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Liquid Crystal Channel Waveguides: A Monte Carlo
Investigation of the Ordering

A. D’ALESSANDRO,1 R. ASQUINI,1 C. CHICCOLI,2

L. MARTINI,1 P. PASINI,2,∗ AND C. ZANNONI3

1Dept. of Information Engineering, Electronics and Telecommunications,
Sapienza University of Rome, Rome, Italy
2Istituto Nazionale di Fisica Nucleare, Sezione di Bologna, Bologna, Italy
3Dipartimento di Chimica Industriale “Toso Montanari”, Università di Bologna
and INSTM, Bologna, Italy

We present detailed Monte Carlo (MC) simulations of a nematic cell with homeotropic
boundary conditions at the four confining surfaces. The simulations are based on the
Lebwohl-Lasher lattice spin model with boundary conditions chosen to mimic the cell
anchoring. We have investigated the model using a standard Metropolis Monte Carlo
method to study the optical transmission and the ordering through the cell.

Keywords Monte Carlo; confined nematic liquid crystals; anchoring.

Introduction

Confined nematics show peculiar physical phenomena connected to fundamental liquid
crystal (LC) properties and to several important applications [1,2]. Recently they have been
proposed as effective materials to fabricate both electrically and optically controlled cores
for switchable and reconfigurable waveguides [3-6]. In particular optofluidic channels have
been successfully proposed by infiltrating LC in polydimethylsiloxane (PDMS) to demon-
strate the variation in the diffraction pattern of an array of microfluidic channels acting as a
grating [7]. Moreover PDMS is commonly used to create channels for microfluidic appli-
cations and recently it was confirmed as an interesting material for optical interconnections
to replace metallic wired links, the latter suffering for heat dissipation as well as presenting
limitation in high bit rate interconnections [8].

Some of us have recently investigated light propagation in channel waveguides with
a core consisting of LC filled PDMS channels (LC:PDMS waveguides). It was shown
that polarization independent light transmission takes place despite the typical LC optical
anisotropy which in general induces polarization dependence of light propagation [9,10].
A set of rectangular PDMS waveguides of 8, 10 and 15 μm width and 5 μm height has
been fabricated (see Fig. 1). The nematic LC (E7) was found to be homeotropically aligned
with respect to the PDMS walls, possibly because of the low energy surface of the PDMS

∗Address correspondence to P. Pasini, Istituto Nazionale di Fisica Nucleare, Sezione di Bologna,
Via Irnerio 46, 40126 Bologna, Italy. E-mail: pasini@bo.infn.it

Color versions of one or more of the figures in the article can be found online at
www.tandfonline.com/gmcl.
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Liquid Crystal Channel Waveguides 43

Figure 1. A fabricated prototype with sets of E7 nematic LC straight waveguides.

which results in a minimal contact interface between the rod-like NLC molecules and the
PDMS surface. This orientation of LC molecules induced by the interface interaction, at
the confining surface walls provides a polarization independent light propagation.

To get a better understanding of this system we wish to present here a detailed in-
vestigation of the LC filled cell by means of Monte Carlo simulations. This will allow to
reproduce not only polarized optical images but also the molecular organization and the
ordering inside the LC system [11].

The Simulation Model

The Monte Carlo simulations were based on the simple and well studied Lebwohl-Lasher
(LL) lattice spin model [12,13], the prototype potential for the mesoscale simulations of
nematics. The particles interact through the attractive nearest neighbors LL pair potential:

Ui,j = − εijP2(ui · uj ), (1)

Figure 2. A schematic representation of the cross section of the LC waveguide channel. The boundary
conditions are homeotropic at the zy and xy surfaces.
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44 A. d’Alessandro et al.

Figure 3. Snapshots of the 40×80×26 system (xyz). The color code indicates the spin orientations
with the red one denoting the alignment along z. The first plate (top left) shows the overall molecular
organization whereas the other three plates are cross sections taken at the middle layer of each plane
(xz, xy, yz) respectively (clockwise).

where:

εij =
{

ε, ε > 0 for i, j nearest neighbours

0 otherwise,
(2)

Figure 4. Snapshots of the 80×80×26 system. The color code indicates the spin orientations with
the red one denoting the alignment along z. The first plate (top left) shows the overall molecular
organization whereas the other three plates are cross sections taken at the middle layer of each plane
(xz, xy, yz) respectively (clockwise).
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Liquid Crystal Channel Waveguides 45

Figure 5. Order parameters calculated at each cross section for the three axes regarding the two
system size presented: i.e. 40×80×26 (a, c, e) and 80×80×26 (b, d, f). From top to bottom we show
<P2>yz, <P2>xy, <P2>xz versus the lattice spacings normalized at the maximum values for each
system size dimension.

ui, uj are unit vectors along the axis of the two particles (“spins”) and P2 is a second rank
Legendre polynomial. The spins represent a cluster of neighboring molecules whose short
range order is assumed to be maintained through the temperature range examined [11].
The bulk Nematic-Isotropic (NI) transition occurs for this model at a reduced temperature
T∗ ≡ kT / ε = 1.1232 [13].

