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Dynamic Scattering: A New Electrooptic Effect
in Certain Classes of Nematic Liquid Crystals

GEORGE H. HEILMEIER, SENIOR
AND LUCIAN

Abstract—A new electrooptic effect in certain classes of nematic liquid
crystals is presented. The effect has been termed “dynamic scattering™ be-
canse scattering centers are produced in the transparent, anisotropic medivm
due to the dismuptive effects of jons in transit. The jons can be prodoced by
fiedd assisted dissociation of neptral molecules andfor Schoftky emission
processes, The rise times of | to 5 ms and decay times of less than 30 ms,
together with de operating voltages in the 10 to 100V range, make dynamic
scattering seem attractive for such applications a5 alphanumeric indicators,
and do pot preclude its use in line-at-a-time matrix addressed, real-time dis-
plays. Reflective contrast ratios of better than 15 to 1 with cfficiencies of
45 percent of the standard white have been demonstrated.

Lipuin CrRySTALS—INEMATIC PHASE

HE FIELD of liquid crystals has been the subject of
Trr_ﬁ-‘icwﬁ by Gray [1] and Brown and Shaw [2], hence

a comprehensive review will not be attempted here.
Mevertheless, some general information necessary to
familiarize the reader with this rather exotic field will
facilitate an understanding of the new effect and its possible
applications.

The term “liquid crystals™ is applied to substances whose
rheclogical behavior is similar to that of fluids but whose op-
tical behavior is similar to the crystalline state over a given
temperature range. Liquid crystals are by no means rarc.
Approximately one out of every 200 organic compounds
exhibits mesomorphic behavior, although the occurrence in
inorganic substances is extremely uncommon. Both ali-
phatic and aromatic compounds can exist as liquid crystals.
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The feature common 10 molecules exhibiting liquid erystal-
linity is a planar, rod-like structure. Three classes of meso-
maorphic behavior exist: smectic, cholesteric, and nematic.
As evident in Fig. 1, cach is characterized by a speeific ar-
rangement of molecules in the fluid. Cholesteric liquid
crystals have been used as temperature and vapor indicators
[3]. We shall restrict ourselves to a brief discussion of the
nematic state which is the particular mesophase exhibiting
our electrooptic effect.

The term “‘nematic™ is derived from the Greek word
meaning thread. This term describes the thread-like lines
which can be seen in this class of liquid crystals under a
microscope. The molecules of nematic liquid crystals are
arranged with their long axes parallel but not in layer form
as is the casc with smectic liquid crystals (see Fig. 1). The
molecules are free to slide past each other; nevertheless,
they remain essentially parallel within a given region.
Mematic materials can be aligned by both electric and mag-
netic fields. This alignment can be essentially complete [4]
in contrast to the relatively weak alipnment produced by
high fields in conventional polar fluids (i.c.. one part in 10%)
as predicted by Langevin theory (~pERT, p=dipole
moment, E=electric field). This follows from the coopera-
tive behavior of the molecules in the nematic hiquid crystal.

Probably the best known nematic substance and one
whose rheological, opiical, and electrical properties have
been extensively explored is p-azoxyanisole. This material
transforms from a crystalline sohid into the nematic state at
116°C and becomes an isotropic liquid at 133°C.
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PHENOMENOLOGICAL DESCRIPTION OF THE EFFECT
The structure which we wish to consider is a sandwich cell
consisting of a transparent front electrode (i.e., nesa-coated
glass) and a specularly reflecting back electrode. This is seen
1 Fig. 2, cell 1. The nematic material is sandwiched between
these electrodes using teflon spacers of § to 1 mil thickness.
Capillary action s sufficient 10 hold the liquid between the
plates for a variety of orientations. In general, some means
for maintaining the temperature within the nematic range is
required.

