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Abstract. In this paper we report an experimental investigation on the dynamics of the azimuthal direc-
tor reorientation at a nematic-solid interface. Three qualitatively different kinds of substrates have been
investigated: I) intrinsically anisotropic SiO-substrates (60°-evaporation), II) isotropic SiO-substrates (0°-
evaporation) and III) rubbed PVA-substrates. In the case II), an in-plane anisotropy was induced cooling
slowly the thermotropic nematic liquid crystal (NLC) from the isotropic phase in the presence of a 0.75 T
magnetic field. The reorientation dynamic of the surface azimuthal director angle at the switching-on and
off of a magnetic (or electric) field has been investigated. All the substrates show comparable azimuthal
anchoring energies and two dynamic regimes: a fast dynamic response, driven by the bulk director re-
orientation and an extremely slow reorientation. The slow dynamics is explained in terms of anisotropic
adsorption of NLC molecules on the solid substrate and is well represented by a stretched exponential.
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1 Introduction

The macroscopic properties of nematic liquid crystals are
described by the director n which represents the average
orientation of the liquid crystal molecules [1]. In absence of
external torques, the surface director ng is oriented along
the easy axis ng that corresponds to a minimum of the an-
choring energy W (ng, ng) [2,3]. The surface director orien-
tation is defined by two angles: the surface polar angle 6
with respect to the normal to the interface and the surface
azimuthal angle s with respect to an axis on the surface
plane. If the surface azimuthal angle is fixed, W (ng, ng) is
a function of the surface polar angle only and is called po-
lar anchoring energy. On the other hand, by keeping fixed
the polar angle, W(ns,ng) is a function of the surface
azimuthal angle only and is called azimuthal anchoring
energy [3].

Here we focalize our attention on the azimuthal an-
choring of thermotropic nematic liquid crystals (NLC).
Two basic mechanisms have been proposed to explain
the azimuthal anchoring. The first one is due to the di-
rect van der Waals interactions between the NLC and the
anisotropic molecules of the substrate. Such a mechanism
is probably responsible for the azimuthal anchoring on
rubbed polymeric layers where the long polymeric chains
are aligned along the rubbing direction [4]. The second
mechanism has been proposed by Berreman [5] to explain
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the anchoring on grooved substrates (obliquely evaporated
SiO and holographic gratings). He showed that, if the in-
teractions with the substrate favor a planar director align-
ment with a strong polar anchoring, the elastic free energy
is minimized when the surface director is aligned along
the grooves. Such an elastic model has also been gener-
alized to account for the effects of a weak polar anchor-
ing [6]. However, these two anchoring mechanisms cannot
explain all the experimental observations. In particular, it
is known that a stable azimuthal anchoring can be induced
in an isotropic substrate if the NLC is introduced in a cell
flowing parallel to the substrate or if the NLC is slowly
cooled from its isotropic phase in the presence of an orient-
ing magnetic (or electric) field [7-9]. Both these phenom-
ena can be explained assuming that the NLC molecules
which are oriented by the flow or by the external field
are anisotropically adsorbed on the substrate. It results
an azimuthal anchoring due to the interactions between
the adsorbed molecules and the bulk nematic molecules.
A contribution of the absorption to the anchoring energy
is expected to be present also in the case of the standard
anisotropic substrates (polymeric rubbed substrates, SiO-
treated substrates, holographic gratings...).

The relevance of the absorption for the azimuthal
anchoring is also reflected by the very peculiar dynamics
of the azimuthal director angle [10-15]. In the liter-
ature, the surface dynamics of the director is usually
described introducing a surface viscosity coefficient ~g
in analogy with the ~-bulk orientational viscosity [16].
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From a simple dimensional analysis, one expects
Ys = ~yLint, where Liy is a characteristic microscopic
interfacial length which can depend on the surface
director orientation. A model for the surface vis-
cosity has been recently reported in reference [17].
However, the surface viscosity is not sufficient to
explain the complex dynamics of the director az-
imuthal angle, and, in particular, the ultra-slow relax-
ation of the azimuthal director angle which has been
observed both with lyotropic and thermotropic nematic
liquid crystals [10-15,18]. The slow dynamics in lyotropic
liquid crystals can be explained in terms of peculiar fea-
tures of this kind of media as well as defects in the micellar
structure [11] or dry friction at the surfaces [18]. Both
these mechanisms are absent in thermotropic nematic
liquid crystals. In particular, no static friction has been
observed in the experiments with NLCs [19]. The slow dy-
namics in NLCs has been usually ascribed to adsorption of
nematic molecules at the interfaces. Then, the study of the
surface dynamics should give important insights on the ad-
sorption and on its influence on the azimuthal anchoring.

