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Substrate-induced bulk alignment of liquid crystals
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The Gay-Berne model for liquid crystals in the presence of a substrate surface is studied using
the hybrid Monte Carlo method. A simple non-mean-field substrate-molecule potential is proposed
to describe the effects of rubbed polymer-coated substrates on the liquid crystals. Effects of the
substrate surface on the bulk alignment of the liquid crystals are studied. It is found that the
bulk pretilt angle is controlled by the surface through the orientation of the adsorbed liquid crystal
monolayer. This is consistent with the results of recent experimental studies.
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Surface-induced bulk alignment of nematic liquid crys-
taIs is of great importance to liquid crystal display tech-
nology and has therefore attracted considerable interest
from experimentalists in the past few years [1]. Recent
experiments show that the orientational distribution of
the liquid crystal monolayer close to the substrate surface
completely determines the nematic bulk alignment [2,3].
However, the manner in which the structure of the sub-
strate surface and its microscopic interactions with liq-
uid crystal molecules are responsible for the phenomenon
is as yet unknown. The Landau —de Gennes formalism
has been used for the analysis of the relevant experiment
data, but this is a phenomenological approach and in-
volves many macroscopic material parameters. Further-
more, in this appioach, a priori assumptions concerning
the orientational distribution function of liquid crystal
molecules in the monolayer close to the substrate sur-
face are usually required [3]. Several mean-field theories
based on molecular models have also been proposed to
explain the surface-related phenomena of the liquid crys-
tals [1],but none of these is closely related to the relevant
experiments. The main problem lies in checking the va-
lidity of the assumed coupling between the rotational and
translational degrees of freedom of the molecules in the
vicinity of the surface, as this is an essential ingredient
of the mean-field theories [4]. An understanding of the
nature of the microscopic interactions responsible for the
nematic bulk alignment therefore requires the develop-
ment of a microscopic model, which is reasonably real-
istic and yet sufficiently tractable for use in numerical
simulations.

In this paper we determine the dependence of the bulk
orientation of liquid crystals on substrate-molecule in-
teractions based on a hybrid Monte Carlo simulation

study of an extended Gay-Berne model in the presence
of substrate surfaces. The conventional Gay-Berne (GB)
model [5] is a reasonably realistic model for the behav-
ior of liquid crystals in the bulk and it provides a de-
scription of the various bulk phases, i.e. , vapor, isotropic
liquid, nematic, and smectic mesophases [6]. It was, how-
ever, dificult to make an accurate study of the equi-
librium behavior of the high-density mesophases using
this model [6] before Zhang and Chakrabarti applied the
hybrid Monte Carlo method [7] to the model [8]. The
GB model had already been used before in the work of
Chalam et al. [6] to study the liquid crystals confined
in a pore with parallel, homeotropic surfaces. These
studies used a mean-field approximation for the inter-
action between the substrate surface and the liquid crys-
tal molecules (substrate-molecule potential) in which the
orientational and translational degrees of freedom of the
molecules were separated artificially, since the geometric
shape of the molecules was not properly taken into ac-
count. In this paper we propose a form for the substrate-
molecule potential in the spirit of the GB model. The
purpose of the present work is to show how this afI'ects
the phase of the bulk liquid crystalline molecules.

The GB potential was originally proposed as a nu-
merical fit to a four-site Lennard-Jones model [5] and
it was shown to give a reasonable account of both the
anisotropic repulsive and attractive forces. The GB
model therefore plays a similar important role in the
studies of the liquid crystals to that the Lennard-3ones
potential in simple fIuids. Furthermore, the GB potential
reduces to the Lennard-3ones potential in the isotropic
limit. The GB potential is given by [5]
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where e;~ and o.;~ are the coupling constant and inter-
action range, respectively. Both parameters are depen-
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dent on the orientations of the ith and jth molecules
and r;~ =. ~r; —r~.

~

is the distance between their cen-
ters of mass given by r, and r~. e;~ and o.;~ are defined as

e;~ = co[1—g (e, e~) ] 0;.(g') and 0;~ = eoO; (g),
respectively, with 0;~.(x) = 1 —2[(r",~.e, +r";~ e~) /(1+
xe; e~. ) + (r,~

. e; —r;~. e~) /(1 —xe; . e~)]. e; is
the axial vector of the ith molecule and r",

z is the unit
vector along r, —r~. The parameter g is related to
the anisotropy in the molecular shape and is given by
Q = [(0„/o„) —1]/[(0„/cr„) +1],where cr„/0„ is the
ratio of the range parameters for the end-to-end and side-
by-side configurations, i.e., the ratio of molecular length
to breadth. Similarly, the parameter @' is the ratio of the
well depths of the GB potential for the configurations and
is given by g' = [1 —(e„/e„) ]/[1+ (e,/e„) ].