In its quiescent state with no field applied, the liquid
crystal is essentially transparcnt. This means that if the
specularly reflecting back electrode is faced into a black
background, the cell appears black. When a de field of the
order of 5x10° V/em (corresponding to 6 V for a & mil
thick sample) is applied, the liguid becomes turbulent and
scatters light. We have designated this state as the dynamic
seattering mode (DSM). In this state the cell appears white.
Increasing the field results in increased brightness so that a
gray scale is obtainable. Saturation of contrast ratio versus
field occurs at about 5% 10* V/cm. A tvpical result is shown
in Fig. 3. Under de conditions maximum contrast ratios in

excess of 20 to 1 with maximum brightness of the order of

50 percent of MgCo, (the standard for white) have been
obtained under conditions where the specular reflecting
back electrode “looks™ into a black background.

While we have discussed this effect phenomenologically
as a reflective effect, the true operation is due to the scatter-
ing of light. It is characteristic of nonconducting scattering
centers which are larger than 5 to 10 times the wavelength
of the incident light that the scattered radiation is not a
function of the incident wavelength [5]. Moreover. the bulk
of the radiation is forward scattered rather than back-
scattered; thus. a specular reflecting back electrode is
necessary to direct this radiation back through the scat-
tering medium to subjectively maximize the effect.

MATERIALS
The materials which have yielded the best performance in
the dynamic scattering mode of operation are members
of a class of organic compounds known as Schiff bases.
These materials, when highly pure, are essentially transpar-
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Fig. 4. Anisylidene-p-aminophenylacetlate.

ent in the visible and have resistivities of | to 5x 10'°
0-cm and a dielectric constant of 3.5 at 9°C. We have
found the compound APAPA (anisylidene para-amino-
phenylacetate), shown in Fig. 4, to be of particular interest
in demonstrating the dynamic scattering mode [6] Iis
nematic range is from §3°C to 100°C.
DrIviNG MECHANISM OF THE DyNaMIC
SCATTERING MODE

The turbulence noted in the liquid erystal when subjected
to fields above threshold requires that domain-like regions
of neutral molecules be set in motion. Scattering is produced
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by localized variations in the index of refraction. As we
have discussed, these regions must be large compared to the
wavelength of the incident radiation. Their nature will be
explored more fully in another section,

There are several mechanisms by which an electric field
can exert a force on a fluid: 1) electrostriction, 2) spatially
varying dielectric constant, 3) dielectrophoresis, 4) electro-
phoresis, 5) electrohydrodynamic effects. Mechanisms 4)
and 3) are somewhat related. To review briefly, electro-
strictive forces arise from the change in diclectric constant
produced by field induced density changes. Dielectro-
pharesis is defined as the motion of matter caused by polari-
zation effects in a nonuniform field. Electrophoresis is the
motion of a charged particle and its associated counterion
cloud in an electric field. The counterions themselves are
moving, on the average, in the opposite direction under the
mnfluence of the applied field. Since they are solvated, they
tend to carry with them their associated solvent molecules.
so that there is a net flow of solvent in a direction opposite
to the motion of any given (solvated) central charge.

What we shall call electrohydrodynamic forces [7]. [8]
are those mechanical forces which are produced by essen-
tially unipolar electrical conduction. When ions in a partly
ionized medium move under the influence of an electric
field, friction with the carrier medium transfers momentum
1o the latter. If only one sign of ion is present, the pressures
created can be significant.

We have performed experiments using five basic sample
configurations in an effort to determine the mechanism or
mechanisms of the DSM. These experimental configura-
tions are shown in Fig. 2. Cell I is similar to the arrangement
used n the actual display with 6p<d<25 u. In cells 11 and
I1I both electrodes are on the same substrate. The liquid
crystal covers both electrodes. and a transparent cover slide
with spacers makes up the remainder of the cell. Cell TV is
tabricated [rom glass tubing and filled with nematic mate-
rials. The metal screen electrodes are spaced 5 mm apart.
and provisions ar¢ made for measuring the pressure differ-
ence across the cell with electric field applied.