In this paper we present a direct dynamic measure-
ment of the azimuthal reorientation of the director on
SiO-substrates and PVA-substrates rubbed along a given
direction. Both 60° and 0°-evaporation angles were used
for the SiO deposition. The 60°-evaporated SiO substrates
and the rubbed PVA substrates give a planar homoge-
neous alignment along an axis in the surface plane, while,
the 0°-evaporated SiO substrates result in a planar de-
generate anchoring [20]. In order to induce an in-plane
anisotropy on these latter substrates, we applied a 0.75 T
magnetic field parallel to the substrates and we cooled
slowly the NLC from the isotropic phase. This procedure
leads to a planar easy axis along the magnetic field. The
large part of the measurements have been performed us-
ing the sensitive reflectometric method which has been
described in a recent paper [21]. This method provides a
direct and automated measurement of the surface director
azimuthal angle within 0.1 —0.2° with a sensitivity better
than 0.01°. In some cases we have also used a transmis-
sion light method and a different reflectometric method
to measure simultaneously the fast dynamics of the sur-
face elastic torque and of the surface director. An external
magnetic field (or electric field) is applied parallel to the
substrate in order to exert a desorienting azimuthal torque
on the director. Then, a twist director distortion occurs in
the bulk which induces a surface elastic torque and a con-
sequent azimuthal rotation of the director in the plane of
the surface. For all the investigated substrates, compara-
ble anchoring energies and similar dynamic behaviors are
measured. Two dynamic regimes are observed: a fast re-
orientation, with the surface director ng which follows the
relaxation of the surface elastic torque, and an ultra-slow
continuous reorientation which occurs when the surface
elastic torque has reached its equilibrium value. Prelimi-
nary observations on these two dynamic regimes were al-
ready reported in [15] for the interface between a NLC
and a 60°-obliquely evaporated SiO-layer. Slow dynamic
relaxations at the surface of NLCs have also been reported
in references [10-14].
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The plan of the paper is the following: in Section 2 we
describe the experimental procedures and the set up used
to investigate the fast dynamic regime. In Section 3 we
study the fast reorientation dynamics. We show that this
dynamic regime is in a good quantitative agreement with
the predictions of the classical theory of the director an-
choring for a negligible surface viscosity. In Section 4 we
describe briefly the reflectometric method used to study
the ultra-slow dynamics and we show the related exper-
imental results. This regime, which cannot be explained
in terms of the standard dynamic models, is ascribed to
anisotropic absorption of nematic molecules on the sub-
strate. The observation of the same kind of dynamic be-
havior on all the investigated substrates suggests that the
absorption of nematic molecules on a substrate represents
a very general mechanism for the azimuthal anchoring.
Finally, Sections 5 and 6 are devoted to discussion and
conclusions, respectively.

2 Experimental procedures

The nematic liquid crystal is 4-pentyl-4’-cyanobyphenil
(5CB) which has a positive dielectric anisotropy Ae and
shows a nematic-isotropic transition at the temperature
T. = 35.3°. The nematic sample is enclosed in a wedged
cell made with two glass plates separated by two mylar
spacers of different thicknesses. The average cell thick-
ness is 180 pum and the wedge angle is about 0.5°. The
glass plates, too, have a wedge-shape with a wedge an-
gle ~ 0.5°. Wedges are needed to separate the optical
beams reflected by the different interfaces of the cell. Both
plates give a planar homogeneous anchoring (6 = 7/2,
s = 0) along the z-wedge axis. Due to the smallness of
the nematic wedge angle, the local thickness of the ne-
matic is virtually constant on the lighted region (0.5 mm-
diameter). Then, the system is virtually equivalent to a ne-
matic slab confined between two parallel surfaces in z = 0
and z = d ~ 180 ym with a planar easy axis along X.
Two different treatments of the glass plates are used:
evaporation of SiO and coating by a thin layer of po-
livynil alcohol (PVA) followed by rubbing [20]. Two SiO-
evaporation angles are used: 60° and 0°, respectively. It
is known [22] that in the first case (60°), the director
is aligned along a given axis in the plane of the sub-
strate (homogeneous planar alignment), while in the sec-
ond case (0°) the director still lies in the surface plane
but there is no easy direction on it (degenerate planar
alignment). A planar homogeneous alignment is induced
on the 0°-evaporated SiO substrates using the follow-
ing procedure: the NLC is introduced in the cell in the
isotropic phase (I' = 40 °C) and in the presence of a
0.75 T magnetic field parallel to the wedge axis. Then,
the NLC is slowly cooled in the nematic phase (typically
dT'/dt < 1° /hour). Finally, the magnetic field is switched
off. As a result, a homogeneous orientation along the di-
rection of the magnetic field is obtained. An oven with a
temperature-stability and control of 0.01 °C is used.
Two parallel aluminium stripes are inserted between
the two glass plates of the cell at a distance of 4 mm to
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apply an AC electric field E (frequency v = 1 kHz) in the
plane of the substrates and nearly orthogonal to the easy
axis. Due to the positive dielectric anisotropy, the direc-
tor tends to be aligned along the direction of the electric
field, and a director twist occurs close to the interfaces of
the NLC. The consequent surface elastic torque induces a
rotation of the director at the surface.