We propose the following form for the substrate-
molecule (SM) potential, which takes into account the
shape of the GB molecules

&ui
Uuyi: etvi

zi

- 3
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where z, is the distance of the ith molecule from the sub-
strate surface, sgn(x) is the sign function, and di is a
vector lying in the surface. The first term is a modifica-
tion of the Steele-Hasley surface-gas potential [9,6] with
the coupling constant e; depending on the orientation
of the ith molecule: e; = e [1 —g' (e; z) ] . Here

is a constant, i', is the unit vector normal to the sur-
face, and @' = 1 —(e ~/e II)

~ . The range parameter
cr, = a [1—g (e;.z)2] ~, where cr is a constant and

= 1 —(0~II/0~~) . The subscripts
~~

and J denote
the corresponding values when the molecules are either
parallel or perpendicular to the surface. The second term
describes a "rubbed" surface, i.e., a surface that has been
treated in such a way as to orient molecules close to the
surface in a specific direction d.q. Such molecules are de-
fined in our model as molecules for which z, & B g. Here
B g is a short-range parameter such that B g & 1.5o.p.
This gives a tractable phenomenological description of
rubbing efI'ects rather than full molecular modeling be-
cause of the complexity of the microscopic interactions
involved. The rubbing term, however, has the correct
symmetries of oppositely rubbed parallel surfaces as in
the experimental situation [3].

The Hamiltonian describing ou'r model system is then

) p, '+ —) l, '+) U,, +) U„,, (3)

where p, and 1, are the momentum and the angular mo-
mentum of the ith molecule, respectively. The mass m
of the GB molecules is used as unity in our simulations.
We further assume, for simplicity, that the moment of
inertia I of each molecule is also unity since the density
distribution of GB molecules is unspecified. . In this work,
we have used the hybrid Monte Carlo (HMC) simulation
method [7]. This method was recently applied to bulk
liquid crystals described by the GB model [8]. The HMC

scheme is a combination of a molecular dynamics (MD)
simulation and a Monte Carlo (MC) algorithm and it re-
tains the advantages of both techniques. The simulations
proceed as follows. Starting from the current configu-
ration (r, e), we first generate randomly new momenta
and angular momenta (p, 1) according to a Maxwell-
Boltzmann distribution at a finite temperature T. %'e
then integrate the equations of motion associated with
the Hamiltonian of Eq. (3) for N~D time steps of length
btMD using the leapfrog time integration algorithms for
both translational and orientational degrees of freed. om
[10]. In this way a possible new configuration (r', e'j
and new translational and angular momenta (p', 1'} are
obtained. The new configuration is accepted with prob-
ability P~ = min(l, exp( —PA'R)), where P = 1/k~T
and b 'R = R ((p', 1', r', e')) —'R((p, l, r, e j) . Regardless
of whether the new configuration has been accepted or
not, the momenta and the angular momenta are refreshed
after every MC acceptance decision in order to satisfy
the detailed balance condition [7], thereby generating
the equilibrium distribution P,~ exp( —P(g,&. U;~ +
P,. U, )) in (r, e) space.

The molecular anisotropy and the well depth ratio pa-
rameters in the GB potential are chosen to be 0„/0„=
3 and e,/e„= 0.2, respectively, as in previous stud-
ies [5,6,8]. The simulations are carried out at constant
volume with a reduced number density p* = Ncros/V =
0.3 at a reduced temperature T* = 1.0, in units of ep,
where N is the total number of molecules in the sys-
tem of volume V. The bulk system is in the nematic
phase for these parameters [8]. The molecular anisotropy
parameters of the SM potential are chosen to be sim-
ilar to those of the GB potential for most cases, i.e. ,
0 II/a & = 1/8 and e ~/e

II
= 1/5, although pararne-

ters for stronger anisotropy are also used. The basic sim-
ulation box is rectangular with the three sides of length
L& & Ly &

and Lz, which forms a convenient coordinate sys-
tem for the molecules. The values L&:Ly: 13 5op and
L = 13.5 22.50 p were used in our simulations. In the
z direction, the two surfaces at z = I,/2 and +I—/2
are defined to be the planes where U; becomes infinite.
Periodic boundary conditions are only applied in the x
and y directions. In our simulations, all the potentials
are truncated at r = 4.0op. All other details of the
simulations are the same as those reported in Ref. [8].

