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Very strong azimuthal anchoring of nematic liquid crystals on uv-aligned polyimide layers

S. Faetti,"* K. Sakamoto,” and K. Usami’
lPolylab of INFM and Dipartimento di Fisica, Universita di Pisa, Largo Pontecorvo 3, 56127 Pisa, Italy

>Nano-Architecture Group, Organic Nanomaterials Center, National Institute for Materials Science, 1-1 Namiki, Tsukuba,

Ibaraki 305-0044, Japan

3Department of Information Systems Engineering, Osaka Sangyo University, 3-1-1, Nakagaito, Daito-Shi, Osaka 574-8530, Japan

(Received 29 January 2007; published 21 May 2007)

The azimuthal anchoring energy of the nematic liquid crystal 4-n-pentyl-4’-cyanobiphenyl (5CB) on a
uv-aligned polyimide substrate with in-plane order parameter S'=0.2 is measured. The measurements are
performed at temperature 7=24 °C using simultaneously a high accuracy reflectometric method and a high
accuracy transmitted light method. With both the methods, we observe an apparent surface director rotation
opposite to the orienting torque that would correspond to a negative extrapolation length. It is shown that this
unusual behavior is due to the relatively high birefringence of the uv-aligned polyimide layers. Taking into
account for this birefringence, we find a small but positive extrapolation length. The experimental results are
interpreted in terms of a simple mesoscopic model where the nematic molecules are assumed to be rigidly
attached on the polymer surface and the measured extrapolation length is entirely due to the order parameter
variation in a thin interfacial layer where the nematic order parameter passes from the surface value to the bulk
value within a few nematic correlation lengths. Assuming the surface order parameter is Sy=0.37, the corre-
lation length of the nematic liquid crystal is estimated to be £.=2.4+1 nm. The corresponding thermodynamic

extrapolation length is d,=2.8+1.2 nm that corresponds to a very strong azimuthal anchoring.
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I. INTRODUCTION

Interfacial phenomena in nematic liquid crystals (NLC)
are an object of a lot of attention both for their relevance to
basic physics and for the applications in the optoelectronic
industry. The orientation of the director ng [ 1] 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. In the absence of external torques, the director is
aligned along the easy axis n, that minimizes the anchoring
energy W(ny) [1,2]. For strong anchoring [1,2] we write

oy 4y
=7 (b= ¢, (1)

where W, is the azimuthal anchoring energy coefficient and
¢, is the easy azimuthal angle. If an electric field E much
greater than the Freederickz threshold field is applied in the
surface plane along the x axis, a bulk director twist occurs
with characteristic length £=+K,/(€y€,)/E, where K, is the
twist elastic constant, €, is the vacuum permittivity, and €, is
the dielectric anisotropy [1]. For strong anchoring, the direc-
tor surface rotation is [1,2],

VK, €€, sin(¢,)E
W,

where d¢,=p;— ¢b,. Then, W, can be obtained from the mea-

surement of S¢p,. Transmitted light methods [3—11] and re-

flected light methods [12—15] are currently used to measure
the azimuthal anchoring energy. However, only a few of

8¢, = , 2)
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these methods can provide reliable measurements of strong
azimuthal anchoring energies. Indeed, if there is strong an-
choring, high external fields must be applied to the NLC in
order to induce an appreciable surface director rotation. In
these conditions, a strong director twist is present in the bulk
of the NLC that can greatly affect the optical measurements
especially in the case of transmitted light methods [9]. In two
recent papers [16,17] we have shown that the reflectometric
method proposed in [13] and the transmitted light method
proposed in [9] provide accurate measurements of strong azi-
muthal anchoring because they are poorly sensitive to the
bulk director twist. Recently, another high accuracy transmit-
ted light method that is poorly affected by the bulk twist has
been also proposed by Janossy [11].

In this paper, we use simultaneously both the transmitted
light and the reflectometric methods to measure the azi-
muthal anchoring energy at the interface between the NLC 4-
n-pentyl-4’-cyanobiphenyl (5CB) and a polyimide layer
aligned by irradiation with polarized uv light [18]. This sub-
strate induces a homogeneous planar director orientation
with a zero pretilt angle. The anchoring is determined
switching on an in-plane electric field at 80° with respect to
the easy axis and measuring the consequent surface rotation
of the director. A very small apparent surface director rota-
tion opposite to the surface torque [S¢p,>0 in Eq. (2)] is
found that would correspond to a negative anchoring coeffi-
cient and to a negative extrapolation length d,=K,/W, [1,2].
This behavior is observed with both the reflectometric and
the transmission light methods. Furthermore, it is also ob-
served if a magnetic field is applied in place of the electric
field. Using a numerical procedure based on the optical Ber-
reman theory of the anisotropic stratified media, we show
that the apparent negative surface rotation is the consequence
of a strong azimuthal anchoring and of a somewhat high
optical anisotropy of the uv-aligned polyimide. By taking
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FIG. 1. Schematic draft of the optical method. P denotes polar-
izer, A denotes analyzer, Ph; and Ph, denote photodiodes, NLC
denotes the wedge cell containing the NLC. System P-A is made by
two concentric crossed polarizers glued together.

into account for this anisotropy, the measured surface direc-
tor rotation is found to be very small but positive. The re-
sulting extrapolation length measured with the reflectometric
method is df=3.6il.6 nm, where suffix R denotes the re-
flectometric method. Then, the uv-aligned polyimide investi-
gated here is characterized by a very strong azimuthal an-
choring.

According to Yokoyama [19] (see also Sec. IV of the
present paper), the extrapolation length that is measured with
any experimental method, does not coincide with the thermo-
dynamically defined extrapolation length. To obtain the cor-
rect value of the thermodynamic extrapolation length, the
reflectometric or the transmitted light experimental results
must be analyzed using a microscopic or mesoscopic model
of the interfacial layer. Here, we show that the very small
extrapolation length that is measured in our experiment is
satisfactorily explained by a simple mesoscopic model of the
interfacial interactions. In this model, the nematic molecules
in contact with the polymeric layer are assumed to be rigidly
anchored on the substrate (strong microscopic anchoring)
and the extrapolation length is entirely due to the variation of
the nematic order parameter in a thin interfacial layer of
characteristic thickness comparable to the nematic correla-
tion length &.. As shown in Sec. IV, the thermodynamic ex-
trapolation length that reproduces our experimental results is
d,=2.8+1.2 nm that corresponds to the nematic correlation
length ¢ =2.4+1 nm.

II. EXPERIMENTAL METHOD

The theoretical basis of the reflectometric method and of
the wedge transmission method have been discussed exten-
sively in Refs. [13,9], respectively, while the experimental
apparatus, the experimental procedures, and the main error
sources have been discussed in Refs. [16,17]. Then, here we
only describe shortly the main features of both these meth-
ods. Measurements with both the methods can be performed
simultaneously with the same experimental apparatus as
shown schematically in Fig. 1. The simultaneous use of two
different experimental techniques is very important when
strong azimuthal anchoring is measured. In fact, in this case,
the maximum surface director rotation is very small and
there are many possible noisy effects that can affect the ex-
perimental results [ 16,17]. Then, the comparison between the
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results of the two different techniques provides a direct
check of the reliability of the experimental results.