The experiment consists on measuring the surface di-
rector azimuthal angle versus time after the switching on
and off of the electric field. The fast director dynamics is
studied using the reflectometric method described in ref-
erence [23]. A polarized He - Ne laser beam impinges at
almost normal incidence on the cell. We measure the inten-
sities of three reflected beams that we denote by (1), (2)
and (3), respectively. Beam (1) is reflected from the first
glass-nematic interface, passes through a crossed analyzer
and finally, is detected by a photodiode. The output signal
of the photodiode is amplified and sent to one input chan-
nel of a digital signal analyzer (Data Precision 6100). If
the characteristic length of the director distortion is much
gre?te]r than the optical wavelength, intensity Iy is given
by [23]:

I(l) =1Iy Sin2[2(6 - @s)]v (1)

where ¢ is the angle between the polarization plane of the
incident beam and the x-easy axis, and g is the angle
of the surface director with the easy axis. Iy is propor-
tional to the intensity of the incident beam. According to
equation (1), a rotation ¢ of the surface director from
the easy axis induces a variation of the reflected intensity.
To have the maximum sensitivity to small surface director
rotations we set § = /8 and we measure the correspond-
ing intensity I(1)(7/8) = Ip/2 (¢s = 0 in absence of the
electric field). Then, we switch on the electric field and
we measure the reflected intensity versus time. The ratio
between the measured intensity and I(;)(7/8) provides a
direct measurement of the instantaneous surface director
azimuthal angle ;. For ¢s < 7/8, the variation of the
reflected intensity is virtually proportional to ¢g.

An independent and complementary information on
the surface dynamics is obtained looking at the beam
which is transmitted across the wedge-cell and is reflected
back in the cell by the second glass-air interface. In ab-
sence of a director twist, this beam gives origin to two
different reflected beams: the extraordinary and the ordi-
nary beam. A third reflected beam appears if a twist dis-
tortion of characteristic length £ is present in the cell [24].
This beam, which we call (2), is due to the failure of the
adiabatic approximation and its properties have been ex-
plained satisfactorily using the theoretical approach de-
veloped in reference [25]. Beam (2) sees an average index
Nay = (No + Ne)/2 and is spatially separated from the ex-
traordinary and ordinary beams due to the wedge of the
cell (n, and ne are the ordinary and the extraordinary
indices of the nematic LC). Simple analytical expressions
for the intensity of the non-adiabatic beam were obtained
in reference [24] for A\/{ < 1, where A is the optical wave-
length. A good agreement between theory and experiment
was obtained. For A/ <1, the intensity I(3) of beam (2)
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Fig. 1. I1 and V111 versus time for a 60°-evaporated SiO sub-
strate. The electric field is switched on at ¢ = 0. The unities
on the vertical axis are arbitrary. v/I; is proportional to the
surface elastic torque and I is proportional to ¢s.

z—d) 2 , (2)

where A is a constant which depends on the optical pa-
rameters of the nematic liquid crystal and of the substrate.
For a nematic cell having the same easy axes and anchor-
ing energies on the two interfaces, p(z) is an even function
with respect to the center of the cell (z = d/2) and the
two z-derivatives appearing in equation (2) are equal and
opposite. In this special case, |/I(2) is simply proportional
to % . This means that /(2 is proportional to the

surface elastic torque acting on the director at the surface

z =0 5

I's = Koo 6_90 (3)

Z12=0

where Kos is the twist elastic constant of the nematic LC.
In order to be insensitive to fluctuations of the intensity of
the laser beam, we measure also the intensity /(3 of a third
beam (beam(3)) reflected by the first air-glass interface.
I(3y is proportional to the intensity of the incident laser
beam. Then, the ratios It = I(1)/I(3) and It = I(2)/13)
are measured using the Signal Analyzer Data 6100. This
procedure makes possible to obtain the surface angle g
and a signal proportional to the surface elastic torque [
at the same time t.

is given by

_ %

dyp
Iy =A =/
@) ( z2=0 82

0z

3 The fast dynamic regime

A typical dynamic behavior of Iy and +/(I11) at the switch-
ing on of the external electric field is shown in Figure 1.
The electric field (F = 300 V/cm rms) is almost orthogo-
nal to the easy axis and is switched on at time ¢t = 0. The
nematic cell is made with two SiO-treated glass plates at
a 60°-evaporation angle and is kept at the temperature
T = 23 °C. Different arbitrary unities have been used
for the vertical scale of the two curves. As shown in Fig-
ure 1, with a proper choice of these unities, is possible
to obtain a satisfactory superposition of the two curves
during the first transient (+ < 0.2 s). Since /I is vir-
tually proportional to the surface elastic torque I's(t) and
AL(t) o< @s(t), we infer that ¢ (t) follows practically with-
out any delay the surface elastic torque during the first
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transient. The small residual differences between the two
signals in this first transient can be ascribed to a not per-
fect parallelism between the easy axes on the two surfaces
of the nematic cell. Indeed, according to equation (2), v/Ir1
is really proportional to the average of the torques (in
modulus) at the two interfaces of the NLC, while I is re-
lated to the director orientation at the first glass-nematic
interface only. Then, a small difference between the time-
dependencies of the two intensities is expected if there is
no perfect parallelism between the easy axes on the two
surfaces of the nematic cell. Moreover, the sign of the dif-
ference is expected to change if the light beam impinges
first on the second glass - nematic interface. This is just
the behavior which is experimentally observed.

