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ABSTRACT 

W e  report experimental results on electrohydrodynamic convection of nematic 

liquid crystals having a fke d a c e  at the nematic-isotropic interface. The applied 

electric field is orthogonal to the free suxfhce. In this configuration, the thickness of the 

nematic layer is linearly proportional to the reduced temperature. We observe that the 

threshold voltage for convective rolls varies significantly as the thickness is decreased. 

while and the dimensionless roll spacing remains constant. When convection occurs. the 

nematic-isotropic intertace undergoes a periodic distortion, and we argue that this 

distortion is largely responsible for the relatively large variation of the threshold voltage 

with layer thickness. 
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CHAPTER 1 

1. INTRODUCTION 

1.1 Introduction to pattem formation 

Virtualiy every structure in the notwal world is the result of a Iong sequence of 
successive symmetry breaking instabilities due to nonlinear processes under 
nonequilibrium conditions [I] . 

This thesis is concerned with pattern formation in nonequilibrium systems. It was 

said that "the problem of pattern formation in nonequilibrium systems obviously is the 

most important one in science" [2] since "the formation of life on earth can simply be 

understood by assuming an ensemble of chemical compounds driven out of equilibrium 

by the radiation of the sun" [3] . This is just one point of view how pattem formation is 

important But all of us know that beautill patterns occur in nature. Snowflakes, honey- 

comb and animal coat markings are just some of them. The systems in nature which form 

different patterns are often too complex to be l l l y  understood. 

The question is why investigate the origin and processes involved in pattern 

formation? One of the answers is to understand and describe structures of nature. That is 

the reason pattem formation has become an exciting new cross-disciplinary field for 

physical investigation [4] . 



In order to understand some features of pattern formation processes in nature one 

needs to deal with simpler systems [q. Scientists interested in physical understanding of 

those patterns study Wetent systems, in the laboratory, which show similar patterns. The 

benefits to basic research are quantitative and reproducible data. 

One of these systems is the ordinary Liquid placed between heat conductors and 

exposed to a vertical temperature w e n t  . Another is the convection cell with a uematic' 

liquid crystal (NLC) stresxd by an alternating current electric field. These systems are 

attractive for wellcontrolled experiments because they enable quantitative comparison 

with theory. Both of them have been intensively studied. 

The physical system we have focused on is electrohydrodynamic convection 

(EHC) in NLC [6]; this system exhibits many exciting patterns. The kind of pattern 

appearing at the threshold depends on the nematic compound used, its electricai 

conductivity and the frequency of the driving voltage, among other things. This is a 

popular system for experimental investigation for many reasons, one being that it allows 

reproducible measurements with well defined boundary conditions. The description of 

pattern formation is presented in the next section. 

I Type of liquid crystal. 



1.2 Pattern formation during convection 

Patterns are spatio-temporal structures that replace a uniform' state when some 

critical energy is added to the system and the system is driven out of equilibrium. Any 

discussion about EHC patterns obtained experimentally starts by noticing the resemblance 

between Rayleigh-Benard [7] convection in liquids and Cam-Hefich [8,9] instability in 

liquid crystal2 and comparing those two instabilities. 

The Rayleigh-Benard instability develops in fluids under certain conditions. It can 

be described as follows: fluid is placed between flat horizontal plates which are heat 

conductors. The fluid is heated from below. When some critical temperature difference. 

between upper and lower surface, AT,, is reached, the fluid spontaneously sets into 

motion. The flow appears in a form of circular cells. The temperature gradient is directed 

vertically, see Fig. 1.1. 

The warmer lower layers which are less dense than upper layers tend to move up, 

pushed by buoyancy. At the same time more dense, colder upper layers can not remain 

above Less dense layers. That is why the system in uniform, or no-flow state loses its 

stability. The convective mlls occur to help transport heat in the vertical direction. In this 

' State without structure. 
Details about liquid crystal will be given in the next chapter. 



case competition occurs between buoyant forces which cause the motion and fiction 

forces which tend to stop the motion. 

Figure 1.1 Schematic picture of Rayleigh-Benard convection showing fluid streamlines 

in an ideal roll state. 

Similarly, under appropriate conditions the nematic liquid crystal system is driven 

out of equilibrium to show instabilities in a form of convective rolls. normal to the 

director distortion plane so-called normal rolls; see Fig.l.2. 

This instability is described as follows: the nematic liquid crystal is sandwiched in 

between two electrodes. A dc or ac field is applied. When a critical potential difference is 

reached between the plates, periodic variations of the initial director orientation occur. 



This results in periodic distribution of the space charge. The accumulated charges drift in 

external electric field. They drag fluid dong with it. This gives rise to a convective flow. 

So in this case the convection in nematic liquid crystal helps electric conductivity 

transport charges. This instability is known as the Can-Helfiich instability. 

Figure 1.2 The nematic liquid crystal is sandwiched between transparent electrodes. The 

convection occurs as rolls normal to the molecular alignment. 

Under appropriate conditions these periodic patterns can be seen as a pattern of 

black and white stripes perpendicular to the distortion plane. This is shown in Fig.13. 

Periodicity in the patterns is observed to be a hear function of the sample thickness [lo]. 



Figure 1 3  The normal rolls as seen in the microscope with the shadowgraph method4. 

One question is what happens with spatio-temporal patterns in systems with no 

boundaries or with at least one free boundary. Our aim was to study the nonequilibrium 

dynamics of a nematic liquid crystal having a ftee surface at the nematic-isotropic (N-1) 

interface. This system has boundaries different from classical experiments where a liquid 

crystal is placed between two parallel plates. An electric field was applied orthogonal to 

the N-I interface. We examined the convection pattern formation in the nematic layer 

underneath the N-I interface. 

4 The shadowgraph method is a simple method to visualize fluid convection [I  I]. 



The availability of well-characterized complex materials like nematic crystals has 

opened the door to pattern forming systems potentially more amenable to a complete 

theoretical description. Finally, birehgent liquid crystals have superb contrast ratios for 

image analysis and comparatively fast dynamics and short length scales providing shorter 

observation time than is typical of more traditional systems like thermal convection. 



CHAPTER 2 

2. LIQUID CRYSTALS AND NEMATIC ORDER 

2.1 Introduction 

Liquid crystals (LC) are a state of matter between liquids and solids. They are 

fluids. They flow, and they take the shape of their container. However. unlike the ordinary 

liquids which are isotropic5, LC's have anisotropic6 physical properties such as index of 

refraction, dielectric constant, electric conductivity and resistance to flow. As it is well 

known, those are also characteristics of some solids. That is how they got their very 

confusing name: liquid crystals. LC phase occurs at the temperature between the higher 

temperature isotropic liquid phase and the lower temperature crystalline solid phase. LC 

possess some of the orientational order like most crystalhe solids, but lose most (or all) 

of positional order like isotropic Liquids. Different types of positional order give rise to 

different kinds of LC phases. Figure 2.1 shows schematically the difference in 

orientational and positional order between isotropic LC. NLC and crystalline solid. 

Further discussions will be restricted only to the uniaxial nematic phase. It is the 

LC phase that shows the least amount of order. Most NLC compounds are composed of 

long, rod-like molecules. A nematic possesses some orientational order and no psi  tional 

5 Material whose physical properties are independent of direction. 
6 Material whose physical properties vary with direction. 



order. 

Figure 2.1 Schematic illustration of the a) crystalline solid, b) nematic liquid 

crystal and c) isotropic liquid phases. The bars represent molecules. 

Their molecules can move about keIy but on the average they "point" in a 

common direction. Their average direction of pointing is referred to as the director. The 

director is a unit vector field. usually denoted by ii . 

2.2 Deformation of Liquid Crystal 

An undeformed LC is one in which the director points in the same direction 

throughout the LC. A deformed LC is the one in which the director changes its direction 

from point to point. There are only three modes of deformation: splay. twist and bend 

shown in Fig.2.2. 



2.3 Dielectric anisotropy 

In anisotropic media, like NLC, the electric polarization created by an applied field 

Figure 2.2 Types of deformation found in LC: a) Splay, b) Twist and c)  Bend. 

is not, in general, in the same direction as that field. As it is well known the electric 

displacement is related to an applied field % by a dielectric tensor F .  In uniaxial 

nematics this tensot has two principal values E,, and 6, : the dielectric constants 

perpendicular and parallel to ri . respectively. 