A circularly polarized laser beam (He-Ne, A=632.8 nm)
passes through a polarizer P that rotates with angular veloc-
ity w=61 rad/s and impinges at nearly normal incidence
(about 1°) on a nematic wedged cell thermostated better than
0.1 °C. An electric field can be applied in the cell plane
along the x axis. The easy axis makes the angle ¢,=80° with
the electric field. The first glass plate of the cell is wedged
with a 1° wedge. The beam reflected by the first nematic-
polyimide interface (surface 2 in Fig. 1) passes through the
crossed analyzer A that rotates solidally with P and is fo-
cused on photodiode Ph;. The extraordinary transmitted
beam is collected by photodiode Ph,. The intensity of the
reflected laser beam is a periodic function with the 4-w
contribution [13],

I'(1) = A cos 4(wi - 5, - B5,), 3)

where A is a suitable coefficient, ¢fp is a contribution due to
the bulk director twist, and ¢y is the director surface rota-
tion with respect to the easy axis. The clock is synchronized
with the polarizer rotation in such a way that =0 when
polarizer P is parallel to the easy axis [20]. The intensity of
the extraordinary beam is also a periodic function of time
with the 2—w harmonic contribution [9],

I'(t) = B cos 2t — 5, — ply). (4)

where B is a coefficient and d)pr is the contribution of the

bulk twist. It must be emphasized here that the surface direc-
tor angle ¢,, that appears in the expressions of the reflected
and transmitted intensities [see Eqgs. (3) and (4)], corresponds
to the azimuthal director angle at the same polyimide-
nematic interface (surface 2 in Fig. 1). This important feature
of these experimental methods was shown in detail in Refs.
[9,13]. Then, the two methods are measuring the surface di-
rector orientation at the same interface. The outputs of the
two photodiodes Ph; and Ph, are sent to a PC computer that
makes the Fourier transform of the two signals at the angular
frequencies 4w and 2w, respectively, and calculates ampli-
tudes and phases for both of them (Labview). The azimuthal
rotation 8¢, can be obtained from the measurement of the
phase coefficient of the reflected intensity I”,

DR = 4(5p,+ i) (5)

or from the measurement of the phase coefficient ® of the
intensity I' of the extraordinary beam

DT =2(5¢, + diyy)- (6)

For the interface between a NLC and an isotropic medium,
gbfpp and ¢§pp are proportional to 1/& and, thus, to E2. With
the maximum electric field used in the present experiment
(E=0.2 V/um), ¢fpp can be disregarded because it is
smaller than 0.002°. Then, in the reflectometric case, d¢p; can
be directly obtained from the measurement of the experimen-
tal parameter ®X="/4. In the transmission case, gpp is not
negligible, but we can exploit the fact that d¢, is propor-
tional to E [see Eq. (2)] while gb:pp is proportional to E2. If

we define the apparent surface rotation (D£=CI>T/ 2, we get
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) = a/E + yiE?, (7)
where apE= 8¢, with

— VK> €€, sin(,)
ar= W . (8)
a

Coefficient ar and, thus, W, can be obtained experimentally
performing the polynomial best fit of the experimental values
of ®’ versus E [see Eq. (7)]. The main advantage of both
these experimental methods is that the surface director rota-
tion is simply obtained from the measurement of the phase of
an oscillating signal and no knowledge of the bulk material
parameters is needed to obtain d¢,. Note that the reflecto-
metric measurement is much more accurate than the trans-
mitted light one because it is virtually insensitive to the mac-
roscopic bulk director twist and does not require the
polynomial fitting procedure.

The 1° wedge and the flat BK7 glass plates of the cell are
separated by two brass stripes of different thicknesses (d,
=50 pum and d,=150 wum) that produce a wedge with angle
A@=2°. The internal glass surfaces of the cell are covered
by a 11 nm thick photoaligned polyimide film. The polyim-
ide contains azobenzene in the backbone structure, whose
molecular structure is shown in Fig. 1 of Ref. [18]. Its in-
plane orientation can be controlled by exposing the corre-
sponding precursor (polyamic acid) film to linearly polarized
uv light (LPUVL) at normal incidence. The average orienta-
tion direction of the polyimide backbone structures, which
defines the easy axis, is perpendicular to the polarization
direction of the LPUVL and lies in the film plane [18]. The
detailed preparation procedure of the photoaligned film is
described elsewhere [21]. The in-plane molecular orientation
was evaluated from the polarization angle dependence of a
strong absorption band centered at 351 nm. This band is as-
signed to the -7 transition of azobenzene [22] which is
polarized along the polyimide backbone structure. The absor-
bance ratio, S’=(A;—A )/(A+A ), of the polyimide films
used in this study was 0.20, where A, and A, are the absor-
bance for light polarized parallel and perpendicular to the
easy axis, respectively. The absorbance ratio S’ corresponds
to the “in-plane order parameter” of the polyimide backbone
structure [23,24]. The NLC is 4-pentyl-4’-cyanobiphenyl
(5CB) purchased by Merck and having the clearing tempera-
ture 7.=35 °C. It is inserted by capillarity in the cell under
vacuum. The two brass stripes make an angle of 10° with the
easy axis and their distance is D=2.45 mm. An ac high volt-
age V at frequency v=1 kHz can be applied between the two
stripes in a symmetric configuration (V,=-=V_=V/2) in such
a way to generate an electric field at 80° with the easy axis.
In these conditions, the electric field is almost uniform with
the value E=0.9V/D (see, Fig. 2 in [17]) in the central re-
gion between the electrodes where it impinges the laser beam
(beam diameter =0.6 mm). The maximum applied electric
field is E~0.2 V/um having an orienting effect comparable
to that of a 2.1 T magnetic induction.
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FIG. 2. Full points: apparent surface rotation angle <I>§ versus
the rms of the electric field measured with the reflectometric
method. The full line corresponds to the best linear fit with function
y=agE [see Eq. (2)] with ag=2.35° um/V. The sample tempera-
ture is 7=24 °C.

III. EXPERIMENTAL RESULTS

In this section, we report the experimental results ob-
tained using the two experimental methods.

Figure 2 shows the apparent surface director rotation CDﬁ
measured with the reflectometric method versus the rms
value of the electric field. The director rotation is propor-
tional to the electric field in agreement with the prediction of
Eq. (2). However, (I)i\e is positive, that is in the opposite sense
with respect to the bulk director rotation. This unusual be-
havior is observed only with uv-aligned polyimide films hav-
ing an in-plane order higher than S"=0.11. According to Eq.
(2), a positive value of 8¢ would correspond to a negative
value of the anchoring energy coefficient and to a negative
extrapolation length d,=K,/W,. Substituting in Eq. (2) the
experimental values K,=4.05X 107> N [25] and €,=13.4
[26] at temperature T=24 °C and the best-fit linearity coef-
ficient ag= 8¢,/ E=4.1 X 1072 rad um/V of Fig. 2 we get the
apparent negative extrapolation length d,**=-7.6+0.6 nm
[1]. The same kind of measurements were repeated in other
regions of the nematic cell and the same positive rotation
was observed with amplitude variations from point to point
lower than +15%. Positive rotations were measured for any
value of the temperature in the whole nematic range.