For t > 0.2 s, the two curves in Figure 1 have a com-
pletely different shape. In particular, the surface elastic
torque (v/I11) reaches an equilibrium value, while the sur-
face azimuthal angle (Ir) exhibits a very slow continuous
increase. This means that ¢4(¢) continues to orient toward
the field direction while the applied elastic surface torque
I's(t) remains virtually constant. The same kind of behav-
ior has been observed for all the other substrates (0°-SiO
layer and rubbed PVA) independently of the temperature.
Analogous fast and slow dynamic regimes are observed at
the switching off of the electric field. The rising time of
the fast dynamic regime at the switching on of the elec-
tric field is proportional to 1/E?.

The fast reorientation dynamics is in a good agreement
with the predictions of the classical theory of the director
anchoring and of the surface dynamic friction. When an
electric field E much greater than the Freederickz thresh-
old is switched on, a twist distortion is generated. The
dynamic equation for the bulk director angle ¢(z) with
respect to the X-axis is given by [1]:

2 0
§%a—;§+singocos<pzrba—f, (4)

where &g = \/4mK22/Ae(1/E) is the electric coherence

length [1], and 7y, is a characteristic bulk relaxation time
given by

Y1 .9

—&5- 5

L o)
~1 is the bulk rotational viscosity. For ¢5(t) < 1, the sur-
face director angle satisfies the equation:

L __ Ops
K—QQFS(t) _Sas(t) =Ts 815 ) (6)

T —

where I's(t) is the surface elastic torque defined in equation
(3) and we have used the parabolic approximation for the
azimuthal anchoring energy W = Kaa/(2L) 92 (L is the
anchoring extrapolation length [16]). 75 in equation (6) is
a characteristic surface relaxation time given by:

Vs
= L 7
Ts Koo ) ( )
where 75 &~ 71 Lint is the surface viscosity, and Liy is a
characteristic interfacial length. Li, is expected to be
of the order of the nematic coherence length which is
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typically £ =~ 2 nm far from the nematic-isotropic tran-
sition temperature and £ ~ 10 nm at the transition tem-
perature [26]. Equation (6) shows that the response of
the surface angle ps(t) is delayed by a time 75 with re-
spect to the surface torque I(¢). The surface dynamics
depends greatly on the ratio between 7, and 75. Using the
known values 71 ~ 1 p [27], Ka2 =~ 3 x 10~ "dyne [28],
Liye = & ~ 2 nm [29], Ae = 12 [30] of the material con-
stants of 5CB at room temperature and the extrapola-
tion length L ~ 100 nm [15] for the SiO-nematic interface
at room temperature, we find 7, ~ 2 x 10~7 p cm and
7s ~ 107% 5. Using the experimental value E = 300 V/cm,
we find &g =~ 1.6 pym and 7, ~ 0.1 s, which is many order
of magnitude larger than 75. In this condition, the rigth-
hand side in equation (6) can be disregarded and ¢g(¢) is
given by the adiabatic approximation:

L

ws(t) = - Ts(t). (8)

Then, ¢s(t) follows the surface elastic torque which is
characterized by the bulk characteristic time 7, propor-
tional to 1/E?, in agreement with the experimental obser-
vations. To make a quantitative analysis, we have solved
numerically equations (4) and (8) and compared the
theoretical predictions with the experiment in the first
dynamic regime. Using the values of the material param-
eters of 5CB reported in the literature [15,27,28,30], we
obtained a satisfactory quantitative agreement between
the experimental and the numerical curves for any value
of the electric field (0 < E < 500 V/m). Then, the fast dy-
namic behavior is well explained by equations (4), (8). On
the opposite, it is evident that the slow dynamic regime is
in a complete disagreement with the predictions of equa-
tion (8). Then, a different model is needed to explain the
slow dynamic regime.

4 The slow dynamic regime
4.1 Experimental procedures

In this section we report the results concerning the slow
reorientation regime. In this regime the surface director
angle changes very slowly and continuously without reach-
ing apparently a stationary value (a slow continuous drift
is still observed after a few days). Variations of the sur-
face azimuthal angle smaller than 0.1° /hour are currently
measured. Then, any source of spurious drifts of the exper-
imental signals has to be avoided. A possible drift-source
is given by the Joule heating due to the electric field. For
this reason the measurements of the slow dynamics have
been made using a magnetic field in place of the elec-
tric field. Furthermore, a slightly different reflectometric
method based on a lock-in technique has been used. This
method is more accurate than the previous one and leads
to a great reduction of spurious drifts. Details of the ex-
perimental method can be found in reference [21], here we
only recall the main features.