In cell I, for thicknesses less than 25 g, with one nesa-
coated glass electrode and one metal electrode, the DSM i3
always greater at a given voltage when the metal electrode is
negative. In addition, the current-voltage characteristic is
not linear, as seen in Fig. 5. A threshold of 5 to 10 kV/cm
for the DSM is generally found. Transient measurements,
to be described more completely in g later section, were also
made using this type of cell. When the cell was subjected to a
voltage step, the current. in addition to exhibiting an initial
displacement current transient, also possessed a later sec-
ondary peak similar to that found for transient space charge
limited currents in solids (see Fig. 6) [9]. The time of occur-
rence of the secondary peak or “cusp™ was inversely
proportional to the applied voltage, as seen in Fig. 7. This
secondary peak was not seen when one of the electrodes was
made an ideal blocking contact by covering it with teflon.
In addition, no optical effect was seen under these condi-
tions. Unfortunately, measurements as a lunction of cell
thickness were nonreproducible in a consistent manner due
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to the nature of the cell fabrication technique.

When cell I1I was viewed under the same conditions with
crossed polarizers, an optical effect (i.¢., change in trans-
mitted light) was seen to initiate at the negative clectrode
and travel to the positive electrode. At threshold field the
effect initiated nonuniformly at the negative electrode.

When cell TIT was viewed under the same conditions as
above with the smaller-radius electrode negative, the optical
effect initiated at the negative electrode for fields about the
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same as those observed for the sandwich cell. This optical
effect at threshold also propagates to and terminates at the
ancde. as seen in Fig. 8. The propagation rate appeared to
be nonumiform, slowing noticeably near the anode. In this
geometry with the field at the small electrode equal to S to 10
kV/em, that at the anode is much less and substantially
below threshold,

In cell TV, although the electrode separation is orders of
magnitude greater than that of cell I. turbulence in the
liguid crystal initiates at roughly the same field strength.
The appearance of an optical effect is accompanied by a
rise in pressure at the anode. The difference in the height of
the column at the anode and at the cathode as a function of
field is shown in Fig. 9, along with the current.

Another cell similar to IV without the provisions for
measuring pressure was also used. This cell had two solid
metal electrodes separated by a metal screen electrode (see
Fig. 2, eell V). It was found that the current was 10 to 15
percent higher when the sereen electrode was positive and
only one of the solid electrodes was used as a cathode, com-
pared to the case with the polarities reversed. Optical effects
were also noted in the field free region beyond the screen
anode. When both solid electrodes were used as the cathode,
the current to the screen anode in the center of the cell was
not doubled as might be expected.

It 1s recognized that the widely different cell and electrode

geometries and sizes may themselves help determine which
I of the several possible effects may be dominant in driving

the DSM in a specific experiment. Mevertheless, if we choose
to minimize this possibility and assume that there 15 experi-
mental consistency independent of the geometry, we can
summarize our data as follows: 1) The appearance of the
optical effect initiates at the negative clectrode. 2) It 15 ac-
companied by an increase in pressure at the anode and the
deviation of theé current-voltage characteristic from linear
to a more rapid variation with voltage. 3) The magnitude of
the optical effect at a given field is dependent on the nature
of the negative electrode. 4) The optical effect which initiates
at the cathode propagates to the anode, although the field
in this region may be far below threshold for the effect.
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5) The experiments with cell V indicate that there is a definite
relationship between electrical and optical effects and
hydrodynamic effects. 6) Transient measurements indicate
that the passage of current is necessary to produce the DSM.

