise spatial behavior is not
known. For this reason we have performed a preliminary
measurement in order to determine the space variation of the
electric field between the two electrodes and to localize the
regions of the cell where the electric field is sufficiently uni-
form. The experimental method exploits the proportionality
of the response time of the director field to E~2 [1] (the
electric field is much greater than the Freedericksz thresh-
old). In this experiment, we use a polarizing microscope to
obtain an enlarged image of the nematic sample between the
two electrodes using white light. The sample is observed
between crossed polarizers and is rotated until the extinction
position is reached where the NLC appears dark. Then, an
electric field much higher than the Freedericksz threshold is
switched on and the NLC becomes bright due to the presence
of a strong director twist. The light outcoming from a small
circular area of the NLC (0.05 mm diameter) is focused on a
photodiode. The output of the photodiode is connected to the
input of a lock-in amplifier. Then the ac electric field is
modulated at a low frequency with modulation amplitude
lower than 10%. In these conditions, the output of the pho-
todiode oscillates at the modulation frequency with a dephas-
ing A, which is due to the finite response time of the twist
distortion. Before starting the measurements, we have veri-
fied experimentally that tan(A¢,) is proportional to E~2,
where E is the average rms value of the modulated electric
field. Therefore, the parameter E"=[tan(A¢,)]""/? in different
points between the electrodes satisfies the simple condition
E=aE", where « is a suitable multiplicative coefficient.

Full points in Fig. 3 are the experimental values of E” at
different distances from the thicker electrode. We see that the
electric field increases greatly close to the two electrodes and
reaches a virtually constant value in a central region of the
cell at distances between 0.5 mm and 0.9 mm from the
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thicker electrode. The broken line in Fig. 3 represents the
space average value of E*. From Fig. 3 we see that the ratio
between the value of E at the center of the cell and the
average value is 0.90. Then, the electric field at the center of
the cell can be obtained using the simple expression E
=0.9 V/D where V is the difference of potential between the
electrodes and D is the distance between the electrodes. All
the following measurements of surface director angles re-
ported in this paper have been performed using a laser beam
which impinges in this region of the sample where the elec-
tric field is virtually uniform (light gray stripe in Fig. 2). The
diameter of the laser beam spot on the nematic cell is
~(0.25 mm.

In order to measure the azimuthal anchoring energy, we
use the procedure below.

(1) Without an applied electric field, we measure the
phase ¢, of the 4w component of the signal and the phase ¢,
of the 2w component of the reference signal. Then, the com-
puter calculates the parameter d¢p= ¢;/4— ¢p,/2. Rotating po-
larizer P, on the reference beam, we set d¢p=0 degrees.

(2) We switch on the electric field (much greater than the
Freedericksz threshold) and we measure the variation AdS¢
of 8¢ after the short director relaxation time (<1 s). Accord-
ing to Eq. (3), the azimuthal rotation A¢, of the director at
the surface is just given by Ade.

(3) The anchoring energy coefficient is, then, obtained
using the simple expression (see Ref. [13]):

a VK y,€,€ E sin(B)
- Ag,

where K5, is the twist elastic constant of 5CB, €, is its
dielectric anisotropy, €, is the vacuum dielectric constant,
E is the rms value of the ac electric field, 8=85° is the
azimuthal angle between the easy axis and the electric
field and A, represents here the absolute value of the
surface director rotation.

Equation (4) holds for electric fields much higher than the
threshold field and for small surface rotations. For higher
surface director rotations, the parabolic approximation of the
anchoring energy in Eq. (1) has to be replaced by the well
known Rapini-Papoular expression [1] and W, is obtained
using the equation

Wa ; (4)

_ 2VKye,6 Esin(B-Agy)
“ sin(2A ¢,) ’

which reduces to Eq. (4) for A¢,<1 rad.