2.4 Conductivity 

Another important anisotropic electric property is conductivity. It should be 

emphasized that the conductivity depends strongly on the amount and the chemical nature 

of the impurities present in the LC compound [12]. 

We assume that Ohm's Law is valid . The only thing that is important for our 

experiment is that the conductivity tensor has two principal values c,, and a, : the 

conductivity parallel and perpendicular to B , respectively. 

2.5 Birefringence in nematic liquid crystals 

In anisotropic media, light travels at different speeds in different directions with 

respect to the orientation of the molecules. The ratio of the speed of the light in a vacuum 

c. to that in a medium, v, is the index of refhction n = g. It characterizes the interaction 

of light with the medium and therefore it is a unique property of the medium. When an 

electromagnetic wave propagates in an isotropic medium, all directions are equivalent and 

the index of r ek t ion  is simply a scalar. However, the Light propagating in a NLC " seesy' 

different average polarizability of molecules in direction parallel to the director and 

perpendicular to it. Therefore light linearly polarized in which the axis of polarization is 

parallel to the director travels at a speed , and Light polarized perpendicular to the 



director travels at a speed - n,, and nL are the extraordinary and ordinary refiactivctive 

indices respectively. Nematic liquid crystals, for this reason, are said to be birefringent. 

The biremgence is An = n,, - n, . These indices of rektion are usually temperature 

dependent [13]. 



CHAPTER 3 

3. THEORY OF EHC IN NEMATIC LIQUID CRYSTALS 

Liquid crystals "me diflcult materials: aperirnents require subtle tricks to 

prepare reproducible sampies, theoretical descriptions lead to notoriously messy 

equations" [ 1 41. 

3.1 First experiments 

When pattem forming instabilities were discovered in nematic liquid crystals. they 

offered the advantage to experimentalists to perform reproducible measurements with 

well defined boundary conditions. At the same time, this was a real challenge for 

theoretical physicists interested in the mechanisms involved in pattem formation. For 

them a description of these instabilities offers the advantage to be based on welldefined 

theoretical ground, generalized Navier-Stokes equation with additional equations for the 

electric field. 

Electrohydrodynamic instabilities were observed for the first time by Zvereva and 

Kapustin in 1961 [IS], and then investigated in detail by Williams [10] in 1963. Williams 

tried to give quantitative and qualitative interpretation of these " long parallel domains'". 



which appeared sharply at well defined threshold electric field. That is why it is common 

practice to call this type of instabilities Williams domains. What was found was that 

although both ac and dc electric field produce similar domain patterns, there is an upper 

cut-off frequency beyond which no domains can be formed. Williams found that the 

width of the domains increased with the thickness of the sample. Starting with Zvereva & 

kipustin, Williams and Can 181 there has been extensive experimental work on 

hydrodynamic convection in the typical thin-layer geometry shown in Fig. 3.1. By 

varying amplitude and frequency of applied voltage some patterns diierent f?om normal 

roll pattern (see Fig. 1.2) were also observed, but they are not the subject of this thesis. 

t rans~aren t  conductive coatina 
I J 

Glass 
> 

LIQUID CRYSTAL spacers 
I 

Glass 

Figure 3.1 Cross-section of the sample cell. Two glass plates having transparent 

conductive coating are kept parallel by spacers, sealed together and filled with LC 

compound. 



3.2 Development of theory 

The first theoretical investigation of the transition h m  the rest-state to the normal 

roll was done by Helfrich [9]. He considered a nematic liquid crystal placed in a uniform 

dc field and treated the problem in only one dimension. Dubois-Violette et a1 [I61 later 

expanded the calculation to an ac regime. Penz and Ford [17] extended it to two 

dimensions and took into account the boundary conditions. Bodenschatz et al [18] did the 

investigation of the threshold and near threshold behavior of the electrically driven 

pattern-forming instabilities in nematic liquid crystals. For that reason they extended the 

calculation to a three dimensional geometry. This is just the chronology of theory 

development. In the next section step by step discussion follows explanation of the basic 

model which was a base for all existing theories. 

3.3 Carr-Helfrich model 

Let us consider the simplest case: a layer of liquid crystal with a planar alignment, 

f i  N x. a positive conductivity anisotropy, A o  = q, - a, > 0, a negative dielectric 

anisotropy, A& = E,, - 6, c 0, and an electric field applied perpendicular to the director. 

in 2 direction. The certainly, oversimplified assumptions are: if the liquid crystal layer is 



parallel to the x-y plane, with the molecules along x axis in the unperturbed state and the 

electric field along z then all physical quantities depend only on x and not on y or I. The 

only type of deformation which is considered is pure bending fluctuations where the 

director A is in the x-r plane, making a small angle 8 with the x direction. 

The physical origin of the instability can be described as follows. The nematic 

liquid crystal has positive conductivity anisotropy Aa > 0. Due to this anisotropy space 

charges can be formed by ion segregation, in the x-dkction, if the liquid crystal is placed 

in an electric field [19]. Suppose that a slight periodic distortion of the director field 

occurs so that the director fonns an angle B(x) with x-axis i.e. 

A = (cos@,0,sin6) = (l,0,8). Due to this bend fluctuation the space charges build up. This 

implies local charge separation and charge accumulation producing a secondary electric 

field E,. along x. The applied electric field along r drives a non-zero current 

component, J,r, along x. This component of the current has different values in different 

regions of the sample, because of periodic distortion of the director. Charges pulled by 

external electric field will give rise to a hydrodynamic flow. The flow is accompanied by 

shear which in turn, exerts a torque on the molecules of the liquid crystal. Shear flow 

tends to orient A in the flow direction [13]. This is called viscous torque. There are thus 

three torques acting on the d i t o c  field: the elastic torque which tends to restore a 

uniform director field, the dielectric torque, due to action of the applied field and the field 

from space charges q, which tends to realign the director perpendicular to field and the 



viscous torque which tends to align the director in direction of flow. At a certain voltage, 

while the system is still in the uniform state, the destabilizing viscous torque ( T,) 

becomes large enough and it is not compensated for by the stabilizing elastic (re,) and 

dielectric (T,,) torques and the system lose its stability. The torques balance in a new 

state in which the fluid velocity is non-zero and conductive rolls form. This is called the 

Helfrich-Cam instability; see Fig. 3 -2. 

F i p r e  3.2 The Can-Helfrich mechanism. A periodic distortion of the director field 

(dashed lines) induces a periodic component of the current in the x direction, and hence 

charge accumulation. The charges are moving under the influence of the electric field, 

bringing along liquid crystal molecules with them. A flow is produced, which has a 

positive feedback on the distortion of the director field [20]. 



This interpretation of the electro-hydrodynamic instability forms the basis of 

theories for calculating threshold voltages for transitions that happen in nematic liquid 

crystals under an applied electric field. 

3.4 Detailed example 

Due to small distortion in director orientation, an angle that the director forms 

with the x axis in the x-r plane is assumed to be B(x)= B, cos(*=/n), where 8,  is  the 

magnitude of the distortion, 1 the periodicity (wavelength) of the director distortion and 

2 z  -- 
h 

- kmr is its wavenumber along r What was observed from experiment [lo] is that IZ is 

approximately equal to twice the sample thickness. Since, the distortion in z direction is 

not taken into account, LC is considered to be infinitely extended, in z direction. and all 

variables are only xdependent. This means that space charge distribution, q(x) induced by 

distortion in director orientation, and a hydrodynamic flow velocity, v,(x) induced by 

charge motion, are also periodic bctiom. 

Since the charges move under an electric field and create a flow, to describe this 

system it is logical to consider the charge conservation equation, Ohm's Law. Gauss' Law 

and Navier-stokes7 equation for an anisotropic fluid. Those equations are called the fluid- 

7 Note: It would be more appropriate to use Erickson-Leslie equations [2I], but because of their 
complexity, just simplified equation for viscous torque (3.13) is taken into account. 



field equations. To use the charge conservation equation, we must fim determine the 

charge density q and current density 3. The current density for anisotropic materials is 

given by Ohm's Law Ji = cqiEj, summation over repeated indices implied. where a, is 

the electrical conductivity and Eja component of  electric field. The electrical 

conductivity is: 

if the x axis coincides with the director n̂  , where a, and cr,, carry the usual meaning. For 

the molecule with the orientation specified by the 8 angle with the respect to the x and r 

axes, the electrical conductivity can be written a s a  = R(B)OR-' (8) , where ~ ( 0 )  is an 

orthogonal transformation, given by 

and ~ ( 0 ) - '  is its inverse. For n, = c o d ,  n, = sin 8,  the electrical conductivity can be 

written as 

If an electric field can be written as 



where EI is applied electric field, then we cau write the current density j, according to 

our assumption as follows 

Then we can write the x component of  the current density j , as follows 

J ,  = (a, + A ~ J )  E,  + Aan,n,E,. 

