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1 INTRODUCTION

The problem of setting and “pushing back” the frontiers of physics education may
be pursued in two main directions: i) developing and introducing new teaching
and learning methods and processes better adapted to students’ cognition level,
previous knowledge, working habits etc., and ii) introducing new topics from
everyday experience which relate to advanced physics knowledge and technology.
Science is the primary source of our knowledge and understanding of the world
we live in as it offers explanations of natural phenomena we encounter in our
everyday life. An important point is that it is (still) progressing at a tremendous
pace, and continues to change our life through new products based on very
sophisticated physics as well as ingenious technological processes.

However, there is a gap between the achievements of science and technology
as they manifest themselves in so many commonly used practical devices, and the
knowledge that students have to learn at school. One of the major tasks of the
today’s education endeavors seems to be to motivate students to take interest in
getting acquainted with basic notions of science. Most often, they have to begin
their learning process with “basics of physics”, which are for many of them boring,.
As a consequence they lose the motivation to proceed to more interesting topics
which require a deeper knowledge and better familiarity with physical laws,
practical calculations, and experimental skills.

This seems to be a vicious circle. Since the students’ knowledge is not
sufficient to explain interesting phenomena, they are first taught (boring) basic
principles which are illustrated by old and unattractive examples. As the
beginning physics lessons are boring, students are not motivated to study and
consequently do not acquire the knowledge needed for more interesting topics and
therefore do not really get acquainted with exciting applications of the physics
theories.

Therefore the problem of appropriately setting the “Frontiers of Physics
Education” is of paramount importance. In our opinion, a physics curriculum
should present (and demonstrate) as many modern practical applications of
physics as possible and explain them in terms of known physical laws. This would
at the same time motivate students and give them information about technological
underpinnings of our civilization.

A quantitative treatment of any serious physics or/and technological problem
is far beyond the scope of undergraduate introductory physics study, especially in
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courses for non-physicists. It is also true that a clear understanding is an essential
step for a quantitative treatment. A reasonable strategy therefore seems to be to
introduce some up-to-date new topics and give a qualitative description, which
would serve as an illustration of the underlying physical principles. A qualitative
understanding is as important (or even more) as calculations and numerical
procedures.

In this article, we present a possible use of liquid crystals (LC) [1-3], and in
particular electrically controlled color filters, to illustrate several physics topics as
well as their technical application. In our opinion and experience, it could spur the
motivation of students to invest more learning effort into the study of physics with
the goal of acquiring an understanding of some technological applications. No
quantitative description is given, apart from guesses made on the basis of a clear
physical insight.

Electrically controlled LC color filter is basically a LC nematic cell, i.e. a layer
of nematic LC sandwiched between two parallel electrodes. When a voltage is
applied to the electrodes, the LC molecules reorient because of the dielectric
interaction with the electric field which results in altered optical properties of the
cell. It is not the intention of this presentation to give another explanation of the
phenomena connected with LCs but rather to show their use as an excellent
illustration tool of a number of interesting notions and topics in physics. It is
intended to demonstrate “physics knowledge in action”, a practical example of how
to use physics laws and principles to describe a real (and important) physical
system.

Because of the limited space, only the main points leading towards the
understanding the ECLC filters is described. Along the way, many general physics
concepts may be introduced and explained, examining properties and behavior of
LCs. In the article, the path to be followed is presented by a sequence of problems
to be solved by students.

2 LIQUID CRYSTALS (LC)

Liquid crystals offer excellent examples illustrating various fields of physics in a
natural and appealing way. One encounters topics like

i) atomic structure of matter, thermal motion,

ii) Coulomb’s Law, electric fields and forces, potentials, voltages, electric

dipoles etc,

iii) optical properties of matter.
Moreover, they are prototypes of many applications of physical laws in technology
which are easy to understand.

One of the most important notions in science and technology is about the
atomic structure of matter [4]. Liquid crystals are mesophases, intermediate
between isotropic liquids and crystalline materials. The constituent blocks are rod-
like (elongated) or disc-like (discotic) organic molecules [2]. Exploring the structure
of LCs, it is possible to learn basic notions of atomic structure in general, of various
kinds of order (translational, orientational) and degrees of order (as quantified by
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the order parameter). Further, various states of matter and phases may be
introduced in a natural way, from isotropic, nematic, several smectic and
crystalline phases.

We can introduce the notions of microscopic structure, director and various
kinds and degrees of order by working out with students the following problems.

Problem 1: Try to guess various possible microscopic configurations of rod-like
(disc-like) molecules. What are the symmetries of various phases?

Problem 2: Why can rod-like molecules be treated as cylinders (or rotational
ellipsoids)? (Think of the rapid rotation (on the order of 10 s) around the long
molecular axis due to thermal motion.)

Problem 3: How can a series of phase transitions of many LCs be understood in
terms of competition between thermal motion on the one hand and attractive
interactions between molecules on the other hand?

Rod-like liquid crystal molecules often have permanent dipole moments. They
may point either along the molecular axis or perpendicular to it. Yet they can not
generate spontaneous polarization. With a simple consideration of the electrostatic
interaction between adjacent dipoles, it is possible to guess the reason for equal
probability of either orientation of dipoles.

Problem 4: How does a permanent electric dipole moment of rod-like molecules
influence the structure of the nematic phase?

An intuitively simple, yet very important, notion in the description of a
microscopic structure of condensed matter is the order parameter. In nematic phases,
apart from translational order, also orientational order is an obvious feature of the
molecular configuration.