(5)

III. EXPERIMENTAL RESULTS
A. Experimental sources of noise and preliminary results

For strong anchoring energies, the surface rotations in-
duced by strong external torques are somewhat small and,
thus, a special care must be devoted to avoid spurious signals
that can simulate apparent surface rotations. Furthermore, the
intensity of the beam reflected by the nematic-polyimide in-
terface is very small and, thus, the diffused light which im-
pinges on the photodiode can trouble the experimental re-
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sults. Another source of errors (probably the most important)
is related to the rotating polarizers. In our experiment, the
rotating crossed polarizers P; and A are made by two circu-
lar concentric polaroid plates that are glued together with the
polarizing axes at 90° [see Fig. 1(b)]. During the rotation of
the polarizers, the reflected beam passes through different
points of the analyzer [see Fig. 1(a)]. Therefore, possible
inhomogeneities of the extinction ratio of the polaroids can
produce a spurious modulation of the measured signal that
can affect the phase measurement. In our opinion this is ac-
tually the most important source of systematic noise in the
experiment. This spurious modulation is probably respon-
sible for a 2w component of the reflected intensity at zero
applied field which is always observed in the experiment
together with the expected 4w-component. For this reason,
polaroids that ensure high and homogeneous extinction ratios
(>0.5% 10% everywhere have been carefully selected. This
choice leads to a great reduction of the amplitude of the 2w
component. One other possible source of errors is due to the
presence of a residual birefringence of glasses and of the
rubbed polyimide orienting layer. Indeed, it is known [29]
that the rubbed polyimide shows a small birefringence (the
typical optical dephasing between extraordinary and ordinary
beam is =1°). The order of magnitude of the systematic
error induced by this birefringence on the measurement of
the surface director rotation can be estimated by measuring
the oscillation amplitude A, of the reflected intensity I”(z)
after the rotating analyzer A;. For a NLC in the isotropic
phase in the contact with an isotropic substrate, this ampli-
tude should be zero whilst it is different from zero if some
small birefringence of the substrate occurs. In order to avoid
pretransitional effects due to the residual nematic order at the
interfaces, the measurements in the isotropic phase have to
be done at a temperature well above the clearing value
(T-T,>1 °C). It has been shown [15] that the ratio between
the amplitudes 1, (isotropic) and I,(nematic) measured when
the NLC is, respectively, well above and below the clearing
temperature represents a good estimate of the relative error
on the director surface rotation due to the residual birefrin-
gence of the substrate.

Figure 4 shows the experimental amplitude A, of the os-
cillating signal [1,b, in Eq. (3)] for different temperatures.
This amplitude decreases as the temperature approaches the
clearing value and becomes close to zero for 7-7,.=~2 °C.
The ratio A (isotropic)/ A (nematic) remains below 0.01 in
the whole nematic range. Then, according to the theoretical
results in Ref. [15], we can conclude that this error source
leads to a relative uncertainty on the measurement of the
surface director rotation lower than 1% in our experimental
conditions.

The oscillation amplitude A, of the intensity of the re-
flected beam for isotropic polyimide is expected to be pro-
portional to

n,—n, n,—n(6, 2

R=|-"
n,+n, n,+n(6,)

(6)

where n,, is the ordinary refractive index of the NLC, n, is

the refractive index of polyimide, 6, is the pretilt angle and
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FIG. 4. Full points represent the measured oscillation amplitude
A, of the intensity of the reflected beam for different values of the
temperature 7. 7, is the clearing temperature of the NLC. The os-
cillation amplitude is nearly vanishing above the clearing tempera-
ture (point at 7-7.~2 °C). The full line represents the best fit with
the function y=c,R(T) where c, is a free coefficient and R(7) is the
function defined in Eq. (6).

n(6,) is the refractive index seen by the extraordinary wave
which is given by [30]

1 cos’( 6,) sin?( 6,)
2 9

n( Bp)z ng n,

(7)

where n, is the extraordinary refractive index of the NLC.
Using the experimental data of the refractive indices of SCB
[31] together with the parameters n,=1.7 and 6,=6°, we find
that R in Eq. (6) is satisfactorily fitted by the simple analyti-
cal expression R(T)=0.00126(0.707-T,)*36% where T, is the
reduced temperature (7,=7-T,). The full line in Fig. 4 rep-
resents the best fit of the experimental oscillation amplitudes
A, with the function y=c,R(T), where c, is the only free
fitting coefficient (c,=234). Although it is evident the pres-
ence of small systematic deviations (of the order of 3%), the
satisfactory agreement between experiment and theory sug-
gests that error sources as those due to light diffusion from
the NLC or to inhomogeneities of the rotating polarizers are
not relevant in our experimental conditions.