In Fig. 1 we present the number density profiles in the
z direction obtained for different values of the parameters
e~, o~, cr~II/0~~, and e ~/e

II
in the absence of rubbing,

i.e., di ——0. It is a common feature of such equilibrium
profiles to exhibit structure in the form of high-density
peaks close to the surfaces [11]with a Bat density profile
in the bulk with the density given by its unperturbed
average value p p* = 0.3. The peaks represent
molecular monolayers and the structureless density pro-
file observed in the bulk indicates that a smectic phase
[6] has not been induced by the presence of substrate
surfaces at T* = 1.0 and p* = 0.3. The values of the
parameters in Fig. 1 are 0 = 0.50p' 0 II/O + 1/
and e ~/e

II

——1/5 and the symbols circle, square, and
diamond correspond. to e = 0.5&, e, and. 2e, respec-
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FIG. 1. Number density profiles p(z)
in the z direction at T* = 1.0 and
p* = 0.3 for the diferent cases with
the parameters of groups 1—5. dq ——0.
I = L„=L. = 13.5o.o.
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tively. Here e = 5y 3eo is chosen so that the well depth
of the SM potential for molecules oriented parallel to the
surface is twice as large as that of the CB potential. In-
creasing the value of e results in an increase in the local
density close to the surfaces and a decrease in the high-
density peaks (i.e. , monolayers), as the stronger SM in-
teractions favor a movement of the molecules towards the
surfaces. As a consequence of the decrease in the density
of the monolayers, the density of the wells"' increases
due to the weaker repulsive interactions of the molecules
in the monolayers. Similar changes are observed in the
case with o ~~/o z = 1/5, e z/e

~[

= 1/9, and e
as shown by the data represented by L in Fig. 1. The
molecules parallel to the surface are energetically more
favored due to the enhanced anisotropy in the SM poten-
tial. The value of the parameter o was found to a8'ect
the density close to the surfaces strongly but in a way
opposite that observed in the above cases. The choice
of o. = 0.7o.o, while keeping the other parameters the
same as those in the case given by circles in Fig. 1, re-
sults in an increase in the density of the monolayers and a

decrease at their "shoulders, " as shown by the data rep-
resented by the symbol asterisks in Fig. 1. This can be
understood as follows. The repulsive interactions of the
substrate on the molecules close to the surface become
stronger due to the increase in o. and the attractive in-
teractions are correspondingly weakened in this range.
The molecular density adjacent to the surface therefore
decreases considerably, resulting in a density increase in
the monolayers and slightly in the bulk. Furthermore,
the density of the "wells" decreases due to the stronger
repulsive interactions due to the molecules in the mono-
layers.

Figure 2 shows the nematic order parameter profiles
Q(z) corresponding to all the cases in Fig. 1. Q(z) is eval-
uated as the largest eigenvalue of a second-rank tensor
Q p(z) = P~, ,~&& 2 (3e; e,p —8 p), where n P = x, y, z
and e; is the o.th component of e, for the ith molecule.
The order parameter profiles Q(z) are consistent with the
density profiles p(z) (see Fig. 1), although the inhuence
of fluctuations due to the Gnite size of the system under
study [12] can directly be seen in the order parameter
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measurements. The nematic order of the molecules close
to the surfaces is higher than that in the bulk for most
cases because of the SM potential and the higher densi-
ties close to the surface. For all the cases, the nematic
order parameter in the bulk is found to be in the range of
0.4—0.6, consistent with the values of the order parameter
observed experimentally in nematic phases [13].

Figure 3 gives profiles for the average tilt angle n(z)
in the z direction for all the cases studied in Fig. 1.
n(z) is related to the average orientation of the molec-
ular alignment at the position z described by the unit
eigenvector n(z) of Q p(z) corresponding to Q(z) by
n(z) = 90 —arccos [In(z) zI]. Figure 3 shows that the
bulk molecules are all tilted at an angle, known as the
pretilt angle, with respect to the surfaces. In our model
system the pretilt angle is found to vary over a range of
about 15 —25', corresponding to the changes in the SM
potential. The data shown in Fig. 3 suggest the following
mechanism for the existence of a pretilt angle. The SM
potential directly afI'ects the orientations of the molecules
in the monolayers, which then readjust the bulk pretilt
angle. The larger the tilt angle of the monolayers, the
larger the bulk pretilt angle. The obvious difI'erence be-
tween the two angles is probably due to the presence of
the low-density "wells. " This weakens the correlations be-
tween the two angles. The molecular orientation of the
monolayers results from a competition between the SM
potential and the intermolecular interactions. To be bet-
ter accommodated, the molecules in the monolayers tend
to lie parallel to each other due to the intermolecular in-
teractions and perpendicular to the surface while the SM
potential favors the molecules in the monolayers to be
parallel to the surfaces. This is consistent with experi-
mental observations for the tilt of the anchoring direc-
tions of the 4-n-octyl-4'-cyanobiphenyl (8CB) molecules
on most polyimide films. In fact, the molecules in the
Erst monolayer make an angle of approximately 70 with
the surface normal (i.e. , n = 20'), while the anchoring
direction is planar (n 0') on the polyimide films [14,1].