Figure 3 shows the apparent surface rotation ®;=®7/2
measured with the transmitted light method versus the elec-
tric field. As discussed above, the bulk director twist pro-
duces a quadratic contribution in E that becomes dominant at
high electric fields. For this reason, the maximum electric
field reported in Fig. 3 is appreciably smaller than that of the
reflectometric measurements (Fig. 2). Points in Fig. 3 corre-
spond to the experimental results, while the full line repre-
sents the best fit with Eq. (7). In Fig. 3 it is evident that the
linear contribution is opposite with respect to the quadratic
contribution that is related to the bulk twist. This means that
the apparent surface rotation is opposite to the surface torque
in agreement with the reflectometric results. The best-fit co-
efficient o is a@;=2.33° um/V that corresponds to a posi-
tive surface rotation and is close to the coefficient ay
=2.35° um/V obtained with the reflectometric method. The
dotted line in Fig. 3 represents the linear contribution. The
apparent extrapolation length that is obtained from the trans-
mitted light measurement is d} “*=-7.6+3 nm. Then, in this
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FIG. 3. Full points: Apparent surface rotation CD/Z measured with
the transmission method versus the rms of the electric field. The full
line corresponds to the parabolic best fit with function <I>£= arE
+y7E? in Eq. (7). The dotted line represents the linear best-fit con-
tribution due to the surface director rotation d¢=azE where ar
=2.33° um/V. The sample temperature is 24 °C. The broken line
represents the best fit that is obtained with coefficient a of the
linear term fixed at the value a7=1.84° um/V and coefficient yr as
a free parameter.

case too, we get a negative extrapolation length. The some-
what high uncertainty of the extrapolation length measured
with the transmitted light method is due to the fact that the
true surface rotation is obtained in an indirect way by mak-
ing a polynomial fit in a restricted range of applied electric
fields. This is evident if we look at the broken curve in Fig.
3 that is obtained by making the best polynomial fit holding
fixed the linearity coefficient at the value a;=1.84° um/V
that corresponds to the extrapolation length d)°*=-6 nm.
Measurements have been also performed using an orienting
magnetic field (B<<0.75 T) in place of the electric field. Us-
ing the reflectometric method, we still find an apparent nega-
tive anchoring with the azimuthal extrapolation length d;*
=-7.9+1 nm in a satisfactory agreement with the electric
field measurements. This means that electric field contribu-
tions not taken into account in the theory (flexoelectricity,
small nonuniformity of the electric field, surface polariza-
tion, efc.) do not play an important role in our experiment.

So far, we have considered the interface between a nem-
atic liquid crystal and an isotropic substrate. In our experi-
ment, the orienting polyimide layer has a relatively high in-
plane order parameter (S'=0.2) and, thus, it is expected to
have an appreciable optical birefringence. In fact, we find
that the extraordinary and the ordinary index of this polyim-
ide are n,,=2.184 and n,,=2.040, respectively. This corre-
sponds to the refractive indices anisotropy An,=0.144 that is
comparable to the NLC anisotropy (Arn=0.183 [27]). Then,
the effect of the polymer anisotropy on the reflectometric and
transmitted light measurements can be important. The con-
tributions of the polymer anisotropy to transmitted and re-
flected light measurements is analyzed in Appendixes A and
B, respectively [28]. Using numerical programs based on the
Berreman approach [29] to the optics of stratified anisotropic
media, we show that the anisotropy of the polymeric layer
affects the reflected and transmitted light measurements. In
particular, the extrapolation lengths that are measured with
these methods are related to the actual extrapolation lengths
through the simple relation:
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dleneaszde(l _X) _depa (9)

where d,“* is the measured extrapolation length and d, is the
actual extrapolation length. y<<1 is a dimensionless positive
coefficient and d,, is a positive characteristic length. These
latter parameters depend on the material parameters of the
NLC and of the polymer layer and on the kind of measure-
ment (reflected or transmitted light). Both of them vanish if
the anisotropy of the polymer layer is zero. Then, the true
extrapolation length of the NLC can be obtained using the
relation
meas
d,= del—-i-XdEE (10)

The order of magnitude of d,, is An,d,/An where An and
An,, are the anisotropies of the refractive indices of the NLC
and of the polymer, respectively (see Appendix A). The stan-
dard rubbed polyimide layers are characterized by a some-
what small optical dephasing (8,<0.5°) and, thus, the spu-
rious extrapolation length is d,, <4 nm. In particular, for the
rubbed polyimide layers that were investigated in Refs.
[16,17], the spurious extrapolation length d,, was lower than
1 nm. On the contrary, for uv-aligned polyimide layers with
high in-plane order parameter, the optical dephasing is ap-
preciably higher. The extraordinary and ordinary refractive
indices of our polyimide layer are n,,=2.184+0.004 and
n,,=2.040£0.003, respectively. Using these parameters to-
gether with the other material parameters of the SCB at tem-
perature 7=24 °C we can calculate numerically the param-
eters xy and d,, for the transmitted and reflected light
methods (see the appendixes). In the case of the reflectomet-
ric method we find x=0.065+0.006 and d,,=10.94+1 nm,
where the uncertainties are mainly due to the uncertainty on
the anisotropy of the refractive indices of the polymer layer
(=5%) and on the uncertainties on the elastic and dielectric
constants of the NLC (=5%). Substituting in Eq. (10) these
values together with the experimentally measured extrapola-
tion length d™*=-7.6+0.6 nm we obtain dX=3.6+1.6 nm,
where R denotes the reflectometric method. In the case of the
transmitted light method we find y=~0 and d,,=8.96+1 nm.
Then, using these values we get deT=1.84i4 nm, where T
denotes the transmitted light method. The very small ex-
trapolation lengths measured with the two methods are in
agreement within the estimated experimental uncertainty.
This is also evident if we look at the broken curve in Fig. 3.
This curve represents the result of the polynomial best fit of
the experimental transmitted light when coefficient a; of the
contribution linear in E is held fixed at the value correspond-
ing to the extrapolation length df measured with the reflec-
tometric method while the +y; coefficient of the quadratic
term is the only free parameter. Since the reflectometric re-
sult is more accurate than the transmitted light result, here
and below we will consider only the reflectometric value
d®=3.6+1.6 nm.

IV. ANALYSIS OF THE EXPERIMENTAL RESULTS

The experimental value of the extrapolation length is ap-
preciably smaller but of the same order of magnitude as that
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measured by some authors at the interface between a nematic
liquid crystal and a strongly rubbed polyimide layer
[10,11,16,17]. The very small extrapolation length df
=3.6 nm that is measured in our experiment is consistent
with other indirect experimental observations on nematic-
polyimide interfaces. Indeed, as pointed out by Chen et al
[30], the molecules in contact with a rubbed polyimide are
rigidly adsorbed on the surface through the polar end group
(-CN). The alignment of the first molecular layer remains
stable also if the temperature is increased well above the
clearing temperature so suggesting that the short-range align-
ing interactions with the polymer layer are very strong. Chen
et al. concluded that the azimuthal anchoring on rubbed
polyimides is mainly due to the short-range interaction be-
tween the polymeric aligned chains and the nematic mol-
ecules. This situation should hold also for photoaligned films
where it has been shown that the in-plane molecular order of
an adsorbed monolayer deposited by evaporation is almost
equal to that of the photoaligned film [31,32]. These experi-
mental results suggest that the first nematic molecular layer
is strongly anchored on the polyimide surface (strong micro-
scopic anchoring).

A. The meaning of the extrapolation length and the Gibbs
dividing surface

It is important to emphasize here that the surface director
rotation S¢p, that enters Eq. (2) does not correspond to the
actual rotation 8¢, of the nematic molecules in contact with
the polyimide film. Indeed, in the continuum theory of
NLCs, the nematic material is assumed to behave bulklike
everywhere up to the Gibbs dividing surfaces that are implic-
itly assumed to coincide with the position of the surfaces of
the solid orienting plates. This means that the elastic, the
magnetic, and the dielectric constants and any other material
parameter are assumed to have the same values in any point
of the NLC. With this assumption, the free energy density F
of the NLC is represented everywhere by the bulk Frank-
Oseen expression. The variations of the bulk material param-
eters that occur in a thin interfacial layer close to the surfaces
of the NLC lead to a surface excess of free energy. Then,
according to the Gibbs thermodynamics of the interfaces, the
total free energy can be written as follows:

G:deS+J Fav, (11)
S \%

where T is the surface free-energy density and the two inte-
grals are extended to the whole surface and to the whole
volume of the NLC, respectively. The anchoring energy W
represents the director-dependent contribution to the surface
free-energy density I'. If an electric field much higher than
the Freederickz threshold is applied along the x axis, the
director azimuthal angle that minimizes the bulk free energy

is [1]
P(z) =2 arctan[tan(%)exp(— z/g)] , (12)

where é=\K,/(€€,)/E is the electric coherence length, ¢,
=¢@(0) and the Gibbs dividing surface is at z=z;=0. Of
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FIG. 4. The broken line shows the azimuthal director angle ¢(z)
[see Eq. (26)] that solves the continuum bulk Frank-Oseen equation
versus distance z from the Gibbs dividing surface when the electric
coherence length is £=906 nm. The full line represents the actual
director angle ¢,.(z) [see Eq. (23)] in the interfacial layer when the
characteristic interfacial length is £.=2.9+1.3 nm. The surface ex-
trapolated angle ¢, differs appreciably from the actual surface angle

¢’dCt'

course, the material parameters of the NLC are different
from the bulk ones in a thin interfacial layer close to the
interface and the actual director field in the interfacial layer
can differ appreciably from that in Eq. (12) as schematically
shown in Fig. 4. Then, the actual surface angle ¢, can be
different from angle ¢, that appears in the definition of the
surface anchoring energy and in the boundary condition (2).
The extrapolation length is d,=z5—2,=-z,, Where z, repre-
sents the z coordinate of the point where the extrapolation of
the bulk distortion (broken line in Fig. 4) approaches the
easy angle ¢,.

According to the analysis above, angle ¢, in Eq. (1) is a
macroscopic thermodynamic parameter that corresponds to
the extrapolation of the bulk director angle up to the Gibbs
dividing surface z=z5=0. In a very interesting paper,
Yokoyama [19] showed that any experimental method used
to measure the anchoring energy measures the extrapolated
surface angle on an ideal reference surface z=z; that charac-
terizes the specific method and, in general, does not coincide
with the Gibbs dividing surface z=z5;=0. Then the extrapo-
lation length that is measured with a given experimental
method corresponds to zz—z, and not to the thermodynamic
value d,=—z,. |2z is expected to be of the order of the char-
acteristic thickness &, of the interfacial layer. If the true ex-
trapolation length is much greater than the thickness of the
interfacial layer (weak anchoring), all the experimental meth-
ods provide a substantially unambiguous measurement of the
thermodynamic extrapolation length. On the contrary, for
strong anchoring, as occurs in our experiment, the measured
extrapolation length can differ appreciably from the thermo-
dynamically defined value. For each experimental method,
the position z; of the reference surface depends on the spe-
cific microscopic structure of the interfacial layer. Then, its
precise position zz can be only determined using a specific
microscopic or mesoscopic model of the interfacial layer. In
particular, in the case of our optical reflectometric and trans-
mitted light methods, the position of the reference surface
will depend on the specific shape of the local director angle
¢,(z) and on the spatial variation of the NLC refractive
indices n,(z) and n,(z) in the interfacial layer.
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B. The model of the interfacial layer

According to Usami et al. [31], an adsorbed monolayer of
8CB deposited by evaporation on a uv-aligned polyimide has
an in-plane surface order parameter comparable to the in-
plane order parameter S’'=0.2 of the polymeric layer. We
emphasize here that the order parameter of polyimide and
8CB that was determined in [31] is not the uniaxial order
parameter S=(A,—A )/(A;+2A ) but the in-plane order pa-
rameter S'=(A,—A )/(Aj+A ). Since a single deposited
8CB monolayer has a biaxial character [31,33,34], we cannot
use the uniaxial order parameter S. One must use a tensor
order parameter to exactly describe its molecular order, in-
stead of S or S’. However, for simplicity, in the following
theoretical treatment we ignore the biaxiality and we use the
uniaxial order parameter S to describe the molecular order in
the interfacial layer. Furthermore, it must be emphasized
here that the theoretical model that will be discussed below
involves variation of macroscopically defined quantities (re-
fractive indices and elastic constants) on a length scale com-
parable with a molecular length. This should be considered
only as a rough approximation of the real situation which is
much more complicated. The important parameter in our
model is the uniaxial surface order parameter S of the first
nematic monolayer that corresponds to the measured in-
plane order parameter S’ =0.2. To obtain this parameter, we
follow the Zhuang et al. treatment [34] assuming that the
distribution function f(6’, ¢') of the NLC molecules can be
expressed as the product of two independent functions F(6")
and Q(¢') with

’ 2
F(0)=F, exp[— ( i ;0°> } (13)

(1 + > d, cos(n¢'))
0¢) ="~ , (14)

where 6’ is the polar angle of the molecular long axis with
respect to axis z' orthogonal to the substrate and ¢’ is the
azimuthal angle with respect to axis x’ parallel to the direc-
tor. Fy is a normalization constant and 6,, o, and d, are
coefficients characterizing the surface molecular distribution.
Using the distribution function f(6',¢")=F(6")0(¢’') we
find that the uniaxial surface order parameter S, and the in-
plane order parameter S’ are (see also [34])

oo (sin? @ cos(2¢')) _ d,
(sin 0") 2’

(15)

_g_ L, B
_B_2+ 27 (16)

(3 sin® @' cos®> ¢’ — 1)
S() =
2
where symbol (- --) denotes the average over the distribution
function and B=3(sin’® 6')/4. From Eq. (15) we obtain d,
=25"=0.4 for our uv-aligned polyimide. Note that polyimide
tends to favor a strong planar anchoring of molecules. Then
we expect 6, to be close to 90° and, thus, 8=3(sin> #')/4
~(.75. Indeed, using optical second harmonic generation
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with a 8CB monolayer deposited on a polyimide layer,
Zhuang et al. [34] found the polar parameters 6,=80° and
o=7° virtually independent of the rubbing strength. Substi-
tuting these values in Eq. (13) we calculate B=3(sin> 6')/4
=0.722 that, substituted in Eq. (15) with d,=0.4, gives S,
=0.366. Similar results are also obtained using 6,=81° and
0=5° measured by Barmentlo er al. [24] by optical second
harmonic generation. With these values, we obtain 5=0.73
and S,=0.375. Then, it seems to be reasonable to assume that
also for 5CB and for our uv-aligned polyimide, the surface
uniaxial order parameter is Sy=0.37. Above the interfacial
layer, the order parameter must approach the bulk uniaxial
value at temperature 7=24 °C that is S,=0.57 [35]. In the
interfacial layer, the local twist elastic constant K,(z) is ap-
proximatively proportional to the square of the local order
parameter S(z), that is K,(z)=K,5*(z)/S;, where K, is the
bulk elastic constant. As shown by Yokoyama et al. [36], if
the characteristic interfacial length &. is much smaller than
the magnetic coherence length &, the surface elastic torque

_S0dé
S dr

(17)

remains constant across the interfacial layer. The interfacial
variation of the order parameter produces also a change of
the local refractive indices that can appreciably affect the
transmitted and reflected beams. Neglecting the biaxiality in-
duced by the interface, we write

n,(z) =n—AnS(2)/(3S,), (18)

n,(2) =7 + 2AnS(2)/(3S)), (19)

where n=(n,+2n,)/3 is the isotropic refractive index. Ac-
cording to the Landau-De Gennes theory, for S, sufficiently
close to S, the interfacial variation of the surface order pa-
rameter is satisfactorily represented by the simple exponen-
tial form [36,37]

S(z) =S, +(So = S,)exp(=z/€.), (20)

where £, is a characteristic interfacial length and S, and S,
are the bulk and surface order parameters. &. depends on the
L, and L, parameters of the Landau-De Gennes expansion
and on the second derivative A, of the Landau-De Gennes
free energy at the equilibrium nematic point (S=S5,) and can
be written as follows:

_ LirLe) 3L
b= 24,  No24, 1)

where we have exploited the condition L,/6<<L, [38]. We
remind the reader that the correlation length &, that is ob-
tained from the light scattering measurements in the isotropic

phase is
=\ =\, 22
£=N\7T=\" (22)

where A=a(T—-T") is the known Landau-De Gennes coeffi-
cient that represents the second derivative of the free energy
at S=0. Then, according to Eq. (22), we can define the nem-
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atic correlation length & by replacing A with A as in Eq.
(22). Comparing Eq. (21) with Eq. (22), we obtain &,
~ V’%g{,: 1.22 ¢'. Then, the interfacial characteristic length
is close to the nematic correlation length. Substituting S(z) of
Eq. (20) into Eq. (17) with the boundary condition ¢(0)
= ¢, and with the surface elastic torque M.=-K, sin(¢,)/ &,
after simple calculations we get

& sin(de) S“;(d’e) (- gi ~In(M) + H), (23)

C

$(2) = oo +

where

M= S, = (S, = Sp)exp(=z/€,) ’ (24)
So

Sy Sy
H= _2
Sp— (S, = Sp)exp(-2/€) S

and ¢, is the actual surface director angle. For z> €., ¢(z)
must approach the bulk director solution that is

sin(<f>e)Z

g 9
where ¢, is the extrapolated surface angle. Comparing Eq.
(26) to Eq. (23) for z> £, we get the surface extrapolated

angle
_ . Esin(g) ( S, )
d’s - d)act g |:11’1 S()

The director distortion that is predicted by Eq. (23) for ¢,
=80°, £.=2.9 nm, and E=0.2042 V/um is represented by
the full line in Fig. 4. According to Eq. (27), the extrapola-
tion length d,=&(p,— ,)/sin(¢p,) that corresponds to such a

distortion is
d,=d,+ 5{ —So + ln<S—O , (28)

where the first term d,=&(p,— P,o)/sin(¢p,) represents the
short-range contribution to the extrapolation length due to
the actual surface director rotation while the second term
takes into account for the interfacial elastic distortion. Note
that the second contribution in Eq. (28) correctly vanishes if
So=S,. For S,<<S,, the elastic contribution is positive, then
we infer that the short-range contribution d,, is always
smaller than the total extrapolation length d,. As shown
above, many experimental observations suggest that the
polymer-nematic short-range interactions are very strong.
Then, it seems to be reasonable to assume that the first nem-
atic layer is strongly anchored at the polyimide surface [
d,=0 in Eq. (28)] and that the surface order parameter S, is
close to 0.37. In such a case the extrapolation length is en-
tirely due to the elastic interfacial contribution [second term
between the square brackets in Eq. (28)].

(25)

P(2) = ¢ - (26)

S, -8
+u]. (27)
So

C. Relation between the measured extrapolation length and
the interfacial characteristic length

Now, we have the following question: what is the extrapo-
lation length @ that is measured with our reflectometric
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method when the interfacial behavior is represented by Egs.
(18), (19), and (23)? To answer this question, we used the
numerical Berreman approach to calculate the apparent sur-
face rotation that will be measured with the reflectometric
method when the director distortion is that in Eq. (23) with
baei=b,=80° (strong short-range anchoring), the interfacial
refractive indices are those in Egs. (18) and (19) and the
NLC is sandwiched between two polyimide anisotropic lay-
ers of thickness 11 nm. The other material parameters are
those reported in Appendix A. We find that the measured
extrapolation length (expressed in nanometers) is a linear
function of the characteristic interfacial length &.. Assuming
Sy=0.37, we obtain

dP =—10.94 + 1.14&,. (29)

For £.=0 nm we recover the negative apparent extrapolation
length —d,,=-10.94 due to the anisotropy of the polyimide
layer [see Eq. (9)]. Substituting the experimental value
d;**=-7.6+0.6 in Eq. (29) we find the characteristic length
is £,=2.9+1.3 nm, where the uncertainty comes from the
uncertainty on &, and from the numerical uncertainties
due to the material parameters of the NLC and of the inter-
facial layer. The corresponding value of the nematic correla-
tion length is £ =§./1.22=2.4+1 nm.

It is interesting to compare the value of the correlation
length & that is obtained here with some results reported in
the literature. The correlation length & of 5CB has been
recently measured by Krich e al. [39] in the isotropic phase.
They found & =5 nm at the clearing temperature and &
~2 nm 11 °C above the clearing point. To the best of our
knowledge, the correlation length in the nematic phase of
5CB has not been measured directly but an estimation for
this parameter has been obtained by Lelidis er al. [40]. In
their experiment, the authors measured the change of the
order parameter induced in the nematic phase by a strong
electric field applied parallel to the nematic director. This
kind of measurement provides the experimental value of co-
efficient A, in Eq. (21). Using this value together with the
value of L that can be estimated from the known values of
the elastic constants and of the order parameter of 5CB, the
authors found ¢.=4.7+0.5 for T,-T=0.1°C and ¢
=1.7+0.2 nm for T,-T=3.8 °C. A comparable value of &
was calculated using the analogous experimental data ob-
tained by Malraison er al. [41] for 7CB using a high mag-
netic field (B=12 T). The agreement between these values of
& and our estimated value ¢ =2.4+1 nm is satisfactory. It
must be noted that, in a recent paper, Shao et al. [42] mea-
sured the average order parameter of a SCB NLC sand-
wiched between two polyimide films versus the thickness of
the NLC. From this thickness dependence, they were able to
obtain the characteristic thickness &. of the interfacial layer
for T,—T=4 °C. They found &.=10 nm that is much higher
than our experimental result. Similar results were also ob-
tained for the interface between a PVA rubbed film and the
NLC mixture GR-41 (Chisso Co. Ltd.) [43]. It is evident that
the disagreement between our estimated value of the interfa-
cial thickness and that obtained in Ref. [42] is very high and
cannot be justified by the different temperatures of the two
measurements. A possible reason for the high value of the
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interfacial characteristic thickness measured in [42] could be
related to the rubbing procedure. This method generates
grooves on the polymer layer with a typical depth of some
nanometers [33,44]. Grooves can affect appreciably the mea-
sured thickness of the interfacial layer because they simulate
a smoother transition from the polymer film to the NLC.
Since the surface of uv-aligned polyimides is expected to be
much more flat than that of rubbed polyimides, direct mea-
surements of the interfacial layer thickness for these materi-
als would be very interesting.

As expected by the analysis above, the reference surface
z=zp for the reflectometric method is expected to not coin-
cide with the Gibbs dividing surface z;=0. It is interesting to
obtain the value of zi for the interfacial distortion investi-
gated here. The measured extrapolation length that corre-
sponds to this distortion is given in Eq. (29). Substituting this
expression in Eq. (10) with x=0.065 and d,,=10.94 we ob-
tain the reflectometric extrapolation length df: 1.22 §.. Ac-
cording to the discussion above, this extrapolation length
corresponds to zp+d,, where d,=0.97 §. is the thermody-
namic extrapolation length [d, in Eq. (28) with d,,=0, S,
=0.37, and S,=0.57]. Then, the reflectometric reference sur-
face is at zz=0.25 &, inside the interfacial layer. The dis-
placement of the optical reference surface from the Gibbs
dividing surface is very small and, thus, the reflectometric
method is confirmed to be a very efficient technique to mea-
sure strong azimuthal anchoring. Similar conclusions can be
reached analyzing the transmitted light method.