Another important test of reliability of the measurements
consists on measuring the surface director rotation A, in-
duced by the switching on of the electric field in different
points of the NLC sample. For a uniformly rubbed polyim-
ide, a constant value of A, is expected. According to our
previous experience, space variations of Ag; are often evi-
dence for the presence of spurious noise contributions. Fig-
ure 5 shows the surface rotation which is measured at the
switching on of the electric field in different points along the
x axis parallel to the electrodes in the central region of the
NLC where the electric field is virtually uniform [see Fig.
2(a)]. Within the random experimental noise, the surface ro-
tation is the same everywhere. Finally, the elastic theory pre-
dicts that the surface rotation angle must be proportional to
the rms value of the applied electric field E [see Eq. (4)] if it
is much higher than the Freedericksz threshold field E, (E,
<0.01 V/um in our experimental conditions). This theoret-
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FIG. 5. Surface azimuthal rotation A ¢, of the director due to the
switching on of an electric field with rms value £=0.24 V/um.
Full points represent the rotation angle in different points of the cell
along the x axis parallel to the electrodes. All these measurements
have been performed in the central region between the electrodes
where the electric field is nearly uniform. The horizontal full line
represents the average value of A¢,. The temperature of the sample
is 7=24.8 °C. The error bars correspond to two standard
deviations.

ical prediction is well satisfied by the experimental results
shown in Fig. 6. Note that many spurious sources of noise as
well as, for instance, the Kerr effect in the glass plates and
the small mechanical deformations of the glass plates pro-
duced by the electric field depend on the square power of the
electric field. Therefore, the linearity of our experimental re-
sults demonstrates that these sources of systematic errors are
negligible in our experiment.

B. Measurements of azimuthal anchoring energy

Figure 7 shows the director surface rotation Ad
versus temperature when an electric field with rms value

IIIlIIIIIIIIIIIIIIIIIIIIIIIIIII

1.2
1.0
s 08

0
<

J 06 T=24.8C
® cxperimental values
fity=0FE

with o =4.0293

OO lllIIIIIIIlllllllIIIIllllllllIl_

0.00 0.05 0.10 0.15 0.20 0.25 0.30
E (V/um)

0.4

0.2

IIIIIIIIIIIIIIIIIIIIIIIIII_L

FIG. 6. Surface azimuthal rotation A ¢, of the director due to the
switching on of an electric field versus the rms value E of the
applied ac field. Full points represent the experimental results. The
full line corresponds to the best fit with the theoretical linear func-
tion y=akFE. The temperature of the sample is 7=24.8 °C. The error
bars correspond to two standard deviations.
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FIG. 7. Surface azimuthal rotation A ¢, of the director due to the
switching on of an electric field versus the reduced temperature
T,=T-T,. The rms value of the electric field is E=0.24 V/um. The
error bars correspond to two standard deviations.

E=0.24 V/um is switched on. It is evident that A,
increases greatly as the temperature approaches the clearing
value. Substituting in Eq. (4) the experimental values of the
elastic constant K, [32] and of the dielectric anisotropy [33]
together with the experimental values of E, B and Adg,,
we obtain the anchoring energy shown in Fig. 8(a) and the
corresponding extrapolation length d,=K,,/W, shown in
Fig. 8(b).