From the value for n, , n, and keeping only first order terns in Om, the above cquation 

transforms to: 

J,  = a , , E ,  + A d z O  . (3-1) 

Analogously to this we find the x component of electric displacement. Since the 

displacement field is given by Di = E, E.i, where E, = E&, + Aminj . and by keeping fust 

order terms in 8, and Ex was obtained 

0, = &I/ Ex + A&=@ . (3 -2) 

The next logical step is to consider Gauss' Law and the charge conservation 

equation simultaneously. This equation gives us a connection between the x component of 

electric field E, , the space charge distribution q(x), and the director angle 0 (x) : 



Since in the steady-state assumption nothing depends on time 

+ . L o .  

From equations (3.2) and (3.3) 

If for the sake of simplicity it is assumed that A& = 0 (then E,, = = E ) .  as suggested 

by Bfinov [ 261 then equation (3.5) transforms into 

This equation gives the relation between the x-component of the electric field and the 

space charge. Now insert equation (3.1) into equation (3.4) 

From equations (3.6), (3.7) and 6(x) we derive the following formula for space charge 

distribution 

do 1 2xx 
q ( x )  = -- E,8, sin- . 

A % 2R 

The charge density is proportional to the applied electric field E, and to the director 



distortion 8 .  

The generalized Navier-Stokes equation for an anisotropic fluid, which moves 

with velocity v, under the action of the force proportional to q(x)E : can be written as 

a*2v, + q ( x ) ~ ,  =o, (3 -9) 

where q, is viscosity coefficient. This friction tends to prevent fluid fiom moving. 

Now consider the contribution of the torques to the director field. Based on Cam- 

Helfrich [8,9] scenario the sum of the elastic, dielectric and viscous torque should be zero 

for a stable stationary state (normal rolls), hence torque balance equation is 

L + L d  + L = 0 (3.10) 

The elastic and dielectric torques can be derived fiom the bulk free energy 

associated with director distortion: 

where K,, and K, are the splay and the bend elastic constant respectively. The torque is 

SF 
given by the functional derivative T(F) = - saa . Assuming a periodic fluctuation in the 

director orientatioa and keeping the first order terms in 8,. one finds for the elastic and 

dielectric torques, 



From the Erickson-Leslie theory, taking into account the same assumption as earlier the 

viscous torque is given by 

where a, is a viscosity coefficient linking the fluid motion to the orientation of the 

director. This is the hydrodynamic torque exerted by the hydrodynamic motion on the 

director. The assumption that A s  = 0 (then E,, = E, = 6 )  eliminates the dielectric torque. 

The balance of torques equation is then: 

Combining equations (3.8), (3.9) and (3.14) we derive the following formula for 

the threshold field Et : 

I f  the assumption for the relation between the wavelength of the rolls A and the sample 

thickness d stays the same, 1 = 2d, and the threshold voltage is considered instead of the 

threshold field we derive the next formula 

One finds that the threshold voltage is independent of the sample thickness. The 

factor involving elastic and viscous coefficients shows us the contribution of different 



effects leading to electrohydrodynarnic convection. The threshold voltage is increased by 

increasing the elastic coefficient, K, , and by increasing the viscosity coefficient, . This 

viscosity tends to prevent fluid from moving. The threshold voltage is decreased by an 

increase of a viscosity coefficient linking the fluid motion to the orientation of the 

director, n, . Looking at the influence of conductivity we can conclude that an increase in 

conductivity n,, increases the voltage since it increases the current carrying capacity. 

while increasing the anisotropy conductivity decreases the threshold since it leads to 

better charge separation. 

This is an example of how to calculate the threshold voltage 5, for which 

convection occurs. This approach was suggested by Blinov [21]. The quantitative analysis 

made by Helfrich is very similar to this approach. He also did not take into account etrects 

of applying an ac field or influence of boundary conditions, but he allowed the dielectric 

anisotropy to be non-zero, A& t 0. This gives a slightly more complicated formula than 

equation (3.1 5) for the threshold voltage: 

It is easy to see that this fonnula derived by Helfiich leads to a higher threshold 

value than previous one, if A& < 0, which proves that in this case dielectric torque is 

stabilizing. WhenA~ = 0, (3.17) reduces to (3.15). From the experimental results it was 

found that equation (3.17) significantly underestimates the value of y,, . This is a 



consequence of not accounting for boundary conditions. 

3.5 AC electric field 

The analysis for an ac electric field was done by the Orsay Group 1221 in 1971. 

The contribution they made, compared to the work of Helfrcb was to introduce time 

dependent equations, where the time lags associated with charge response and with the 

orientational response of the director were taken into account. They found the relation 

between the threshold voltage and the frequency of the applied field. 

The electric field applied in z-direction is given by E, = E, c o s ~ .  Now the 

fundamental dynamic equations describing the charge flow and changes in molecular 

orientation were applied to the low frequency and high fkquency regimes. The question is 

which criteria are used to determine what is low, and what is high frequency ? What they 

found were essentially two regimes, one called conducting and the other one called 

dielectric. When the system is in the conducting regime, charges are modulated at the 

frequency, W, of the applied electric field. In dielectric regime charges accumulated by the 

Carr-Helfrich process do not have enough time to move during one period. They stay in 

the middle of the sample, so the charge density q at threshold becomes time independent. 

The transition between two regimes occurs at the so-called cut-off fkquency o,. For the 

frequency o Cw,, it is found that the threshold field is rather small, and the relaxation 



time 7, for the director orientation is long so that r, >> r, and or, >> 1. The threshold 

field is given by : 

wherec is the so-called Helfrich parameter, and is a dimensionless number which 

&I/ 
depends only on material parameters; r, = - is the charge relaxation time: 

4xa, 

K, ,d2 4~ &,I 2n - 
r,, = - is the director relaxation time and E: = -- K,, ' . Using the same 

Yt A& gL 

assumption as before for R , for the threshold voltage one finds 

where 

That is the threshold voltage independent of sample thickness. The cut-off frequency is 

given by o, = 
Js" - 1  

2, 

It appears that this model is able to explain the most experimental results for 

materials having a negative dielectric anisotropy. Some discrepancies with the 

experimental result are explained by neglecting the boundary conditions. 



3.6 2D model 

The next improvement of the theory was done by Peoz and Ford in 1971. [lq. 

They considered the same experimental geometry and revealed that this three-dimensional 

problem can be approached as two dimensional. That this is a good approach was 

confinned by experiment. At threshold the orbits of dust particles were roughly circular 

and in planes perpendicular to they direction. This allowed Penz and Ford to assume the 

director and the velocity being dependent on both x and z coordinates (no variation in y). 

The spatial distribution of the director is given by 5 = (cos&0, sine) where 

n 
0 = 0, cos k,x cos k,z , where k, is wave number in x direction and k. = - is the - d '  

wavenumber in the z direction. It was found from experiment that the spatial periodicity 

defined by k, varies roughly as k, = 3 /d ,  where il is a constant on the order of n and 

it is not strongly voltage dependent. It is also found that when the sample thickness is 

changed from 10 to 1000 pn , the threshold voltage remains relatively constant 

Helfiich's theory had one significant defect. He was forced to assume a value for 

Il in order to deduce the threshold voltage effect. Penz and Ford showed that k, -d  

relation is a natural result of the exact treatment of the boundary-value problem. There 

were eight boundary conditions to be met. Since the sample plates have been treated to 

produce the planar alignment, the angle 0 must be zero at the plates: 



Since the plates are good conductors relative to liquid crystal, the electric field can have 

no x component at the plates: 

The fluid has to stay inside the plates which means that the velocity has no s component 

at the plates: 

Also. velocity has no x component at the plates since the fluid flow parallel to the plates. 

must be zero at the plates to avoid infinite viscous loss: 

The threshold voltage y, and the period of Williams domains are found by using 

a standard theoretical method for finding approximate solution to the fluid-field equations 

[18]. This means that the problem is first linearized by considering small fluctuations 

away fiom the uniform state. The uniform state is described by the director being always 

parallel to the x direction and zero flow velocity. The linearization process leads to a set 

of differential equations which are translationally invariant for the infinite medium 

problem. It is well known that plane waves of the form eB form a complete set of 



functions for such a problem. I f  the amplitude of fluctuations are 8' ,v:. v: . E: , then: 

B.v,.v,, E, - ( 8 ° , v ~ , v . ~ , ~ 0 ) - e  ikp+it,- (3 -24) 

where A, and k, are the wavevectors of the instability dong x and r axis, and E, is the 

electric field along x. 