V. CONCLUSIONS

In this paper, we have investigated the azimuthal anchor-
ing at the interface between a 5CB NLC and a thin uv-
aligned polyimide layer having the in-plane order parameter
S"=0.2. The experimental results clearly show that the mea-
surements of strong anchoring energies are somewhat com-
plex and require special care. In particular, the anisotropy of
the polymeric layer plays a very important role in the anchor-
ing energy measurements on these substrates that are charac-
terized by a strong anchoring and a high birefringence. It has
been shown that the optical anisotropy of our uv-aligned
polymer layer simulates a negative extrapolation length
whose absolute value is comparable to the thickness d,
=11 nm of the anisotropic film. This effect is particularly
relevant for highly oriented uv-aligned polymeric layers,
while it is usually negligible for rubbed polymeric layers.
Taking into account for this effect, we find that the extrapo-
lation length measured with the reflectometric method at the
nematic-polyimide interface is df =3.6%1.6 nm. The experi-
mental value of the extrapolation length is appreciably
smaller but of the same order of magnitude as that measured
by some authors at the interface between a nematic liquid
crystal and a strongly rubbed polyimide layer [10,11,16,17].
It must be noted, however, that much greater extrapolation
lengths and, thus, much smaller anchoring energies, have
been often reported in the literature for rubbed polyimide
films [6,45,46]. In our opinion, these latter weak azimuthal
anchoring energies are probably due to a very small rubbing
of the investigated substrates or to some drawback of the
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experimental methods. Indeed, measurements of strong an-
choring energies require special experimental methods and
very great care [9,19].

As clearly stated by Yokoyama [19], the extrapolation
length that is measured by any experimental method does not
correspond to the correct thermodynamic definition of the
extrapolation length because the reference surface for the
experimental method is virtually coincident with the Gibbs
dividing surface only in the special case where the thickness
of the interfacial layer is completely negligible with respect
to the extrapolation length. Such an effect can be disregarded
for weak anchoring, but it can become important in the case
of strong anchoring. For strong anchoring substrates, a reli-
able value of the thermodynamic extrapolation length can be
only obtained comparing the experimental results with the
predictions of a specific microscopic or mesoscopic model of
the interfacial layer (the so-called structure-model perspec-
tive [19]). Using this mesoscopic procedure, we showed that
the experimental results are in agreement with the prediction
of a simple interfacial model where the director is assumed
to be rigidly anchored on the polymeric layer and the mea-
sured finite extrapolation length is only due to the presence
of an interfacial layer where the local order parameter passes
from the surface value Sy=0.37 to the bulk value $,=0.57
within a few correlation lengths. The correlation length that
is estimated from our experimental results 11 °C below the
clearing point is &.=2.4+1 nm which is in satisfactory
agreement with some previous experimental results. Further-
more, the true thermodynamic extrapolation length is d,
=2.8+1.3 nm that is close to the reflectometric measured
value d§:3.6i 1.6 nm. However, it must be emphasized that
our model of the interfacial layer is somewhat rough because
we disregard completely the biaxiality of the interfacial layer
and we assume that the microscopic anchoring is much
greater than the macroscopic one. A more detailed analysis
of our experimental results would need a more complex the-
oretical procedure where the biaxiality of the interfacial layer
is taken into account and the surface potential of the
polymer-nematic interface is considered [36,47].
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APPENDIX A: EFFECT OF THE POLYMER ANISOTROPY
ON THE TRANSMITTED BEAM

Here we discuss the contribution of the anisotropy of the
orienting polymeric layer to the transmitted light measure-
ments. We consider a NLC layer of extraordinary and ordi-
nary refractive indices n, and n,, respectively, sandwiched
between two anisotropic polymeric layers of thickness d,
and refractive indices n,, and n,,. The polymer layers are
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coated on isotropic glass plates of refractive index n. The
polymers extraordinary axes are aligned along the easy axes
of the NLC interfaces. The director at the first surface (2 in
Fig. 1) makes angle S¢, with the easy axis. According to [9],
the beam transmitted through a twisted NLC is separated into
a “generalized” extraordinary beam that propagates with ve-
locity c¢/n, and a “generalized” ordinary beam that propa-
gates with velocity c¢/n,. Due to the bulk director distortion,
the polarizations of these beams are not the standard extraor-
dinary and ordinary polarizations. For sufficiently small di-
rector distortions, the transmission through the NLC is satis-
factorily described by the perturbative Oldano approach [5].
In this approach, reflections at the interfaces are disregarded
and the transmitted beam is described by the 2 X2 Jones
matrix. The transmission matrix is written in a rotating basis
that follows the director rotation. Then, the base vectors (1,0)
and (0,1) represent an electric field that remains parallel or
orthogonal to the local director, respectively. The base vec-
tors are normalized in such a way that they correspond to
extraordinary and ordinary beams of unitary intensity. We
define the perturbative parameters

deldzl,
= Al
=M AR (A1)
and
dldz)s
b=nA\ , A2
Ut 27 An (A2)

where An=n,—n, is the anisotropy of the refractive indices
of the NLC, d¢/dz|, and d¢/dz|y are the director deriva-
tives at the polymer-nematic interfaces 2 and 3 of the cell
(see Fig. 1) and 7,=\/(n,/n,)+(n,/n,)=1.002=1 for 5CB
at room temperature. The perturbative expansion of the
transmission matrix of the NLC at the first order in the pa-
rameters @ and b leads to the Oldano matrix that can be
written in the form [9]

0 ib

ia 1

1 ia
ib 0

O=¢"% +e'% (A3)

where 6, ,=2mn, ,d/\ with d=thickness of the NLC. The
first matrix term on the right-hand side of Eq. (A3), that we
will denote by O°, describes the propagation of the general-
ized extraordinary wave in the NLC, while the second term
describes the propagation of the generalized ordinary wave.
The transmission matrixes P, and P; of the polymer layers
written in the local reference systems where the x axis is
parallel to the director at each surface are P;=R;PR!, where
R; with i=2,3 is the rotation matrix from easy axis to the
director axis at the ith interface while P, is the diagonal
matrix

) (A4)

where 8, ,=27mn,, ,d,/\. The total transmission matrix for
the generalized extraordinary beam is
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T=P50°P,. (A5)

According to the analysis given in Ref. [9], the apparent

rotation angle ¢anp in eq. (4) at the first order in @ and b is

obtained using the theoretical expression

¢§pp = % arctan(alc_lb) ~ %(a,c—lbl) , (A6)
where
ar=Ti Ty + Ty Ty,
by=TioTyy + TpTo,
C1=2R6(T11T*12+ T21T*22)’ (A7)

where the asterisk denotes the conjugate of a complex num-
ber, Re is the real part, and T;; are the components of matrix

T. By retaining only contributions up to the first order in a
and b we get

o = 2ac, sin &, — s4 sin2(5p/2)
WP oM — 2(s2)zsin2(5p/2) +2as, sin 8,]

(A8)

where 8,=6,,~8,,=2mAn,d,/\ is the optical dephasing
across the polymeric layer, ¢,=cos(28¢,), s,=sin(25¢;), and
s4=sin(45¢;). ¢pr correctly vanishes for a zero anisotropy
of the polymer layer (8,=0). Note that ¢§pp does not depend
on the director angle at the second interface of the cell (3 in
Fig. 1). In fact, the director angle at the second interface
appears only in the polymer matrix P in Eq. (A5). It can be
easily shown that this matrix does not affect the intensity of
the transmitted beam but only the transmitted electric field
because it is a unitary and symmetric matrix. In our experi-
mental method, we are only interested to the contributions
that are proportional to the external field E [ay term in Eq.
(7)]. Both the perturbative parameter a and the director rota-
tion angle ¢, [see Eq. (2)] are proportional to the external
field. Then, only those contributions in Eq. (AS8) that are
linear in a and d¢, can affect our experimental measurement
of the director rotation angle. Evidencing these contributions
we have