It is evident from these experimental results that the
anchoring energy at room temperature is very strong
(W,=0.33%107% J/m?=0.33 erg/cm?) and the extrapolation
length is small (d,=12 nm). This anchoring energy is about
ten times the one which has been measured with obliquely
evaporated SiO at 60° [13] and many orders of magnitude
higher than those that are usually measured in the literature
on other kinds of substrates [3,4,9,19]. The anchoring energy
reduces greatly while approaching the clearing temperature.
Note that the extrapolation length in Fig. 8(b) shows an ap-
preciable increase whilst increasing the temperature. We re-
mind that the extrapolation length d, is defined by
d,=K»,/W,, where K,, is the twist elastic constant which is
virtually proportional to the square power of the scalar order
parameter S [1]. Then, the increase of d, with the tempera-
ture means that the anchoring energy coefficient decreases
with the temperature much more rapidly than S>. An analo-
gous decrease of the anchoring energy while approaching the
clearing temperature has been often observed for weak [19]
and moderately strong anchoring [13]. In order to have an
indirect confirm of these experimental results we have also
performed some measurements of the azimuthal anchoring
energy using a different experimental method with transmit-
ted light which was recently proposed by one of us [11]. Due
to the use of the wedge geometry, with this method we avoid
the interference effects between extraordinary and ordinary
beams that greatly affect the accuracy of the standard trans-
mitted light methods [5]. In this experiment, we use the same
laser beam which impinges on the nematic wedge cell in Fig.
1 but we detect the transmitted ordinary (or extraordinary)
beam instead of the reflected one. Due to the wedge shape of
the cell, the incident laser beam is separated into an ordinary
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FIG. 8. (a) Azimuthal anchoring energy at the polyimide-5CB
interface versus the reduced temperature. (b) Extrapolation length at
the polyimide-5CB interface versus the reduced temperature.

and an extraordinary beam. It has been shown that the am-
plitudes of both these beams oscillate at the angular fre-
quency 2w. The phase coefficients are related to the surface
azimuthal angle of the director and to the characteristic
length of the twist bulk director distortion. In our experimen-
tal geometry, the spurious contribution due to the interfacial
director twist is somewhat small and is quadratic in the am-
plitude of the electric field. On the contrary, the phase change
due to the surface director rotation induced by the switching
on of the electric field E is proportional to E. Thus, the two
contributions can be easily separated by a proper fitting pro-
cedure. The anchoring energies measured here with the trans-
mitted light method are consistent with those obtained by the
reflected light method. However, the accuracy and the re-
peatability of these latter experimental results are much
lower. In particular, the anchoring energies measured with
the transmitted light method using the extraordinary ray or
the ordinary ray can differ the one from the other up to 30%.
A still greater difference is found as far as the quadratic
contributions due to the director twist are concerned. For
more details on the transmitted light results we refer the
reader to Ref. [34]. These observed differences between or-
dinary and extraordinary transmitted beams are not predicted
by the theory developed in [11] and will be the object of
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FIG. 9. Time response of the surface azimuthal director angle at
the switching on of an electric field £=0.29 V/um at the reduced
temperature 7,=7-T,=-0.2 °C. The electric field is switched on at
time r=42 s. After a first fast response time (<1 s), the azimuthal
angle shows a very slow drift due to a gliding of the easy axis.

further experimental and theoretical investigations. In con-
clusion, these latter experimental results with transmitted
light confirm that the azimuthal anchoring at our nematic-
polyimide interface is strong and demonstrate also that the
reflectometric method remains actually the most accurate
technique for strong anchoring energies measurements. The
very high value of the measured azimuthal anchoring energy
could be surprising, however it has to be emphasized that the
experimental values of the azimuthal anchoring energy coef-
ficients measured in the present experiment are comparable
with those that have been recently reported in the literature
[10,35] for similar polyimide rubbed substrates purchased by
EHC. In these latter experiments the anchoring energy was
measured using high accuracy transmitted light techniques.
On the the other hand, it has to be noted that our values of
the azimuthal anchoring energy are much higher than the
experimental values reported in references [6,36,37] for
polyimide-nematic interfaces. Unfortunately, the value of the
rubbing strength was not reported in the references [6,36,37]
and, thus, a detailed comparison with our experimental re-
sults is not possible here. In fact, some experimental results
[28] indicate that the anchoring energy depends greatly on
the rubbing strength parameter L. In particular, in the
case of the PVA-nematic interface, Sato et al. [28] found that
the extrapolation length d, is inversely proportional to the
rubbing strength L in the measurement range 0 <<L<<0.9 m.
At the maximum value of L (L=0.90 m) they found
d,~ 80 nm. In our experiment, the rubbing strength is some-
what high (L=5 m) and this feature is consistent with a
small value of the extrapolation length.