They applied the general hydrodynamic equations to a liquid crystal under the 

influence of a dc electric field.. Once the proper infinite medium solutions were obtained 

they were used to satisfy the boundary conditions. They found that the boundary-value 

problem can be solved for only certain value of kar ((wavevector along the x ) given 

threshold voltage y,, while Helfrich had to assume a value for k, to derive the 

threshold voltage. Consideration of the boundary problem lead to a prediction that 

wavelength l a 2d. Williams experiments indicated that the threshold wavelength does 

increase with the sample thickness such that 1 a 0.6-2d. Again the heshold voltage is 

predicted to be independent of the thickness. 

3.7 3D model 

Since experimentalists enjoy the possibility of easily varying several controt 

parameters such as the fkquency andlor the amplitude of the applied electric field or 

introducing the additional magnetic field different p a a m  were observed [23]. These 

patterns could not be explained by either oae or two a dimensional model. This was a 



motivation for theorists to search for a possible explanation for these pattern-forming 

instabilities. 

For that teason a three-dimensional analysis was done by Bodenschatz, 

Zimmerman and Kramer [IS]. They were able to investigate the threshold and near- 

threshold behavior of electrically driven pattern-forming instabilities in nematic liquid 

crystal. For the director orientation spherical polar coordinates were introduced 

ii = (cosecos W,cos~sin (v, siae) , so the director was allowed to twist out of the x-r 

plane. 

The method they used was the same as the theories described above. They coupled 

the hdamental hydrodynamic equations, with Gauss' Law, Ohm's Law and charge 

conservation equation, and the torques balance equation for the director field. One then 

has a set of non-linear equations, with six unknown variables: two independent 

components of the director, three components of velocity and the induced electric 

potential. The same theoretical method for solving equations was used as before. From 

translational invariance in the x-y plane follows that the linear modes are harmonics in x 

and y. If k, and k, are the wavevectors along x and y and the fluctuations amplitudes are 

8 ° . w 0 , v ~ , ~ ~ . ~ ~ . ~ 0  then: 

where the induced electric potential is defined by = E= - e) . All lengths are measured 



in units of d/ ,  so the plates are at s = &. The equations (3.25) are then integrated 

with respect to z. 

On each plate one boundary condition is needed for each quantity. As the result of 

the geometry of the cell: 

As the result o f  assumption of strong anchoring at the boundaries: 

Those conditions will always be assumed to hold. 

Analysis is simplified by taking so-called "fu2lyJiee" boundary conditi ons as: 

Those conditions are unrealistic torque-fee and stress-fiee boundary conditions. The 

filly-rigid boundary conditions are quite realistic for most situations: 



They solved this set of equations, together with the bouodary conditions (3.26-28) 

and obtained the expression for the threshold voltage (see equation 3.1 1 in [18]). The 

expression is very complex. In their work, expression obtained for &,, again confirmed 

that voltage is independent of thickness of the sample. This result was the same as in the 

timewindependent case. The threshold voltage was a hc t ion  of k,, k, and o . k., and k,, 

are wavenumbers along x and y respectively, n, is the hquency. The obtained 

expression includes all well-known limiting cases: one-dimensional description of the 

Williams domains, the result for two-dimensional analysis, the threshold for an applied dc 

voltage. For k, >> 1 spatial variations in the z direction becomes negligible, so one- 

dimensional description becomes possible. For k ,  = 0 the results for two-dimensional 

analysis are recovered. When ~ ( k , ,  k,) has minimum at k, = 0,  that gives the absolute 

threshold &, together with the critical wavenumber kc, for normal rolls. From their 

calculation they plotted the threshold voltage, 5, and critical wavenumber kc as a 

function of the thickness d for pee and rigid boundary conditions. Their results are 

compared with ours and discussed in Chapter 6. The next Chapter describes how our 

results are obtained. 



CHAPTER 4 

4. EXPERIMENT 

4.1 Idea 

The idea of this experiment was to obtain a system in which the interface between 

the nematic and the isotropic phases (N-I interface) occurs under thermal equilibrium 

conditions; then to apply ac electric field across the nematic and isotropic layer, and audy 

pattem formation exhibited by convection in the nematic layer. 

Up to now the experiments studying pattem formation during EHC were 

performed in the following way: a liquid crystal was placed between two transparent 

electrodes (glass plates having conductive coating), both treated the same way (rubbed 

poly(vinylalcohol), (PVA). angular deposition of SiO etc.) to produce desired alignment 

of liquid crystal molecules, and an electric field was applied across the plates; see FigA. 1. 

Since only nematic phase was present between the plates, in order to observe how 

changing the sample thickness would affect pattem formation, different samples would 

have to be made. 

Previous pattem formation experiments studying the N-I interface were concerned 

with morphological instabilities of the interface itself rather than convection. Two 

different methods were employed to obtain N-I interface: a temperature gradient [24]; see 



Fig.4.2 or the " wettability difference'" 1251 between the plates; see Fig.4.3. 

The N-t interface obtained by the second m e w  is both planar and stable in 

equilibrium conditions. This is why we used the "wettability difference" to obtain the N- 

I interface. In this configuration we would be able to achieve two objectives : consider the 

N-I interface as free upper boundary, and change the thickness ratio of the nematic and 

the isotropic phases by simply changing the temperature. 

rubbed WA 7 

F i p n  4.1 The cell when both boundaries are treated same; only liquid crystal phase is  

present between boundaries. 
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Figure 4m2 The temperature gradient geometry. 
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Figure 4 3  The "wettability difference'' geometry. The SiO plate is wetted by the 

isotropic phase, while the PVA plate is wetted by the nematic phase. 
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Figure 4.4 Geometry of our experiment. Schematic drawing of sample cell exhibiting 

EHC in the nematic phase. 

This experiment represents a qualitatively different approach to varying 

experimental conditions then any previously reported experiment. The geometry of our 

system is shown in Fig.4.4. 

Before we go on let us first present the problems which we encountered, how they 

were solved, and how the experiment was carried out. 

4.2 Encountered problems 

In order to perform the measurements a sample cell with well defined boundary 

conditions and a planar alignment (director parallel to the plates) should be obtained. The 



sample cell was a rectanguIat padlel plate capacitor, filled with the NLC, and with 

transparent electrodes whose inside surfaces were treated to produce the effects discussed 

in the next section. A NLC having negative dielectric anisotropy 4-methoxybenzylidene- 

4'-n-butyl-aniline (MBBA) was used. MBBA is one of very few nematics for which all 

relevant material parameters have been measured (for tabulated values see [26]). 

First the "wettability diierence" between plates bad to be obtained. This meant 

that two different plate treatments which give planar alignment of NLC molecules, but 

have opposite wetting properties, were needed. Then, coexistence of both phases over 

finite temperature interval should be provided. This then raises the question how to obtain 

precisely controlled temperature rate of change and stability. 

4.2.1 Substrate treatments 

The "wettability difference" method is based on the fact that the equilibrium 

configuration of two phases which coexist together, in contact with the plates, is 

determined by how the plates are wetted by both phases. It was first introduced by 

Yokoyama et ai [27,28]. If one of the plates of the cell is completely wetted by the 

nematic phase and the other by the isotropic phase, it is possible to obtain the interface 

between these two phases parallel to the plates. The nematic phase was observed to wet 

the plates completely if the plates were rubbed PVA. That means nematic phase formed a 

uniform layer on the plates; while if the boundaries were SiO film the nematic phase 



appeared in the form ofdroplets. That means that nematic phase wet the plates poorly. 