¢l =asin(8,) -2 sin%(8,/2) 8¢, + 0(E),  (A9)

where O(E) are the higher order contributions in the electric
field. Then, the total phase signal measured with the trans-
mission method is

by = 5, + asin(8,) - 2 sin*(5,/2) 5, + 0’ (E),
(A10)

where 0’(E) denotes any higher order contribution (also
those disregarded in the Oldano approach). The second and
third terms on the left-hand side of Eq. (A10) are propor-
tional to the electric field and, thus, are equivalent to a posi-

tive apparent surface director rotation,
S¢p=asin(8,) - 2 sin*(8,/2) 5y, (A11)

that is to a negative apparent contribution d-*" to the extrapo-
lation length. For an electric field that is much higher than
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the Freederickz threshold field, the bulk director twist is very
accurately described by the semi-infinite sample approxima-
tion de/dz|,=-sin(¢,)/¢ and the apparent extrapolation
length [—£8¢/sin(¢,)] results,

dipp=_dep_Xde’ (AIZ)
where d,, and y are the two positive coefficients,
\ sin( 6,
= w (A13)
2m7An
X =2sin’(5,/2). (A14)

The extrapolation length that is measured with the transmit-
ted method is the sum of the true extrapolation length d, and
of the apparent one d3". Then

d:zneas=(1 _X)de_dep‘ (AIS)

The x term renormalizes the extrapolation length, while d,,
is an additive contribution. Note that, in standard conditions
X<<1 since 6,<1 and, thus, it can be completely disre-
garded. Then, the most important contribution comes from
d,,, that is of the order of magnitude as the thickness of the
anisotropic uv-aligned polymer layer. Indeed, for 8,<1, Eq.
(A13) becomes

g A, Al

An P An’ (A16)

where Al is the optical path difference across the polymer
layer. It must be emphasized here that, for the standard
rubbed polyimide layers, the optical dephasing is appreciably
smaller than that of photoaligned polyimide films and this
leads to a smaller contribution to the measured extrapolation
length (typically d,, <4 nm). In particular, in the case of the
rubbed polyimide films investigated in Refs. [16,17], the op-
tical dephasing was <<0.1° that corresponds to a spurious
extrapolation length d,, lower than 1 nm. The main reason
for the important contribution of the polymeric layer in our
experiment is the relatively high average refractive index of
the photoaligned Azo-PI films compared to the conventional
polyimides films (e.g., 7=1.74 for PMDA-ODA at 632.8 nm,
while 7=2.088 for Azo-PI) and its large in-plane anisotropy.

The results above were obtained using the Oldano pertur-
bative approach that disregards any reflected beam. The “‘ex-
act” optical behavior of the NLC can be obtained using the
optical approach developed by Berreman [29] and the com-
plex numerical procedure described in Ref. [9]. Using this
numerical procedure, we calculated the optical dephasing ¢/§
for different values of the electric field and for a strongly
anchored NLC (d,=0). Then, we made the polynomial best
fit of ¢£(E) and we extracted the contribution a;E that is
linear in the electric field and that corresponds to the appar-
ent surface rotation 8¢. The full line in Fig. 5 represents the
numerically calculated value of the best-fit coefficient ay
versus the surface easy angle for d,=11 nm, n,,=2.184,
n,,=2.040, n,=1.711, n,=1.528 and using the BK glass re-
fractive index n=1.515. The elastic constant and the dielec-
tric anisotropies of the NLC at 7=24 °C are K,=4.05
X107 N and €,=13.4, respectively. The extrapolation
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FIG. 5. Apparent surface rotation per unit electric field
(1 V/um) versus the angle ¢, between the easy axis and the elec-
tric field. The full line represents the apparent surface rotation cal-
culated numerically using the Berreman approach for d,=0. The
broken line represents the approximated value given by Eq. (A1l).

length is assumed d,=0, that is d¢,=0. We have also verified
that, as expected [see Eq. (All)], the correction due to a
finite value of the extrapolation length [ 8¢, # 0 in Eq. (A11)]
is completely negligible. The broken line in Fig. 5 corre-
sponds to the surface rotation predicted by Eq. (All). The
agreement between the numerical results and the analytical
approximated expression is satisfactory. The small discrep-
ancies are due to the reflections at the interfaces that were
disregarded in the perturbative approach. In fact, we have
verified that these discrepancies become vanishingly small if
the refractive indices of the polymer layer are chosen the
same as those of the NLC so eliminating multiple reflections
in the polymeric layer.

APPENDIX B: EFFECT OF THE POLYMER ANISOTROPY
ON THE REFLECTOMETRIC METHOD

Here we discuss the influence of a residual anisotropy of
the substrates on the reflectometric measurements of the sur-
face director rotation ¢, and of the extrapolation length d,.
In this case, we make only a numerical analysis based on the
Berreman algorithm. The numerical procedure has been al-
ready described in detail in the appendix of Ref. [13], then
we only report here the numerical results. The numerical
procedure allows us to calculate the apparent rotation angle

Tllllllllllllllllll/l/'—

0.6 d
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L 04r .
g 02F .
0.0 lllllllllllllllllll-L
0.00 0.05 0.10 0.15 0.20
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FIG. 6. Apparent surface director rotation due to the anisotropy
of the polymeric layer in the case of reflectometric measurements.
The full line represents the apparent surface rotation versus the rms
of the electric field for a strongly anchored NLC (d,=0). The bro-
ken line represents the spurious rotation for d,=10 nm.
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FIG. 7. The full line represents the apparent surface rotation per
unit electric field (E=1 V/um) versus the easy angle ¢, in the case
of the reflectometric method and for d,=0. The broken line repre-
sents the spurious rotation predicted by Eq. (A11) in the transmitted
light case.

¢§:¢R/ 4 and, thus, the spurious rotation angle J¢= <;/>§
—6¢, due to the polymer and to the bulk distortion. Here we
are interested in the beam reflected at the first polymer-
nematic interface (2 in Fig. 1) passing through the crossed
analyzer. The calculation of the spurious director rotation
due to the anisotropic layer was already reported by one of
the authors in Ref. [13]. However, in Ref. [13] we disre-
garded the director distortion in the NLC and we accounted
only for the presence of a finite angle d¢, between the direc-
tor axis and the extraordinary axis of the polymer layer. This
is equivalent to consider only the term —2 sin*(8,/2) 8¢, in
Eq. (A11) for the transmitted beam. As shown in Ref. [13], in
agreement with what happens for the transmitted beam, this
contribution leads to a decrease of the measured surface di-
rector rotation ¢, that is negligible in the standard experi-
mental conditions (less than 5%). However, as well as what
happens for the transmitted beam, the effect of the director
bulk distortion is not negligible for a NLC interface having a
strong azimuthal anchoring. For this reason, we repeat here
the calculations taking also into account the director twist
contributions.

Figure 6 shows the spurious rotation angle d¢ versus the
rms of the electric field E. The parameters used for calcula-
tions are dpzll nm, n[,e:2.184, np(,=2.040, n=1.515, n,
=1.711, n,=1.528. The elastic constant and the dielectric
anisotropy of 5CB are K,=4.05X 107> N and €,=13.4, re-
spectively. The full line in Fig. 6 represents the spurious
rotation versus the rms of the electric field £ when the ex-
trapolation length of the NLC is d,=0 (the director at the
surface remains fixed and 8¢,=0) and the easy angle is ¢,
=80° as in our experimental conditions. We see that qua-
dratic contributions in E are completely negligible here and
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FIG. 8. Points represent the contribution of the layer anisotropy
to the measured extrapolation length versus the actual extrapolation
length. The easy angle is ¢,=80°. The full line represents the linear
best fit with Eq. (B2).

that the apparent surface rotation d¢ is proportional to the
rms of the electric field. The broken line in Fig. 6 shows the
behavior when the extrapolation length of the NLC is d,
=10 nm. We see that, in this case, the effect of a finite ex-
trapolation length is small but not completely negligible con-
trary to what happened for the transmitted light measure-
ments.