The incident laser beam is polarized by a polarizer
which rotates at the angular frequency w = 0.5236 rad/s
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Fig. 2. Dynamic behavior of the surface director angle ¢s for
a 60°-evaporated SiO substrate. The thickness of the SiO-layer
is 4dnm. A magnetic field H = 0.75 T is switched on at time
t = 0 and switched off at t =4 h.

and the intensity I(t) of the beam reflected by the first
solid-nematic interface is measured by a photodiode. I(t)
is given by [21]:

I(t) = L[a + bcos2(wt — ¢g)] 9)

where I, is the intensity of the incident beam, a and b
are constant coeflicients which depend on the geometry
of the interface and on the optical material parameters of
the NLC and of the substrate, and wt is the instantaneous
angle between the polarizer axis and the x—easy azis. A
reference signal is obtained from the beam which is re-
flected at the first air-glass isotropic interface of the ne-
matic wedge-cell. This beam passes through an analyzer
and is collected by a photodiode. The output of the photo-
diode oscillates at the angular frequency 2w with a phase
which can be changed by a rotation of the analyzer. A
home computer performs the Fourier transform of both
signals at the frequency 2w and calculates the phase differ-
ence A¢. Before the switching on of the magnetic field, the
analyzer is rotated in such a way to get A¢ = 0. Then, the
magnetic field is switched on and Ag(t) is measured. The
corresponding surface azimuthal angle is 4(t) = Ag(t)/2.
This method provides an absolute accuracy on the mea-
surement of ¢g better than 0.2° on the whole angular range
0 — 360° and better than 0.03° for surface director rota-
tions smaller than 5°. With the room thermostated within
0.2 °C, the residual drift of the experimental signal is lower
than 0.02°/hour.

4.2 Experimental results

Figure 2 shows a typical behavior of the surface director
angle at the temperature T'= 31 °C for a thin SiO-layer
(thickness ~ 4 nm) evaporated at a 60°-incidence. A mag-
netic field H = 0.75 T is switched on at time ¢ = 0 and
switched off at ¢ = 4 h. At the switching on, the director
angle reaches rapidly the “anchoring amplitude” ¢, =~
6.5° which corresponds to the surface director rotation
straight after the fast dynamic regime. According to the
theoretical analysis in Section 3, ¢, satisfies equation (8)
with I4(¢) which has to be replaced by the equilibrium
elastic torque Iy ~ Koo /&y, where &g = (KQQ/XaH2)1/2
and x, is the anisotropy of the magnetic susceptibility [1].
Then, the anchoring amplitude is proportional to the ex-
trapolation length of the substrate (¢, =~ L/&u). After
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Fig. 3. (a) ps versus time after the switching off of the mag-
netic field. The experimental points are the same as in Fig-
ure 2 but ¢ = 0 represents here the switching off time. Points
at t < teur = 342 s have been discarded. (b-d) Difference Ags
between the experimental values of ¢s and the best fit values:
(b) bi-exponential (Eq. (10)), (c¢) polynomial (Eq. (11)), (d)
stretched exponential (Eq. (12)).

the fast transient, the director angle shows a very slow in-
crease which persists also after a few days. An analogous
behavior is observed at the switching off of the magnetic
field: a fast relaxation of amplitude —¢, is followed by
a slow reorientation toward the easy axis. Here we are
interested to study the slow dynamic regime, then those
experimental points which correspond to the fast transient
have to be rejected from the analysis of the experimental
data. According to Section 3, the fast dynamic regime is
characterized by the bulk relaxation time 7,. Then, the ex-
perimental points occurring at times lower than a cutting
time ey ~ 37, have to be discarded. At the switching on
and well above the Freederickz threshold, the bulk relax-
ation time is 7, = 113/ Kaz2 = 71/ (xaH?). The dynamics
after the switching off is more complex because the spa-
tial harmonics of the initial director distortion decay with
different characteristic times. The slowest bulk relaxation
time corresponds to the decay of the fundamental spatial
mode and is given by 7, = y1d?/(Kaam?) &~ 100 s [31].

Figure 3a shows the director azimuthal angle g ver-
sus time t after the switching off of the magnetic field.
The experimental points are the same as in Figure 2 but
t = 0 represents now the switching off time and points
at times ¢t < teut = 342 s = 37, have been removed. The
non-linearity of the semi-logarithmic plot in Figure 3a ev-
idences a strongly non-exponential behavior. Three differ-
ent time-laws have been compared with the experimental
results. They consist of the bi-exponential

os(t) = A+ Bexp (—) + Cexp (i) o)

t
T1 T2
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Fig. 4. (a-c) Residues Ayps for the stretched exponential at
the switching off of the magnetic field for different values of the
cutting time feut. (8) teut = 6, (b) teur = 188, () teur = 342,
(d) x* versus the cutting time.

the polynomial

ws(t) = A+ Bt", (11)
and the stretched exponential
oo(t) = A exp [— (f) } 4B (12)
T

The polynomial and the stretched exponential are typical
of complex systems which are characterized by a distribu-
tion of time scales as, for instance, glass forming materials.
Figures 3b, 3¢ and 3d show the residuals Ayg between the
experimental data in Figure 3a and the best fit curves
corresponding to the time-laws in equations (10), (11)
and (12), respectively. The stretched exponential exhibits
the best agreement with the experiment. Analogous re-
sults are obtained at different temperatures and magnetic
fields.