The isotropic phase showed opposite behavior. On PVA the isotropic phase 

appeared in a form of small droplets, while on SiO it formed flat circular domains on the 

boundaries with a small and finite contact angle. That means that the isotropic phase wets 

the SiO plates well, which is similar to how PVA is wet by the nematic phase. From this 

it could be concluded that PVA is wet better by the nematic phase, while SiO film was 

wet better by the isotropic phase of liquid crystal. These properties of rubbed PVA and 

SiO film were used in constructing a hybrid cell which allowed us to obtain planar and 

stable N-I interface under thermal equilibrium conditions. When the NLC compound, in 

the isotropic phase, was placed in a hybrid cell, as the cell was cooled, it was observed 

that on rubbed PVA the nematic phase began forming as a uniform layer and grew 

normal to the plates, forming a planar and homogenous interface. If cooling continued 

the nematic layer touched the SiO surface and there was the only the nematic phase 

present. This. also, worked the opposite way. If the sample is heated from the nematic 

phase, the isotropic phase started to form on SiO surface and grew normal to the plates, 

forming planar and homogenous interfkce. If heating continued the isotropic layer touched 

PVA and there was then only the isotropic phase present. This is a description of the ideal 

case how of" wetting difference'' works in the N-I interface preparation. How it works in 

practice will be seen from our experiment. 

Beside these "wetting" properties these two substrates, rubbed PVA and angular 



deposited SiO, produce planar alignment of LC molecuies. How this works is demibed in 

the next section. 

4.2.1.1 The mechanism of PVA alignment 

The mechanism of how PVA aligns LC molecules is still not completely 

understood The fact is that planar alignment of LC molecules can be achieved by plates 

coated. with a thin film of a polymer which is mechanically rubbed or buffed [29]. One 

explanation of this effect is that polymer alignment acts through grooves or scratches 

induced by the buffing process [30]. This means that rubbing produces a finely scratched 

surface so that the LC molecules become aligned parallel to the direction of the scratches. 

The other explanation is that buffing can orient the molecular chains of a pdymer 

through localized melting which produces an aligning surface [3 11. The formation of 

liquid-crystal phase has been initiated on the surface of another crystalline material thus 

the direction of the molecular axes has been preserved from one material into another. 

The liquid crystal molecules "see" the substrate as if it were an already formed liquid- 

cry& phase and act to extend that phase further in space. 

4.2.1 -2 Evaporated thin film surtire orientation 

The orientation process involves deposition via evaporation at an angle of some 

material, such as gold or silicon monoxide, onto clean glass plates; see Fig. 4.5. 
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Figure 4.5 The arrangement for angular deposition. 

The idea is that the angular deposition causes the SiO film to "grow" in the 

preferred direction to produce a finely rippled surface so that LC molecules become 

aligned to the direction of the film growth. It was observed that the angle of deposition 

determines the alignment of the LC molecules and that it induces a tilted orientation of 

them. It  was found then that an evaporation angle of 60° gives a planar alignment of good 

quality [32]. This technique gives reproducible results more easily than the rubbed 

polymer method. 



4.22 Miscibility gap 

In a pure material, the transition h m  the liquid crystal phase to the isotropic 

phase occurs at a single temperature called the clearing temperature. This makes 

obtaining and holding a planar and stable N-l interface practically impossible. For the 

preparation of the stable KI interfie one needs coexistence of both phases over a finite 

temperature interval. In order to get this one has to incorporate a small amount of 

impurity, c , ,  in the pure LC compound. A portion of the phase diagram for such a 

mixture is shown in Fig 4.6. There is a gap on the phase diagram between the regions 

labeled as isotropic phase and nematic phase. This gap is referred to as the forbidden 

region. No material exists at temperature-concentration coordinates in this region. If a 

specimen is prepared at a temperature and concentration within this region what is 

observed is that at equilibrium, both the nematic and the isotropic phases coexist with 

different impurity concentrations. The different miscibility of impurity in the nematic and 

in the isotropic phase cause the Lightly doped compound to exhibit coexistence of the 

nematic and the isotropic phases over the temperature internal. One crucial quantity which 

determine the behavior of the N-I interface is the partition coefficient K This coefficient 

gives the ratio of the impurity concentration on the nematic phase in coexistence to that 

on the isotropic phase. Thus, in the idealized diagram where the lines between the phases 

may be approximated as straight lines, the partition coefficient is also the ratio of their 

slopes. 



Figure 4.6 Portion of an idealized equilibrium phase diagnun for doped NLC compound. 

The NLC. MBBA, we used had a sufficiently wide coexistence region of 

approximately I0C. Since MBBA as a Schiffs' base is sensitive to even small amounts of 

water [I31 the impurity was probably absorbed water. Thus, fuaher doping was 

unnecessary. 



4.23 Temperature control unit 

Precisely controlled temperature rate of change and stability are essential for 

obtaining and studying the stable N-I interface. Since the transition happens over a small 

range of temperature, one of the problems we faced was how to make a hot-stage which 

would have temperature stability k 0.005 9: and heating and cooling rate as low as 

0.0 1 OC/min For this purpose, we designed a hot-stage and had it built in the Faculty of 

Science Workshop. The hot-stage is a temperature controlled system that has a hole 

through the center for optic access, and can fit on a microscope stage. It resembled like a 

cylindrical box with a space inside to enclose the cell when placed in a cell holder. The 

cell holder is made of two copper plates, tightly screwed together with a gap inside to 

hold the sample. The stage was completely wrapped with a copper pipe which was 

soldered in place and through which temperature controlled water was pumped. The water 

bath was a Neslab circulator. Inside the hot stage was a space for an elecmc heater and a 

platinum RTD. So the temperature was regulated by circulating water through the pipe 

around the cell and also by the heater. This combination is called " double oven" . The 

control system just described could hold the temperature of the sample to 0.0 1 T. The 

problem was that the heating and/or cooling rate could not be as precisely controlled as 

was needed. The solution was found by using a commercial microscope hot-stage, a 

Mettler FP-82, which, in addition to providing the temperature stability f 0.005 OC it 

could also precisely control either the heating or cooling rate down to 0.005 OCImin. 



4.3 Detailed description of the experiment 

The experiment was orgaaized as follows: after the glass plates were sufficiently 

clean and both of them treated to pmduce difKkent wetting, the sample was made and 

measurements performed on i t  First the coexistence temperature interval was exactly 

determined and the stable nematic-isotropic interface was obtained. Then for different 

temperatures inside the coexistence temperature interval, an ac electric field was applied 

and the patterns formed were studied. Next, optical measurements were performed to 

exactly determine the thickness of the nematic layer under the N-I interface. All of these 

steps will be explained in detail in following sections. 

43.1 Glass cleaning procedure 

Even though the surface treatment was the hardest step in sample preparation. 

sufficiently cleaning the glass plates should not be underestimated. After visual 

inspection of the glass surface, to make sure that the surfaces do not contain 

imperfections, the glass plates having an indium-tin-oxide conductive coating were cut 

into rectangular pieces 22 mm x 25 rnm. Then, the pieces were placed in a specially 

designed staining jar which held them vertically and without touching each other. 'They 

touched the jar only along the inside edges. The standard cleaning procedure [33] involves 



five ultrasonic cleaning (sonication) steps, using a detergent solution, then three different 

solvents, and finally hydrogen peroxide. The procedure employed here has only two 

stages but gives equally good results. First, the beaker was filled with a 2% detergent 

solution (Contrad 70 produced by Decon Laboratories hc.), and placed in an ultrasonic 

bath at 69 O C  for 20 m h  Then, the solution was removed and the plates rinsed thoroughly 

with flowing distilled water. The next step was hydrogen peroxide cleaning. The plates 

were sonicated in ammonium hydroxide to which 30% hydrogen peroxide had been 

added, for another 20 min. Since hydrogen peroxide decomposes rapidly at elevated 

temperatures, it should be added after ammonium hydroxide is hot, at around 85 "C . 

Again. after sonication. the cleaning process was completed by placing the jar under 

distilled, flowing water for final rinse. Then the glass plates, still in the jar, were placed in 

100 'C oven overnight to dry. Note that the glass plates are not touched, not even with 

forceps, during the whole cleaning process. 

One question arises here: how to be sure that the glass has been sufficiently 

cleaned? In additions to a visual check, spray the surface with distilled water. If the water 

completely wets the surface, leaving few or no spots, the glass is perfectly clean. Now the 

plates are ready for the next step, the surface treatment. 

4.3.2 Glass substrate treatment 

For the experiment reported here, one of the glass plates was spin coated (using P- 



6000 Spin Coater produced by Specialty Coating Systems hc.) with a 1 wt % aqueous 

solution of PVA. The solvent was baked out by drying the coated glass overnight at 

80°C . A preferred direction on the substrate was obtained by lightly rubbing the surface 

unidirectionally with a cotton cloth. Uniformity of the alignment of LC molecules is 

crucially dependent on the rubbing conditions. The materials used for rubbing, the length 

of rubbing and the pressure used must be deduced fiom many trials. That is why an 

enormous amount of time is spent on treating the glass plates. Total rubbing distance was 

about 10 m, which gave us a planar alignment; the rubbing pressure was very small. 