MNow let us critically examine these observations. Forces
due 10 electrostriction and/or spatially varying dielectric
constant cannot account for the pressure rise at the anode.
In addition, these forces would not require current to be
passed, which seems necessary for the DSM, Dielectro-
phoresis requires a nonuniform field. In our planar geom-
etry this could only be produced by space charge. Neverthe-
less, the experiments with cylindrical geometry electrodes
with the high field at the cathode saw the optical effect
still propagate from cathode to anode, which is contrary to
what would be predicted for dielectrophoresis, Other true
ficld effects are also suspect when we note that the optical
cffect in the aforementioned case propagates through
regions where the field is far below normal threshold for
the effect. Thus. a model based on dielectrophoresis does
not seem consistent with all the experimental data.

R e e e T e
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The experiments in one way or another seem to eliminate
all possibilities except those based on charge transport as
the mechanism for the DSM. Electrohydrodynamic effects
require charge transport in the liquid crystal to be domi-
nated by one sign of carrier. Positive ions arc not felt to be
the dominant carriers, since the pressure rise is at the anode,
the optical effect initiates at the cathode, and the effect is
somewhat sensitive 1o cathode material. The means of
producing transport imbalance include preferential adsorp-
tion or accumulation of one type of jon at the walls of the
container and/or clectrode, mobility differences, and injec-
tion of electrons followed by their capture by neutral
molecules (lorming negative ions).

Fundamental to the experimental results is the require-
ment that the electrical force present on the space charge in
the fluid must be balanced by a pressure gradient given by

Vp = pE (1)
where
= pl‘l:.‘iﬁll]’l_‘
f = net space charge density
E = electric field strength.

Using Poisson’s equation and mtegrating, the pressure
difference between anode and cathode is given by

Ap = $28(E g — Elinead) = TgAh (2}

where

T = density of fluid
g = acceleration due to gravity
Ah = difference in height of column between anode and
cathode
£ = relative dielectric constant.

If the effects of diffusion are neglected, this equation can
be written

Ap = LY Tu; (3)

where J; represents the various contributing conduction
processes, and L is the electrode spacing. I the dominant
conduction mechanism is also the dominant contributor
to the pressure generation, a plot of Ap versus V will have
the same behavior as J versus V. If this is not the case,
the behavior of the two plots will differ. Pressure and
current-voltage data are shown in Fig. 9. Note that the
slope of the In (pressure) versus V''? is greater than In (1)
versus V' indicating that we are probably dealing with
separate mechanisms in this case. Pickard [10] has ex-
amined in detail the variation of pressure with the uniform
F/L in conventional liquids in terms of a parameter g
which reflects changing space charge conditions, Our data
fit the case where # is increasing monotonically to one as
the voltaze is increased.

As an example of how subtle ficld differences between
anode and cathode in the presence of larger average fields
can lead to the observed pressure differences, consider the
case shown in Fig. 9.
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ELP == EEI}'L;{Efnnde = E.?mhn.:c]' — Tq-‘ih {-‘“
where ;

T = density ~ 1.3 = 10° kg/m*
g = 9.8 mfs?
Ept &~ 36 % 10”2 F/m
Ahly o oy ~ 22 x 10~ m,

Hence,
{Ef-lmdf 'E(?aul:'luulill:i ~ 1.5x% Iﬂljz ‘v."llm:lz' {5}

The square of the average field for the 4 to 5 mm electrode
separation in the pressure cell is 4 to 6 x 10'2 (V/m)*.

While the importance of charge in producing dynamic
scattering has been established. two major questions remain.
1) What is the origin of the charge? 2) What are the details
of the process which produces scattering centers in the
liquid? These questions are the subject ol the following
sections of this paper.

CONDUCTION STUDIES AND THEIR RELEVANCE
TO DYNAMIC SCATTERING

In the previous section it was established that a relation-
ship does exist between dynamic scattering and the pro-
duction of a pressure difference between anode and cathode
when field is applied. De current-voltage data for the
pressure cell and sandwich cell {see Fig 2), where the
electrode spacings are 15 cm and 6 x 107 * cm, respectively,
are shown in Figs. 9 and 5. respectively. Note that the data
give an excellent fit to an facexp (F'2) law. The slope has
a value of 248 x 107 * (MKS) for the sandwich cell and
2.7 % 107 3 MKS) for the pressure cell. These values do not
compare favorably to the theoretical value of

M2 2k Tmeeg)' ' ~ 0.88 x 1073 (MKS)

for Schottky emission which has the same functional
dependence [11]. Measurements could not be made over
a significantly wide temperature range to check the tem-
perature dependence of the slope.