Figures 4a, 4b and 4c¢ show Ay in the case of a
stretched exponential for some different values of ¢.,t. The
corresponding x2 versus tey; is shown in Figure 4d. As ex-
pected, x2 reaches a virtually constant minimum value
when toy >t &~ 371, = 300 s, with ¢’ independent of the
magnetic field intensity. The same behavior is observed at
the switching on of the magnetic field. In this latter case,
t’ is proportional to 1/H? and becomes negligible (with
respect to the acquisition time ¢ = 12 s) at the higher
magnetic fields (H > 0.1 T). These results confirm that
the slow and fast dynamic regimes are related to different
mechanisms.

Unfortunately, the best fit parameters « and 7 of the
stretched exponential are obtained with a very large un-
certainty. Indeed, appreciably different values of coeffi-
cients « and 7 in equation (12) lead to nearly identical
curves in the time interval [0.1 h,15 h]. The best fit with
the stretched exponential law needs a simultaneous in-
formation on a large range of time scales: more decades
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Fig. 5. Surface azimuthal angle s versus time for different val-
ues of the amplitude of the applied magnetic field. The thick-
ness of the a 60°-evaporated SiO layer is 4 nm and the tem-
perature of the nematic sample is T'= 35 °C . The magnetic
field is switched on at ¢ = 0 and switched off at ¢t =2 h.

of the signal ps(t) and, thus, a very longer measurement
time (months) is needed to obtain accurate best fit pa-
rameters. Furthermore, o and 7 are very sensitive to the
tails of the curves where small residual drifts of the signals
play an important role. Then, a systematic investigation
of the dependence of the best fit parameters on the tem-
perature and on other external parameters resulted so far
very inaccurate.

Figure 5 shows the time-response of the surface az-
imuthal angle ¢4 at the temperature T' = 35 °C for differ-
ent values of H. The magnetic field is switched on at t = 0
and switched off at t = 2 h. The SiO-substrate is the same
as in Figure 2. For ¢ > tcus, the ratio os(t, H)/ps(t, H =
0.05 T) is proportional to the magnetic field and is inde-
pendent of time. Then, (¢, H) =~ aH f(t), where a is a
constant coefficient and f(t) is a function of time. This
means that the characteristic relaxation times of the slow
dynamic regime are virtually independent of the magnetic
field intensity, at least for small enough surface director
desorientations.

A slow dynamic regime with analogous features is also
present for the PVA rubbed substrates and for the 0°-
evaporated SiO substrates. In the latter case, a planar
homogeneous alignment along a given x-axis in the sub-
strates plane was induced by cooling slowly (0.5 h) the
NLC from the isotropic phase toward the nematic one
in the presence of a 0.75 T magnetic field. Observation
of the 5CB-cell with a polarizing microscope showed a
good homogeneous alignment. The induced alignment is
stable against nematic-isotropic-nematic thermal cycles.
Long times (=~ 50 h) of permanence of the sample in the
isotropic phase are needed to observe the occurrence of
strong surface inhomogeneities meaning that the memory
of the induced surface anisotropy is a strong effect.

Figure 6 shows a comparison between the slow dy-
namic regimes for the different substrates (Fig. 6a: 60°-
Si0O, Fig. 6b: 0°-SiO, Fig. 6¢: rubbed PVA) at the same
temperature (T = 30 °C) and magnetic field amplitude
(H = 0.75 T). The 0°-SiO layer and the 60°-SiO layer
are &~ 15 nm and ~ 4 nm, thick, respectively. The PVA
layer was rubbed by hand bidirectionally 30 times on
velvet. The slow dynamic responses of the PVA and of
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Fig. 6. Time behavior of the surface azimuthal angle ¢s at
the switching on and off of a 0.75 T magnetic field for three
different substrates at the same temperature T = 30°C. t = 0
is the time of switching on of the magnetic field. (a) refers to a
60°-evaporated SiO substrate. H is switched off at ¢ = 3 h. (b)
refers to a 0°-evaporated SiO substrate. H is switched off at
t = 13 h. (c) refers to a PVA rubbed substrate. H is switched
off at £ =3 h.