The other substrate was prepared by using an obliquely deposited film on the 

substrate. The SiO film was evaporated onto the substrate surface at an angle of 60" 

between the substrate and the line of sight to the evaporation boat. The plates were held in 

position 20 cm above the boat. The SiO was produced by Aldrich Chemical Company. 

The vacuum used was 10" Tom. The thickness of deposited film was measured by a 

Deposit Thickness Monitor produced by Sloan [nstnunents. To produce a layer thickness 

0 

= 600 A ,  the plates were exposed for 60 sec, so the deposition rate was 

approximately I o ;I /s. This procedure gives very consistent results. The purpose of 

employing two different substrate treatments has been explained already. 



43.3 Coamstruction of the sample cell 

Two glass plates, with dBetent surface treatment as described above, were kept 

apart at a fixed distance, 50 pm, by Mylar sheets placed between them, clamped together 

in cooper press and then glued together with low vapor-pressure epoxy paste. Cooper 

press was made of two cooper plates with a circular hole in it for optical access and 

narrow gap inside both of them to hold the cell. The copper plates were tightly screwed 

together by four screws to keep the plates parallel before the cell preparation was 

complete. In order to avoid interaction between the wet glue with LC, it was necessary to 

store the cell for a few hours to let the epoxy cure. Thin copper-wires were attached to 

each plate to make electrical contact. After this, the cell (see Fig 4.7) was ready to be 

filled with liquid crystal compound. 

transparent conductive coating 

Glass 
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UID CRYSTAL spacers 
I 

Glass 

light I beam 
Figure 4.7 Schematic cross-section of the sandwich type sample cell. 



The liquid crystal MBBA was introduced between the plates via capillary action. 

To protect our samples from a dust which can perturb the interface. all the work in 

preparing the sample was done in so-called clean-area. The clean-area is a horizontal 

laminar flow cabinet designed to provide a particle-fiee work environment for the 

performance ofdust sensitive procedures. The work area has dimensions 28" H x 37" W x 

19" L. This cabinet can achieve better than Class 100 clean environment (as it is stated in 

the manual). To protect the work area from the dust when hood was not used, we enclosed 

it with doors made of clear plastic. 

4.3.4 Checking the quality of the sample 

The next step was to be sure that the plate treatments indeed produce uniform 

planar alignment. For this purpose, the cell was examined with a polarizing microscope; 

see Fig 4.8. As was already explained, the nematic Liquid crystals are birefringent. 

Therefore, when the sample is placed between crossed polarizers, there is no light 

emerging from the analyzer if the director is oriented either parallel or perpendicular to 

the axis of polarizer; the sample should appear completely, uniformly. dark. When the 

director makes an angle with the polarizer axis of 4 5 O  there is maximum light emerging 

from the analyzer; the sample should appear completely, uniformly bright. The areas 

where the director makes an angle with the polarizer axes other than 0°, 45 or 90° should 

appear less dark or less bright then previous mentioned cases. That means that it i s  a good 

sample. with good alignment. Otherwise, white or black points. or lines or spots that can 



be seen, are dust or scratches, or molecules oriented in difterent directions. Once a good 

sample was obtained, we faced the question of how to get stable and homogenous N-I 

interface in equilibrium. 

43.5 Preparation of the K I  interface 

The cell was mounted in a microscope hot-stage (Mettler FP-82). To double-check 

the temperature, a platinum RTD was in contact with a cell inside the hot-stage. The 

resistance of RTD was measured with a multimeter which was interfaced to a 

computer. The sample was between crossed polarizers, the axes of which were inclined 

from the optic axis of the liquid crystal by k45". The microscope magnification could be 

changed, so that the field of view varied: 500 pm, 1000 pm and 2500 pm in diameter. The 

smallest magnification was used through all measurements so we were able to see as 

much of the sample as possible. 

The first step was to exactly determine the temperature interval of the coexistence 

region. The sample cell was heated up and cooled down slowly to first determine T , , the 

highest temperature at which the nematic phase is observed and T,. the lowest 

temperature at which the isotropic phase is observed. The heating and cooling rate used 

was 0.01 "C 1 min. What has been seen under the polarized microscope? When a liquid 

crystal is cooled down from the isotropic phase the nematic phase first appears at 33.87 

"C (for one particular sample). By lowering the temperature fkther, the isotropic phase 



W l y  disappears at 32.82 OC. When the liquid crystal was heated up fiom the nematic 

phase, at temperature 32.92 OC, the isotropic phase started to form on SiO surface. By 

increasing the temperature fuaher the nematic phase finally disappears at 34.00 O C .  At 

this point the sample appears completely dadc as the nematic phase disappears altogether 

and dl birefringence is lost. 

Figure 4.8 Schematic drawing of the sample placed between crossed polarizers, under the 

microscope. 

The next problem was how to obtain a uniformly nucleated nematic layer, which 

will then grow and form a planar and stable N-I interface. We experienced three different 

types of nucleation of the nematic phase on rubbed PVA: almost perfect layer, circular 



pancake-shaped layer and rectangular layer elongated along the rubbing direction; see 

FigA.9. The first two can both be the result of homogeaous rubbing, while the last one 

can be the result of uneven rubbing strength. It might be that an almost perfect layer is 

nucleated when the rubbing is not so strong, but scratches are close to each other, then 

voids between scratches are small and easily "eateny' by growing surface nucleated 

domains. The circular pancake-shaped layer might be result of larger distances between 

scratches, but also a little greater rubbing pressure; then, the nematic layer nucleates on 

strongly rubbed scratches, but still those domains begin to merge by eating voids between 

them relatively fast. When the rectangular layer elongated along the rubbing direction 

appears, the cause may be that some of the scratches are rubbed much stronger then 

others. but these are not sufficiently dense. Then, voids between surface nucleated 

domains are so large that they can not be eaten even when the domains grow very large. 

The mechanisms of nucleation were discussed with H. Yokoyarna, who experienced the 

same types of nucleation and he suggested to us to try attention to find the optimal 

cooling rate [34] to get eventually a uaifom wetting layer even when the rubbing is not 

entirely homogenous. What we deduced from many trials was that by lowering the 

rubbing pressure as much as possible and increasing the cumulative rubbing length up to 

10 m it is possible to obtain perfect nucleation of nematic layer on PVA. The procedure 

for obtaining a stable and homogenous N-I interface, was also deduced from many trials. 

The typical preparatory procedure was to use a rather large cooling or heating rate. 



0.3 "Urnin, until the temperature was approximately in the middle of the temperature gap. 

The temperature was then held steady for at least one hour or until the uniform nematic 

layer was formed. Once a planar N-I interface was reached by this manner, it was stable 

for several days. Occasionally this procedure fails if a i l l y  nematic or fully isotropic 

region forms. By l l l y  isotropic or Nly nematic we mean any area inside which either 

phase is in contact with both boundaries; see Fig. 4.10. If such an area forms. it is 

impossible to eliminate it without either heating the sample above T, or cooling it below 

TN . which essentially means beginning the preparatory procedure again. Indeed. if such 

regions remain for more than a short while, the LC sample must be "annealed" by 

leaving it well above T, for several hours, which is long enough for any impurity 

concentration gradients in the horizontal direction to diffuse away. Once the stabie 

interface is formed, the thickness of the nematic layer can be continuously varied by 

slowly changing the temperature by a.005 OC/min. As the temperature is lowered. the 

appearance of the sample changes abruptly when the nematic phase touches the SiO 

treated boundary; at this point, T, , the isotropic phase has disappeared altogether. 



Figure 4.9(a) Nucleation: almost perfect layer. 

Figure 4.9(b) Nucleation: circular pancake-shaped layer. 



Fipre 4.9(c) Nucleation: this happen when nucleation starts as rectangular layer 

elongated dong the rubbing direction. 

fully nematic fully isotropic 

Figure 4.10 Representation of fully-nematic and fully-isotropic regions. 



If the temperature is raised instead of lowered, the sample appears completely dark 

at T, as the nematic disappears altogether and all birefringence is lost In the temperature 

interval h m  T , to T , an interface moves normal to the boundaries. 