Problem 5: Try to find an appropriate choice for the order parameter of the nematic
phase. Compare with the ferromagnetic phase. Why is (cos 0) (0 = angle between
the molecular axis and the director n, i.e. average orientation of the molecules) not
a good choice?

3 PROPAGATION OF LIGHT, OPTICAL PROPERTIES OF LC

The electromagnetic theory is complicated and far beyond the scope of school
physics. However, nematic LCs make it possible to visualize in a simple way
several optic phenomena, in particular the main features of birefringence.
The areas of physics in which LCs may serve as appropriate examples, are

i) electromagnetic (EM) waves and light,

ii) polarization,

iii) anisotropy, birefringence.
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Before treating optical properties of LCs, students have to know basic notions of
light as EM waves. Considering the polarization of a light beam incident on a
homogeneous LC layer, it is possible to guess the dependence of the light
propagation upon polarization.

Problem 6: Make a guess about the dependence of propagation of light on its
polarization and direction when incident on a surface of an uniaxial LC medium
(imagine all the rod-like molecules aligned in the same direction).

At this point, a LC cell is described and the notion of (homeotropic and
homogeneous) anchoring and alignment at the surfaces is introduced. After
discovering the characteristics of light propagation in a uniaxial anisotropic
medium, it is possible to consider a homogeneously aligned nematic LC cell. With
some additional guessing, it is possible to find the intensity of the light emerging
from the cell.

Problem 7: A homogeneously aligned nematic LC film (optic axis parallel to the
surface) is put between two crossed polarizers that make an angle of 45° with the
optic axis. Unpolarized light is incident perpendicular to the cell. Find the intensity
of the emerging light.

The anisotropy of the nematic phase is due to the orientational order of
molecules. Therefore also birefringence depends on the degree of orientational
order.

Problem 8: Try to sketch the dependence of the birefringence (An = n, - n,, n, and n.
being indices of refraction of the ordinary and extraordinary ray, respectively) on
order parameter (S) and temperature.

4 FREEDERICKSZ TRANSITION; ELECTRICALLY CONTROLLED COLOR
FILTERS

Electric (or magnetic) fields change the orientational order in nematic LCs and
influence their optical properties. An electric field, applied to a LC, induces dipole
moments in LC molecules. Due to the torque exerted by the electric field on electric
dipoles, molecules align (most often) parallel to the applied field. Electrically (or
magnetically) induced reorientation of LC molecules is called Freedericksz
transition [2, 3].

Problem 9: Determine the torque exerted by a homogeneous electric field on an
electric dipole.

Using simple dimensional analysis it is possible to determine, within a
constant factor, the threshold electric field of the onset of the Freedericksz
transition.
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Problem 10: Try to guess the quantities that the critical electric field E. depends on
and, by dimensional analysis, an expression for E..

An important topic is mechanical deformations of LCs. A general deformation
may be described in terms of three basic types, splay, band and twist, to which one
may arrive in a natural way by considering the deformation of various LC cells
(homeotropic and homogeneous) under the influence of electric fields in various
directions.

Problem 11: Try to guess the distribution of the director field n for various cells and
electric fields (an example of the Freedericksz transition in splay geometry is
shown in Fig. 1).

Problem 12: Try to guess a typical dependence of the bulk reorientation angle vs.
the applied field (make a sketch).

Problem 13: Try to sketch the three basic types of mechanical deformation of
nematic LCs.
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Figure 1 Freedericksz transition in splay geometry. On the left and right alignment layers
molecules are oriented in the plane of the electrodes along the z axis. To make a
homogeneous nematic cell which may serve as an ECCF (see bellow), two crossed polarizers
are to be added.

5 ELECTRICALLY CONTROLLED COLOR FILTERS (ECCF)

Any cell with electrically controlled birefringence may serve as a color filter. Most
effective are homogeneous LC cells mounted between two crossed polarizers so
that the angle between the LC optic axis (set by the rubbing direction) and the
polarizers is 45° (Problem 7, Fig. 1). The transmitted light intensity is given by [5] I
= Ip sin? (5/2), where the phase retardation is 6= (27An/ A)h, An = n, - n,.

Problem 14: Using the result of the Problem 12, plot the (normalized) transmittance
of the cell as a function of the applied voltage (Fig. 2 left).
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Figure 2 Left: A homogeneous cell (7 = 5 pm), normalized transmittance vs. applied voltage
for a monochromatic light (1 = 532 nm). Right: The wavelength at which the intensity has its
first peak as a function of the applied voltage.

If the voltage applied to the cell is varied, the light of different wavelengths fulfils
the condition for the maximum transmitted intensity.

Problem 15: Plot the wavelength at which the intensity has its first peak as a
function of the applied voltage (Fig. 2, right).

5 CONCLUSIONS

In the article, a possible way of using standard physics knowledge obtained in
school in order to understand an interesting modern device such as a tunable
retardation cell is presented. The proposed example could serve as a motivating
element for students to learn physics, since it shows that ordinary school physics is
sufficient to qualitatively explain a real practical device and predict its functioning.

REFERENCES

[1] Vilfan M and Musevi¢ I 2002 Tekoci kristali (Liquid Crystals) (Ljubljana:
DMFA)

[2] Priestley E B, Wojtowicz P J and Sheng P 1979 Introduction to liquid crystals
(New York: Plenum)

[3] Moses T and Jensen B1998 Am. J. Phys. 66 (1), 49

[4] Feynman R P, Leighton R B, Sands M 1966 The Feynman Lectures on Physics 5th
edn (Reading, Massachusetts: Addison-Wesley)

[5] Born M and Wolf E 1980 Principles of Optics (Oxford: Pergamon), p 696