the 0°-SiO substrates are still well fitted by a stretched
exponential law for any temperature and magnetic field
amplitude. The anchoring amplitude in Figure 6 is mini-
mum for the 0°-SiO substrate and maximum for the PVA
substrate. Then, the 0°-SiO substrate has the strongest
anchoring energy. However, the anchoring energy compar-
ison between the 0°-SiO and the other substrates (60°-SiO
and rubbed PVA) must be taken with caution. Indeed,
the azimuthal anchoring energy of 60°-SiO and of PVA
rubbed substrates depends on the SiO layer thickness [15]
and the rubbing parameters [32]. In reference [15] it was
found that SiO-layers treated by oblique evaporation at
60° with a thickness higher than 10 nm have an anchor-
ing energy comparable with that of the 0°-SiO layer in
Figure 6b. This is a surprising result because, the director
anchoring of the 0°-SiO layer is not an intrinsic property
of the substrate but is induced by the magnetic field dur-
ing the preparation procedure. The switching off curves for
the intrinsically anisotropic substrates (60°-SiO and PVA)
and for the 0°-SiO substrates show a similar slow dynam-
ics but also an important qualitative difference. For the
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first kind of substrates, the surface director angle tends to
approach the initial state (ps = 0), while for the 0°-SiO
substrate, the surface angle approaches a finite equilib-
rium angle g ~ 3°. This feature can be easily understood
as the easy axis for the intrinsically anisotropic substrates
is a well defined parameter which reflects the topologi-
cal and physical anisotropy of the substrate, while, in the
0°-SiO case, the easy axis is not related to any intrinsic
anisotropy of the substrate.

5 Discussion

The azimuthal anchoring which is induced by the mag-
netic field on a 0°-SiO substrate can be explained in terms
of the presence of an anisotropic layer of adsorbed nematic
molecules on the surface. A direct influence of the mag-
netic field on the topology of the substrate seems to be
unlikely for this kind of hard substrates. Starting from
an initial isotropically adsorbed distribution of molecules,
two mechanisms could explain the occurrence of an
anisotropic adsorbed layer: 1) the magnetic field alignes
the nematic molecules close to the boundaries and, con-
sequently, adsorption of nematic molecules with the long
axes parallel to the magnetic field is favored if the surface
is not saturated; 2) the bulk nematic molecules near to the
surface exert an orienting torque on the surface adsorbed
molecules which favors their orientational diffusion toward
an axis parallel to the magnetic field. Both these mech-
anisms lead to the formation of an anisotropic adsorbed
layer which exerts an anchoring torque on the nearest bulk
nematic molecules. It is sufficient a very small anisotropy
of the surface adsorbed layer to break the isotropy of the
surface and generate an azimuthal anchoring for the direc-
tor. A similar mechanism was considered to be responsible
for the azimuthal anchoring induced by a nematic flow [§]
on the same kind of substrate.

Concerning the 60°-SiO substrate, electron microscopy
shows that the surface is characterized by parallel SiO-
grooves which lead to an in-plane anisotropy. The ho-
mogeneous alignment of the director along the surface
grooves is usually ascribed to the elastic Berreman mech-
anism. The basic assumption of the Berreman model is
that the physico-chemical interactions between the ne-
matic LC and a SiO substrate favor a planar director ori-
entation with local arbitrary azimuthal orientations. This
means that, from a microscopic point of view, the NLC
molecules are free to assume any orientation on the sur-
face plane. A director orientation which is not parallel to
the surface grooves induces an interfacial distortion of the
director field with a consequent excess of interfacial free
energy [5]. It results a macroscopic azimuthal anchoring
along the surface grooves due to the elastic properties of
the liquid crystal.

The assumption that nematic molecules can rotate
freely at the surface is a basic requisite for the Berreman
model, but it seems to be in disagreement with the
experimental results. Indeed, according to Yokoyama
et al. [8], the 0° and the 60°-SiO substrates should have
exentially the same microscopic physico-chemical nature.
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This conjecture is supported by the experimental obser-
vation that these substrates show the same wall-induced
pretransitional birefringence and the same contact angles
for nematic LCs [8]. Therefore, an anisotropic adsorbed
layer is expected to be also present on the 60°-SiO
substrates and to affect the anchoring. Our experimental
observations are in a good agreement with the Yokoyama
et al. conclusions. As a matter of fact, 60°-SiO substrates
and 0°-SiO substrates with the same thickness have
virtually the same anchoring energies. This suggests
strongly that similar mechanisms are responsible for
the azimuthal anchoring of these substrates. In the case
of the 60°-SiO substrates, the Berreman mechanism
could be responsible of the initial homogeneous director
alignment which is needed for the occurrence of an
anisotropic adsorbed layer. In this context, it would play
the same role of the orienting magnetic field which is
used to induce an azimuthal easy axis on the isotropic
0°-SiO substrates. Note that in the literature there
are already reported many experimental observations
which demonstrate the relevance of memory phenom-
ena for the surface director alignment [7,8,12-15,33-39].