43.6 Thickness of nematic layer 

Very important for studying the EHC in the nematic layer under N-I interface is an 

accurate determination of the nematic layer thickness. This can be done by knowing the 

optical phase difference, 6, between the ordiary and extraordinary ray. since 6 is 

directly related to the thickness of nematic layer, d. The phase difference 8, between the 

ordinary and extraordinary ray for monochmmatic light of wavelength A is found by 

integrating over the thickness of nematic layer d: 

where 12 1 ] 

is the refkactive index for the extraordinary ray when the director makes an angle 0 with 

2 d h  
the x axis while remaining perpendicular to they axes. When Nz) = 0, then 6 = - . 

A 



In order to quantitatively evaluate the optical phase diffmnce, the transmitted 

light intensity with the sample between crossed polarkem should be measured during the 

N-I transition. The oscillation of the transmitted Light intensity can be attributed to the 

change of 6 due to thickness change of the nematic layer. The intensity of the light, 

passing through the cell and polarizers, depends on the angle q between the polarization 

vector of the incident beam and the initial orientation of the director I . The intensity at 

the exit of the analyzer is found [2 11 to be 

where I,  is the intensity of the plane polarized light incident on the cell. When the initial 

director orientation makes an angle of 45" with the polarization vector of the incident 

beam, that corresponds to the maximum intensity of transmitted light. 

43.7 Electrical aad optical measurements 

After the stable, planar N-I interface was obtained, the ac electric field with 

constant frequency (50 Hz) and variable amplitude was applied via the conductive 

coating. The field was produced by a Synthesized Function Generator (Model DS 345. 

Stanford Research Systems). The output of the signal generator was from 0 to 10 V , ,  and 

it was amplified so that the final maximum voltage was about 20 V ,  . The output voltage 

of the amplifier was measured by a Keithley voltmeter. The applied electric field was 



slowly increased and the onset of EHC monitored visually. This was performed for 

different values of temperature in the temperature interval from T , to T, , which means 

for different thickness ratio of the nematic and the isotropic phases. A CCD video camera 

was mounted on a microscope to capture the images. The camera was connected to a 

video recorder so everything was taped, and also interfsced to a computer so image 

analysis could be done. The image analysis was done by using Matrox software package. 

Also an analysis of the obtained pattern was done diictiy measuring interesting distances 

on the microscope scale and from the screen We were also able to make time-lapse 

recording by capturing the image every few seconds. That was done by interfacing the 

video recorder with a computer. This was very convenient since the experiment was 

running during the night or the weekends. 

r 

LASER 
POLARIZER 

\ 
\ 

SAMPLE ANALIZ& 
CELL 

Figure 4.1 1 Set up for optical measurements. 



The optical measurements were taken for the same temperature interval as the 

electric measurements. The tight (wavelength 632.8 am) from a helium-neon laser was 

passed through the poiarizer, the sample and the analyzer before reaching a photodetector 

(Optical Power Meter produced by Newport). The computer recorded the data; the 

intensity of light vs temperature. 

What we observed in the microscope when the sample cell went through whole the 

temperature transition interval fiom T , to T was that the texture changed the color from 

yellow through green, blue to purple then red and back to yellow. How many times the 

whole cycle occurs depends, of course, on the thickness of the sample. 

The critical voltage V,, necessary to observe EHC was measured across the whole 

cell. However the measured voltage between the plates is not the quantity of interest. 

evaporated sio 

isotropic phase 

N-l interface 
/ / /  / 
/ / /  

nematic phase electrode 

Figure 4.12 Cell modeled as a resistive voltage divider. 



Knowing that the nematic and the isotropic phases have different electrical 

conductivity, we can find the potential difference across just the nematic layer by 

modeling the whole sandwich cell as a resistive voltage divider, shown in Fig.4.12. 

where VN is voltage across the nematic layer, R, resistance of isotropic phase and R ,  

resistance of nematic phase (with the director perpendicular to the applied electric field). 

Resistances were measured independently using a 1608-A impedance bridge (General 

Radio Company). The impedance bridge was connected to the cell. By manually nulling 

the bridge, it gave the cell resistance and capacitance h m  the position of the switches. 

The next chapter concerns the representation of the obtained results. 



CHAPTER 5 

5. EXPERIMENTAL RESULTS 

In this chapter, we represent results fiom our experiments on EHC in 

layer under N-I interface in equilibrium. 

5.1 N-I interface 

The stable planar N-I interface was obtained under thermal equilibriu 

It was seen through the polarizing microscope as one colored t e r n ;  shown i 

the nematic 

n conditions. 

in Fig. 5.1. 

Figure 5.1 Stable and planar N-I interface. 



By slowly changing the temperahue by 0.005 OC/min up and down it was 

observed that color of the texture changes from yellow, through green and blue to purple. 

eleven times during N-I transition. The changing of the color can be attributed to the 

increase of the optical phase difference due to growth of the nematic layer. 

5.2 The thickness of the nematic layer 

In order to directly measure the thickness of the nematic layer,d,.the 

measurements of light transmitted through celt and polarizers were measured as a function 

of temperature as described in Sec. 4.7; result are shown in Fig. 5.2. 

Figure 5.2 Intensity of transmitted light as a hction of temperature. 



The next step was to qualitatively evaluate the optical phase difference,& 

between ordinary and extraordinary ray from the results obtained by measuring 

transmitted light intensity. According to equation (4.2), intensity of the light changes f?om 

its maximum, I,, , to its minimum, I,, when the phase difference 6 is changed by z. 

What was found is that the optical phase differeuce through nematic-isotropic coexistence 

region changes linearly with temperature; see Fig.5.3. 

Figure 5.3 Temperature dependence of optical phase difference. 

If we assume the director to be homogenwusly oriented through the nematic layer. 

that means in our case it is everywhere at 4S0 to the polarized axis, then the optical phase 

difference, b , is given by 



The value for An is taken right at the transition temperature, and it remains constant as the 

temperature changes from T, to T, and h is the wavelength of light used, li = 632.8 

nm. From (5.1) it can be seen that 6is directly related to the thickness of nematic layer. 

Fmm Fig. 5.3 as in [35] we find d ,  = d(1- i ) where t is the reduced9 temperature. The 

temperature dependence of  the nematic layer thickness is shown in fig.(5.4). 

Figure 5.4 Temperature dependence of thickness of nematic layer. 

In reality the director is not necessarily uniformly oriented. When the finite tilt 

angle 0 at the N-I interface (- 10'- 30° C34.351) is taken into account the phase 

difference is approximately: 

9 Reduced temperature is explained in the next section. 



From which we estimate the m r  in the original, simpler expression (5.1) to be 

about 7%. Moreover, the error is independent of d ,  . Because this enor is not significant, 

for simplicity we assumed the zero tilt-angle case. 

5.2.1 Reduced temperature 

Let us explain why the reduced temperature was used and how it is defined. It is 

well known that MBBA as a Schiffs' base is sensitive to even small amounts of water 

[I 31. That is why our concern was that transition temperature would change during the 

experiment For all experiments reported here, both 7', and TN varied by approximately 

0.5 O C  over the course o f  six months, but T, - TN remained constant at 1.06 f 0.02 "C. 

The reason is that the partition coefficient is close to 1.  From Fig. 4.6. and knowing the 

clearing temperature for pure MBBA [13], T, , and T, (from measurements) it is easy to 

see that partition coefficient K, as ratio o f  the slopes is about 0.9. Because of this. only the 

T-TN 
reduced temperature was used We define the reduced temperature t as 

T,-T, ' 

5.3 The critical voltage 

After a stable, planar N-I interface was obtained, the applied electric field was 



slowly increased and the onset of EHC monitored visually. At some well-defined critical 

(threshold) voltage, bright Lines appear on a darker background These lines are normal to 

the molecular axis; see Fig. 5.5. 

The voltage was measured for different values of d ,  ; the results are shown in Fig. 