Based on the above proposal for the mechanism by
which the pretilt angle can be determined, one may ex-

pect that the pretilt angle can be reduced by weakening
the intermolecular attractive interactions in the monolay-
ers. We find. that this is indeed the case. The data shown
by the pluses in Fig. 3 corresponds to the case denoted
by the asterisks, except for a lower value of intermolec-
ular coupling constant gs, s~ between the ith and jth
molecules in the vicinity of either surface. Here e; = 0.1
if the distance of the ith molecule to the surface is less
than B d,. otherwise e, = 1. The pretilt angle is evi-
dently reduced in this case. This could represent a real-
istic situation since the intermolecular interactions in the
monolayers might be weakened due to redistribution of
the molecular charge close to the surfaces [15].

Figure 4 shows the deviations of the tilt angles from
their previous values under the influence of oppositely
rubbed surfaces. These were obtained for the cases de-
noted by the asterisks and pluses, respectively, in Fig. 3.
The deviation is defined as the di8'erence in the value of
n(z) between the presence and the absence of rubbing,
namely, 8n(z) = ng, (z) —no(z). Without loss of general-
ity, we chose the x direction to be the direction of rubbing
so that d~ ——d~w, where d~ is the rubbing strength. The
data presented in Fig. 4 indicate that the efFect of the
rubbing results in a reduction of the pretilt angle. The
efI'ect is more significant at lower temperatures for the
same rubbing strength as the thermal fluctuations are
suppressed at these temperatures [16].

We have shown, using a basic model for the SM poten-
tial, that substrate rubbing has a significant efI'ect on the
pretilt angle. I et us now compare our findings with ex-
perimental results. It is found in recent experiments [3]
that the pretilt angle increases with increasing rubbing
strengths. This disagreement can be understood as one
follows the experimental situation closely. First of all, we
note that in experiments a relatively small order param-
eter was found in the vicinity of an unrubbed polyimide
surface, i.e. , S, = 0.2, in the nematic phase of 8CB [3].
This indicates that there are several nematic domains
with a uniform azimuthal orientational distribution that
still retain a tilt angle 0o with respect to the surface [3].
Therefore the unrubbed surface may not afFect the bulk
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FIG. 3. Tilt angle profiles n(z) in the z
direction corresponding to all the cases in
Fig. 1. In addition, the data + refer to case 6
in which the intermo1ecular interactions cor-
responding to case 5 are vreakened by a factor
of about 0.1 in the vicinity of the surfaces.
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FIG. 4. Deviations of the tilt angles 6cr(z),
as a function of z, from the values shown in
cases 5 and 6 of Fig. 3 at dq ——2w. The data
shown as o and CI correspond to cases 5 and
6, respectively. L = I„=L = 13.5cro.
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alignment strongly. However, in the weak rubbing limit,
a strong magnetic field along the rubbing direction was
employed in the experiments to establish the initial bulk
alignment with zero pretilt angle [3]. In our finite-size
model system it is impossible to have a zero pretilt an-
gle in the nematic phase without introducing unnecessar-
ily complex SM potentials. An increase of the rubbing
strength in experiments may then lead to reorientations
of the nematic domains with respect to the rubbing di-
rection. This results in an increase in the nematic order
in the vicinity of the surface as observed in the experi-
znents [3], thereby giving rise to a nonzero pretilt angle in
the bulk. The stronger the rubbing, the larger the pretilt
angle corresponding to the increase in the nematic or-
der in the vicinity of the surface. A saturation value of
the pretilt angle is expected when the rubbing is strong
enough to cause a complete nematic phase in the vicin-
ity of the surface. At this point increasing further the
rubbing strength would directly correspond to our simu-
lation studies: this would lead to a decrease in the pretilt
angle, as predicted in our simulations. The assumption
that the rubbing only affects the azimuthal components
of the orientational distributions, as assumed in the anal-
yses of the experimental data, may not be valid in the
strong rubbing limit. In fact, the rubbing in our model
affects both the polar and azimuthal orientations of the

molecules close to the surface. According to our simula-
tion study, a large pretilt angle can be obtained in order
to improve the quality of a supertwisted nematic display
cell by treating the surface in such a way that the nematic
order on the surfaces can be maintained well.

In summary, we have shown that that the bulk pretilt
angle is controlled by the surface through the orientation
of the adsorbed liquid crystal monolayer. The SM po-
tential proposed in this work includes the effects of the
geometric shape of the GB molecules, which is an impor-
tant ingredient of the real interactions and is absent in
any mean-field potentials. Our model simulation study
should therefore be useful for an understanding of the
effects of solid surfaces on the properties of the liquid
crystals.
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