The different boundary conditions of a microchannel are mimicked assuming a layer
of outside particles with a fixed orientation consistent with the desired type of alignment at
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46 A. d’Alessandro et al.

Figure 6. Simulated cross polar optical images obtained from Monte Carlo simulations of a system
40×80×26. A front view is presented on the left, while the right plate shows a vertical point of view.

the surfaces [11]. As we have mentioned before, in this work we need to consider boundary
conditions which are homeotropic at four surfaces (see Fig. 2) while for the other two
(along the channel) periodic boundary conditions are considered.

The anchoring strength at the surfaces can be tuned by considering a different value of
εij when the spin j belongs to the additional boundary layers.

To generate the lattice configurations we have used the standard Metropolis Monte
Carlo procedure [14] where one spin at a time is updated as described in [11]. Equilibrium
Monte Carlo generated configurations have then been used to simulate images correspond-
ing to those observed with polarized light microscopy, an experimental technique used
to investigate micrometer size films, starting from the simulated lattice configurations by
means of a well tested matrix approach [15,16]. We describe each site in the nematic film as

Figure 7. Simulated optical images obtained from Monte Carlo simulations of a 80×80×26 system.
A front view is presented on the left, while the right plate shows a vertical point of view.
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Liquid Crystal Channel Waveguides 47

Figure 8. A polarizing microscope image of LC homeotropic alignment in PDMS channels obtained
for a produced prototype with sets of E7 nematic LC straight waveguides.

an optical retarder represented by a Müller matrix, so that the light beam travelling through
a succession of sites across the layers of the system is retarded by the matrix resulting
from the product of the Müller matrices corresponding to each site. The light emerging
from each direction of the simulation sample is observed, when required, with the help of
crossed polarizers (45 and 135 degrees), placed on two opposite sides of the system, which
are represented by appropriate projection matrices and switch off the non retarded light.
Finally the light intensity emerging from the system is coded in a scale from black (no
light) to white (full intensity) with 32 different grey levels.

Simulation Results

We have performed a set of independent complete simulations for some sizes of the cell
mimicking a microchannel of a straight waveguide. Here we report results for a 40×80×26
(xyz) and an 80×80×26 lattice where the cross sections of the microchannel are rectangular.
Since a spin can represent a cluster of neighboring molecules, we can consider the adopted
lattice dimensions compatible with those of the produced waveguides.

In Figs. 3 and 4 we show some typical snapshots of the two systems presented here.
It is apparent how the homeotropic surface alignments propagate inside the system. In
fact, due the geometry of the system with the horizontal surfaces larger with respect to the
other vertical dimensions of the simulated channels, i.e. zmax = 26 and xmax = 40, 80 the
alignment along z is favored inside the sample.

To give a more quantitative analysis of the ordering inside the systems we have
calculated how the order parameter <P2> varies across each direction of the channel, say
at each layer at x,y and z fixed. The results are summarized in Fig 5. Simulations show how
the ordering inside the system is affected by the aligning surfaces (see Figs. 5 a, b, c, d)
whereas this ordering is constant along the channel (see Fig. 5e and 5f).

As mentioned before we have also simulated the polarizing microscope images starting
from the Monte Carlo configurations.
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48 A. d’Alessandro et al.

The results, presented in Figs. 6 and 7, show the main features of the experimental
observations (see, for example, Fig. 8) even if the simulations concern a single microchan-
nel. We can observe that the intensity of the light is greater for the system with the smaller
x dimension. This result should be compatible with the small reduction of the transmitted
power as observed in the experiments [10]. In fact the measurements show that, for a given
polarization angle, the transmitted power in 9 mm length waveguides is lower in a 15 μm
wide waveguide than in a channel of 8 μm width [10].

The present approach can be useful for more detailed investigation to confirm or predict
the molecular organization and the ordering induced by particular surface alignments or
peculiar geometry of the channels.

Conclusions

We have performed Monte Carlo simulations of a microchannel with a rectangular section,
and homeotropic boundary conditions at each wall, filled with a nematic liquid crystal. Our
simulations are based on the simplest successful lattice potential put forward to describe
nematic liquid crystals (Lebwohl-Lasher). We have employed a standard Metropolis MC
method to update the lattice and generate configurations of the confined nematic that we
have used to simulate the optics for different geometries and two different sections. The
molecular organization of the structure obtained is in good agreement with experimental
results and in particular the optical polarized images between crossed polarizers reproduce
the experimental observations.
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