The observation of a slow dynamic regime for the three
qualitatively different substrates investigated in this work
is a further demonstration of the relevance of adsorption
phenomena for the azimuthal anchoring of nematic liquid
crystals. Our experimental results can be explained by as-
suming that an anisotropic layer of nematic liquid crystal
molecules is present on the surface. Let be n(v) the num-
ber of nematic molecules adsorbed on the substrate which
are oriented with the azimuthal angle . The anchoring
energy due to the adsorbed molecules is

2

Wips)= [ Wi(ps,7)dy. (13)
Here, for simplicity, we assume W (ps,~y) has the Rapini-
like form [40]
a .
W (ps,7) = () sin*(ps = 7), (14)
where a is a constant. Substituting equations (14) in equa-
tion (13), after straightforward calculations we get

Koy .
Wips) = I sm2(gos = Pe)- (15)
In equation (15) we have omitted an unexential additive
constant. L and ¢, are the extrapolation length and the
easy azimuthal angle and are explicitly given by:

K
L= 22 (16)
(A—B)2+C?
and ) o
Pe = 5 arctan (m) 5 (17)
where A, B and C are defined by
27
A= [ Gncost . (18)
0
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2
B=/ gn(v) sin? ydy, (19)

0

2
C:/ an(vy) cosysinydy. (20)

0
The anchoring parameters in equations (16) and (17)
have been obtained assuming that the adsorbed layer is
the only mechanism of azimuthal anchoring. In the case
of the intrinsically anisotropic substrates (60°-SiO sub-
strates and PVA substrates), the anchoring energy is ex-
pected to be the sum of two contributions: the anchoring
energy in equation (15) due to adsorbed molecules and
an other term due to the intrinsic azimuthal anchoring
(elastic Berreman mechanism, direct interactions with the
polymeric chains). If we neglect the surface viscosity (see
Sect. 3), the director angle has to satisfy the boundary
condition

Oy

Koo ——
22 Ep

Koo

= 57 Sin2(90s - 906);

5T (21)

z=0

which establishes the equilibrium of the surface elastic
and anchoring torques. ¢ = ¢(z,t) in equation (21) is
the solution of the bulk Leslie-Enricksen dynamic equa-
tion for the director (Eq. (4)). Parameters L and ¢, in
equations (16, 17) depend on the distribution n(7y) of the
adsorbed molecules. In the absence of the desorienting
magnetic field, the adsorbed molecules are preferentially
oriented at the angle v = 0. If n(y) satisfies the symme-
try condition n(y) = n(—v), the easy angle is ¢, = 0.
At the switching on of a desorienting magnetic field, the
bulk molecules near to the surface turn toward the field
direction and reach a new average surface angle g # 0.
In this condition, the desorption of nematic molecules ori-
ented along the initial easy axis (¢ = 0) and the suc-
cessive adsorption of molecules oriented at the angle g
is favored. Another possibility consists on the anisotropic
orientational diffusion of the adsorbed molecules driven by
the surface elastic torque toward the field direction. Both
these mechanisms lead to a time-variation of the distri-
bution n(y) of the adsorbed molecules with a consequent
variation of parameters L and ¢, in equations (16, 17).
The time scales involved in these processes are expected
to be much greater than the bulk relaxation time 7,. This
means that, during the short bulk relaxation, both L and
e remain virtually constant. Then, the fast dynamics of
the surface and bulk director field is well described by the
classical theory where L and ¢, are parameters indepen-
dent of time, in agreement with the experimental results
in Section 3. At times t > 7, the bulk director field has
reached a virtually stationary configuration, and the slow
time-variation of parameters L and ¢, in equation (21)
cannot be disregarded. Since the characteristic time of this
variation is much greater than 7, the bulk director field
follows adiabatically the surface reorientation. This means
that the bulk director field at time ¢ is well approximated
by the equilibrium configuration which minimizes the free
energy for the corresponding surface angle @s(t). Then,
the elastic torque appearing in the Lh.s. in equation (21)
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can be replaced with the equilibrium surface elastic torque
I'. = Koo cos s /&1, and equation (21) becomes

COS (pg = g—lz sin 2(ps — e ). (22)
For small values of @5 and ¢, we get:
L
Ps = Pe + ) (23)
1§31

where L and ¢, are, now, slow functions of time. Equa-
tion (23) shows that the time-variation of s is due to
two different contributions: a gliding of the easy axis e
and a time-variation of the extrapolation length L. Both
these variations are due to the very slow changes of den-
sity n(7y) of the adsorbed molecules. The construction of
a specific model for the time-evolution of density n(y) of
the adsorbed molecules which satisfies the experimental
observations is a still open problem. More information
on the mechanisms of anisotropic adsorption of nematic
molecules are needed.

6 Conclusions

In conclusion, the surface reorientation dynamics of the
surface director angle on qualitatively different substrates
has been investigated. The substrates used give all an
homogeneous planar anchoring. They are obtained by
rubbing PVA, by 60° SiO evaporation and by 0° SiO evap-
oration followed by a curing preparation in the presence
of an orienting magnetic field. For all the substrates, the
experimental results demonstrate the existence of a sim-
ilar very slow dynamics with a strongly non-exponential
character which cannot be explained in terms of the con-
ventional anchoring mechanisms. Moreover, the 0°-SiO
substrate shows an azimuthal anchoring energy compa-
rable with that of the traditional intrinsically anisotropic
substrates (60°-SiO, rubbed PVA). The presence of a sim-
ilar slow dynamics and of comparable anchoring ener-
gies suggests strongly that an anisotropic surface layer of
adsorbed nematic molecules can give an important and,
perhaps, decisive contribution to the azimuthal director
anchoring.
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