The full line in Fig. 7 shows the dependence of the appar-
ent surface rotation per unit electric field (E=1 V/um) on
the angle ¢, between the easy axis and the director for d,
=0 nm. For comparison, the broken line in Fig. 7 represents
the surface apparent rotation given by the analytical function
obtained in the transmitted light case [Eq. (A11)]. In analogy
with the transmitted light case, we expect that the apparent
extrapolation length due to the anisotropic layer can be writ-
ten in the simple form

dzpp=_dep_xde7 (Bl)
where d,, and x are positive coefficients. This is fully con-
firmed by our numerical calculations. Points in Fig. 8 repre-
sent the numerically calculated values of d5*° versus d,. The
line represents the best linear fit. From the best fit we obtain
d,,=10.94 nm and x=0.0654. The total extrapolation length
that is measured in the experiment is d;“*=d,+d.*. Then,
the extrapolation length d, of the NLC can be obtained from
the reflectometric measured extrapolation length d;* using
the expression

meas
A -d,

de - (BZ)
1-x

[1] P. G. de Gennes, The Physics of Liquid Crystals (Clarendon,
Oxford, 1974).

[2] S. Faetti, in Physics of Liquid Crystalline Materials, edited by
I. C. Khoo and F. Simoni (Gordon and Breach, New York,
1991).

[3] J. Sicart, J. Phys. (France) Lett. 37, L-25 (1976).

[4] H. A. van Sprang, J. Phys. (Paris) 44, 421 (1983).

[5] G. Barbero, E. Miraldi, C. Oldano, M. L. Rastrello, and P. T.
Valabrega, J. Phys. (Paris) 47, 1411 (1986).

[6] T. Oh Ide, S. Kuniyasu, and S. Kobayashi, Mol. Cryst. Lig.
Cryst. 164, 91 (1988).

[7] E. Polossat and I. Dozov, Mol. Cryst. Liqg. Cryst. Sci. Technol.,

051704-11



FAETTI, SAKAMOTO, AND USAMI

Sect. A 282, 223 (1996).

[8] I. Gerus, A. Glushenko, S. B. Kwon, V. Reshetnyak, and Y.
Reznikov, Liqg. Cryst. 28, 1709 (2003).

[9] S. Faetti and G. C. Mutinati, Phys. Rev. E 68, 026601 (2003).

[10] S. Oka, T. Mitsumoto, M. Kimura, and T. Akahane, Phys. Rev.
E 69, 061711 (2004).

[11] I Janossy, J. Appl. Phys. 98, 043523 (2005).

[12] S. Faetti, V. Palleschi, and A. Schirone, Nuovo Cimento Soc.
Ital. Fis., D 10D, 1313 (1988).

[13] S. Faetti and G. C. Mutinati, Eur. Phys. J. E 10, 265 (2003).

[14] F. Z. Yang, H. E. Chey, and J. R. Sambles, J. Opt. Soc. Am. B
18, 994 (2001).

[15] F. Z. Yang, H. J. Gao, and J. R. Sambles, J. Appl. Phys. 92,
1744 (2002).

[16] S. Faetti, Mol. Cryst. Liq. Cryst. 421, 225 (2004).

[17] S. Faetti and P. Marianelli, Phys. Rev. E 72, 051708 (2005).

[18] K. Sakamoto, K. Usami, M. Kikegawa, and S. Ushioda, J.
Appl. Phys. 93, 1039 (2003).

[19] H. Yokoyama, Mol. Cryst. Liq. Cryst. 165, 265 (1988).

[20] For the description of the synchronization procedure we refer
the reader to [17,16].

[21] K. Sakamoto, K. Usami, Y. Uehara, and S. Ushioda, Appl.
Phys. Lett. 87, 211910 (2005).

[22] H. Fliegl, A. Kéhn, C. Hittig, and R. Ahlrichs, J. Am. Chem.
Soc. 125, 9821 (2003).

[23] A. Kaito, K. Nakayama, and H. Kanetsuna, J. Macromol. Sci.,
Phys. B26, 281 (1987).

[24] M. Barmentlo, N. A. J. M. van Aerle, R. W. J. Hollering, and J.
P. M. Damen, J. Appl. Phys. 71, 4799 (1992).

[25] T. Toyooka, G. Chen, H. Takezoe, and A. Fukuda, Jpn. J. Appl.
Phys., Part 1 26, 1959 (1987).

[26] A. Bogi and S. Faetti, Liq. Cryst. 28, 729 (2001).

[27] P. Karat and N. V. Madhusudana, Mol. Cryst. Liq. Cryst. 36,
51 (1976).

[28] The contribution of the polymer anisotropy to the reflectomet-
ric method was already discussed in the appendix of Ref. [13].
However, in this paper, the important contribution of the direc-
tor twist was disregarded.

[29] D. W. Berreman, J. Opt. Soc. Am. 62, 502 (1972).

PHYSICAL REVIEW E 75, 051704 (2007)

[30] W. Chen, M. B. Feller, and Y. R. Shen, Phys. Rev. Lett. 63,
2665 (1989).

[31] K. Usami, K. Sakamoto, Y. Uehara, and S. Ushioda, Appl.
Phys. Lett. 86, 211906 (2005).

[32] K. Usami, K. Sakamoto, Y. Uehara, and S. Ushioda, J. Appl.
Phys. 101, 013512 (2007).

[33] N. Ito, K. Sakamoto, R. Arafune, and S. Ushioda, J. Appl.
Phys. 88, 3235 (2000).

[34] X. Zhuang, L. Marrucci, and Y. R. Shen, Phys. Rev. Lett. 73,
1513 (1994).

[35] R. G. Horn, J. Phys. (France) 39, 105 (1978).

[36] H. Yokoyama, S. Kobayashi, and H. Kamei, J. Appl. Phys. 61,
4501 (1987).

[37] D. Johannsmann, H. Zhou, P. Sonderkaer, H. Wierenga, B. O.
Myrvold, and Y. R. Shen, Phys. Rev. E 48, 1889 (1993).
[38] R. Barberi, F. Ciuchi, G. E. Durand, M. Iovane, D.
Sikharulidze, A. M. Sonnet, and E. G. Virga, Eur. Phys. J. E

13, 61 (2004).

[39]J. J. Krich, M. B. Romanowsky, and P. J. Collings, Phys. Rev.
E 71, 051712 (2005).

[40] 1. Lelidis, M. Nobili, and G. Durand, Phys. Rev. E 48, 3818
(1993).

[41] B. Malraison, Y. Poggi, and J. C. Filippini, Solid State Com-
mun. 31, 843 (1979).

[42] X. Shao and T. Uchida, Jpn. J. Appl. Phys., Part 2 43, L312
(2004).

[43] L. Xuan, T. Tohyama, T. Miyashita, and T. Uchida, J. Appl.
Phys. 96, 1953 (2004).

[44] Y. B. Kim, H. Olin, S. Y. Park, J. W. Choi, L. Komitov, M.
Matuszyk, and S. T. Lagerwall, Appl. Phys. Lett. 66, 2218
(1995); M. P. Mahajan and C. Rosemblatt, J. Appl. Phys. 83,
7649 (1998).

[45] M. Vilfan and M. Copic, Phys. Rev. E 68, 031704 (2003).

[46] B. Zhang, P. Sheng, and H. S. Kwok, Phys. Rev. E 67, 041713
(2003).

[47] T. J. Sluckin and A. Poniewierski, in Fluid Interfacial Phe-
nomena, edited by C. A. Croxton (Wiley, New York, 1986),
Chap. 5.

051704-12