The time response of the surface director angle to a step-
wise electric field is characterized by a fast initial response
followed by a very slow relaxation. Figure 9 shows a typical
time response of the surface director angle to the electric
field. The electric field is switched on at time r=42s. A
systematic investigation of the slow relaxation regime is not
possible due to the presence of some thermal drift in the
experimental signals which is superimposed to the actual di-
rector relaxation. Indeed, due to the presence of a strong
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anchoring, the slow relaxation of the director at the surface is
characterized by a small amplitude. Therefore, a small ther-
mal drift affects appreciably the observed slow dynamics.
Note that an analogous slow dynamics has been recently ob-
served by other authors on rubbed polyimide substrates pur-
chased by EHC and giving a strong azimuthal anchoring
[35]. Finally, it has to be noticed that a similar behavior was
recently observed [27] for the time response of the zenithal
surface director angle at the same polyimide substrate used
in our experiment. Therefore, the slow surface dynamic re-
gime characterizes both the azimuthal and the zenithal relax-
ation of the director at the surface.

A similar slow dynamics of the surface azimuthal angle is
currently observed in the case of weak azimuthal anchoring
[20-26]. In such a case, it has been demonstrated [26] that
the fast response time is virtually coincident with the char-
acteristic bulk director reorientation time in the electric field.
After this short characteristic time, the surface director angle
reaches the quasistationary equilibrium condition where the
equilibrium surface elastic torque is balanced by the restor-
ing anchoring torque [see Eq. (4)]. With the typical electric
fields used in our experiment, this fast response time is lower
than 1 s. On the contrary, the slow dynamics is related to a
gliding of the easy axis toward the direction of the electric
field. This relaxation is characterized by a strongly nonexpo-
nential behavior and is well represented by a stretched expo-
nential [19,26] or a power law [25]. The physical origin of
the gliding is still object of investigation. This phenomenon
is usually explained with the anisotropic adsorption desorp-
tion of nematic molecules from the interface (see, for in-
stance, Ref. [38] and references therein). However, in the
case of polymeric substrates, also a slow rotation of the sur-
face polymeric chains due to the applied surface elastic
torque could play some role [25]. We emphasize that obser-
vation of both a zenithal and an azimuthal gliding of the easy
axis in the case of a strong anchoring energy demonstrates
that the gliding phenomenon is a very general phenomenon
that characterizes any kind of interface. In fact, we have
always observed this typical slow dynamics in all our previ-
ous experiment with a lot of different substrates (PVA,
glasses, SiO, PVCN, ...) having weak or moderately strong
anchoring energies.

PHYSICAL REVIEW E 72, 051708 (2005)

IV. CONCLUSIVE REMARKS

In this paper, we have measured the azimuthal anchoring
energy at the interface between a rubbed polyimide layer and
the NLC 5CB using a recently proposed high accuracy re-
flectometric method. A strong azimuthal anchoring is found
at room temperature (W,=0.33X 107 J/m?). Due to the
smallness of the surface director rotation induced by the ap-
plied electric field, a great care has been devoted to control
the many possible sources of spurious signals that could af-
fect appreciably the experimental results. Furthermore, we
have also performed some measurements using a high accu-
racy transmitted light technique that was recently proposed.
Although the experimental results obtained with this latter
method are affected by a much higher uncertainty and show
a minor repeatibility, they are consistent with the reflecto-
metric results. The anchoring energy is found to be uniform
on the whole polyimide layer and to decrease greatly as the
clearing temperature of the NLC is approached.

The dynamic response of the surface director azimuthal
angle to the external electric field exhibits the typical slow
dynamic regime (gliding of the easy axis) which is usually
observed in the case of weak anchoring substrates. This re-
sult agrees with very recent experimental results obtained by
other authors for the azimuthal director angle at a similar
polyimide interface [35]. The same behavior was recently
observed on the same polyimide substrate as far as the ze-
nithal surface director angle is concerned [27]. All these re-
sults demonstrate that the gliding of the easy axis at a nem-
atic interface is a very general phenomenon which is not
only related to weak anchoring substrates but characterize
any kind of interface.
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