5.6. In this figure one can see that the critical voltage decreases with an increase in the 

thickness of the nematic layer. This data can be misleading however as the measured 

voltage between the plates is not the quantity of interest But, by knowing the potential 

difference across the whole sampk cell and also resistivities of both the nematic and the 

isotropic layer, the voltage divider relationship referred to earlier can be used to derive the 

potential difference across only the nematic (right before the onset of EHC): 

where p, and pi are the resistivities of the nematic phase (with the director 

perpendicular to the applied electric field) and the isotropic phase respectively. The values 

for p,and pi were obtained from the measurement of the resistance of either a l l l y  

isotropic or fully anisotropic material close to the clearing temperature. The ratio % 
was found to be 0.24. When both phases coexists at the same time, a different amount of 

impurity will be present in the nematic layer and in the isotropic layer. Although the 

resistivities are sensitive to the level of impurities, they ratio should stay approximately 



Figure 5.5 Normal roll pa- for EHC ( the sample is rotated). 

the same. Since the width of the two-phase region is only about 1/10 of the temperature 

differmce between the measured clearing point, T, , and the clearing point for p w  

MBBA. 45 (IC [13] and assuming conductivity is proportional to impurity concentration. 

we can estimate the enor made in using the single phase measurements 'dM to be about 

10%. and independent of I. 



Figure 5.6 Measured critical cell voltage necessary to observe EHC vs. nematic layer 

thickness. 

Fig. 5.6 shows the critical voltage needed across the nematic layer (underneath the 

N-I interface) to induce EHC plotted as a kction of thickness of nematic layer. We 

point out that voltage decreases by more than 50% over our range of d ,  . Note that d ,  in 

Fig. 5.6 is never less than 1 2 p ,  and that it jumps fiom 4 2 p  to SOP, at which point the 

sample is l l l y  nematic; between boundaries, the interface is no longer present. The 

reason why d, was limited to this range was the following, if d ,  was less than about 8 

p. and EHC was induced, the nematic-isotropic interface contacts the rubbed polymer 

interface, and a l l l y  isotropic region remains after the electric field is removed. Similarly 

if d ,  was bigger then 4 2 p ,  when EHC was induced, the nematic-isotropic interface was 

observed to contact the SiO substrate, and remain in contact there after the electric field is 



switched off, leaving a fully nematic region. What we mean by Mly isotropic or fully 

nematic regions is already explained. Moreover, these regions inside which the nematic- 

isotropic interfjlce has contacted one of the substrates have the same periodicity as the 

EHC rolls, as shown in Fig. 6.3. Also of interest is the wavelength of the roll pattern. A=. 

just above the onset of EHC. In Fig. 5.7 The periodicity of the roll pattem is shown. Note 

that it varies by a factor of more than three. In order to make comparison with the 

theoretical calculations it is necessary to cast our measured quantities in the units used in 

calculations. The standard practice is to measure lengths in units of d ,  h. 

Figure 5.7 Calculated critical voltage across the nematic layer only vs nematic layer 

thickness. 



Figure 5.8 Observed wavelength Ac vs nematic layer thickness. 

Using the data in Fig. 5.7 for this rescaling we can plot the dimensionless 

wavevector, q .. which is the quantity calculated in [12] . q vs. d ,  is shown in fig (5.8). 

Figure 5.9 Dimensionless wavevector q = 2 d ,  I A, vs nematic layer thickness. 



CHAPTER 6 

6. DISCUSSION AND CONCLUSION 

The experiment consisted of studying pattern formation during electrically 

induced convection. The sample cell was made of two conducting glass plates filled with 

nematic liquid crystal, MBBA, aligned planarly on the plates. The plates were treated to 

wet differently the nematic and the isotropic phase. With this method, at equilibrium. 

using precise temperature control the N-I interface could be stabilized to be parallel to the 

plates. An AC voltage was then applied to the capacitor filled with nematic liquid crystal 

to initiate electrically induced convection in the nematic layer underneath the N-I 

interface. In this configuration the thickness of the nematic layer was linearly proportional 

to the temperature change. The thickness was measured by measuring the intensity of 

light transmitted through the capacitor and crossed polarizers. The potential difference 

just across the nematic layer was found by modeling the whole sample cell as a resistive 

voltage divider. 

It was found that the critical voltage needed for convection to occur varies 

significantly as the thickness of the nematic layer is decreased, and it aiso was found that 

periodicity of the pattem varies by a factor of more than three, while the dimensionless 



wavelength of the pattern stays constant- To make comparison with the theory [18] the 

calculated result for critical voltage V, and the dimensionless wavevector, q,. are plotted 

in Fig. 6.1 and Fig.6.2 together with our experimental results. 

0 10 20 30 40 50 

rrmpk thickmu (micron) 

Figure 6.1 Calculated critical voltage across the nematic layer only vs nematic layer 

thickness. Calculated results from [I81 for both types of born- conditions are also 

shown. As can be seen the theory predicts that both V, and q, should not vary with 

change of thickness of the nematic layer d ,  for d ,  > t o p ,  for both sets of boundary 

conditions used in 1181. The prediction that the dimensionless wavevector qc. should not 

depend on d ,  is apparently on firm ground. 



2 4  Figure 6.2 Dimensionless wavevector q, i - vs nematic layer thickness. Calculated 
4 

results from [18] for both types of boundary conditions are also shown. 

The experimental results, within error bars, are consistent with q, being constant. 

The critical voltage across the nematic layer to observe convection is more problematic. 

In contrast to the predictioas given by theory V, varies by over 50%. 

One immediately suspects several factors that might account for the discrepancy 

with existing theory. Most conspicuous is that in [18], the chosen boundary conditions 

apply at both boundaries in every case; in this experiment, one boundary, the N-I 

interface, is clearly very different h r n  the other, nematic in contact with a rubbed 

polymer surface treatment known to produce strong anchoring [29]. The so called fbUy 

free boundary conditions chosen in [18] are not in fact fully free. The director is still 

constrained to lie in the x-z plane at the boundaries, and the fluid velocity in the z 



direction must vanish at this boundary. In our experiment, it is unlikely that there is 

transport of fluid across the N-I interface, driven by EHC, but it may be premature to rule 

it out. In our opinion, the most significant difference in boundary conditions between 

present theoretical calculations and this experiment is the actual shape of the boundary. 

We confirmed a presence of deformation of the N-I interface indirectly. First we observed 

that EHC cannot be observed for arbitrary values of d ,  between 0 and d. I f  d ,  is within 

about 8 1  of d when EHC is induced, the N-I interface is observed to contact the SiO plate, 

and remain in the contact there after the electric field is switched off, leaving a Wly 

nematic region. 

Figure 6.3 The N-I interface is observed to contact the SiO plate and the regions inside 

which the N-I interface has contacted this plate have the same periodicity as the EHC 

rob. 



Similarly, if d ,  is less than about 8 /on, and EHC is induced, the N-I interface 

contacts the rubbed polymer plate, and the fully isotropic region remains after the electric 

field is removed. Moreover, these regions inside which the N-I interface has contacted 

one of the plates have the same periodicity as the EHC rolls. This is shown in Fig. 6.3. 

These observations demonstrate that EHC induces a periodic distortion of N-I interface; 

the amplitude of this distortion is on order of 8 p. A proposed structure for this 

distortion is depicted schematically in Fig. 6.4. 

electrode 

Figure 6.4 Schematic of periodic distortion of N-1 interface in the presence of EHC in the 

nematic phase. 

At present, we know of no theory of EHC which allows for a distortion of the N-I 

interface, and which can successfully predict a significant decrease in the onset voltage 

for EHC as the thickness of a nematic layer having a fke d a c e  (under the interface of 

nematic-isotropic phase) decreases. Open questions can be divided into two categories: 

those for theorists and those for experimentalists. 



In presented theory [18], various quantities having units of time are considered: 

the charge relaxation time s,, which depends only on material properties. the period of 

the sinusoidal applied electric field, Yf . where f is the fkequency. and the characteristic 

4,4 time for director relaxation, r, = - , where Kli is the splay elastic constant and y, is 
Y 1 

the rotational viscosity. The argument is made that all calculated results should be 

independent of d ,  if q, is substantially larger than both t, and . In order for this f / /  
condition to be violated in our experiments, d ,  would have to be significantly less than 

1 jm . This fact shows discrepancy with the available theory. 

Further experiments would shed more light on the N-I interface deformation itself. 

The experiments described in this thesis all correspond to a sample thickness of 50 pm. It 

would be interesting to see what effects changing the sample thickness would have on 

pattern formation, or changing the nematic compound used to some which produce 

frequency dependent patterns, or involving an additional magnetic field parallel to electric 

field. The last configuration is known to be a very rich source of novel and unexplained 

behavior [36] when boundaries are fully rigid. These results are recently published [3 7] 

and they have already aroused some attention. We would be very happy to see this 

experiment arouse more attention from both theorists and experimentalists. 
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