Experiments in the sandwich cell geometry with evapo-
rated aluminum, nickel, cobalt, platinum, and chromium
cathodes revealed a difference in current of no more than
a factor of ten for ficlds up to 10° V/em and no consistent
dependence on cathode work function. The thickness de-
pendence of the current is shown in Fig. 10. Note that the
current increases linearly with increasing sample thick-
ness. This is, indeed, contrary to ohmic and Schottky emis-
sion behavior where a decrease is expected.

As a final check, a cell with an electrode peometry of a
point and a plane was fabricated. No significant variation
in current was found at fixed voltage when the polarity of
the voltage on the cell was reverse. Schoitky emission is
dependent on the field at the cathode. In the case of the
point cathode, conditions favoring emission certainly ex-
isted, yet no variation in current was observed.

We can summarize the experimental conductivity studies
by noting that 1) Jcexp kF'? where the experimental
value for & is a factor of 2 to 3 times farger than that pre-
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dicted by Schottky emission ; 2) little or no dependence was
found on electrode work function or field configuration ;
and 3) current increased with increasing electrode separa-
tion,

The data are consistent with a model based on field
assisted molecular dissociation of the liquid or impurities
therein. In general, if we assume essentially no space charge,
the current is given by

J = eEiny, + pu,) (6)
and
dn ,
V-J, = euE— = cD{E) — ynp 7
dx
where

E = average electric field
My, i, = negative and positive ion mobilities, respectively
n, p = negative and positive ion densities, respectively
D{E) = field assisted dissociation constant
v = recombination constant
¢ = constant.
If, in the spirit of the semiquantitative nature of this analysis,
we assume that
E = constant (no space charge)
n=p
My = My
y = 0 (direct recombination is small)
i = 0 (at cathode),

then (7) can be integrated simply to vield

cDIE)
uEe

L

where I.=electrode spacing. Since we have assumed that
n~pand p,~u,,

J = 2cD{E)L. (8)

[t remains to develop a simple expression for the field
assisted dissociation constant.
In the absence of field, this has the general form

D(0) = Dy exp (— U,y/kT) (9)

1167

where U, =dissociation energy in the absence of field
Using the same general approach of simplified derivations
of the Schottky emission equation [11], the dissociation
energy 15 given by the integrated sum of the electrostatic
forces

o—edx =
U[EI=J. z—j eE dx
o dmesgx o
Z
e
=U, — — — ¢Ex_ 1
® dmesyx, : (19)
Mow when x=x_, the net force is zero; hence,
112
& !
X, = . 11
(41:4;5,:,.['.) (i1
and the dissociation energy becomes
E 172
U=Uy— 2% —] . (12
* (411&':9) ]

Substitution of (%) and (12) in (8) yields the current-voltage
relationship for the dissociation model

J=2cLbyexp | =U, + 2*3(Efdmez )2 LT, (13)
Note that the slope of a Jocexp F'/# plot is twice that of the
Schottky emission model, and an increase in current with
electrode separation is predicted. In addiuon, no depen-
dence on electrode work function is indicated.

While possessing some similarities with Schottky emis-
sion, the field assisted dissociation model offers much better
agreement with our experimental data and seems to be the
dominant conduction process. This is not to say that it is
the only active conduction mechanism m our experiments,
The initiation of an optical effect at the negative clectrode
followed by its propagation to the anode could be due to a
field nonuniformity or an emission process. Thus, while
lield assisted dissociation may dominate the conduction
process, it is still possible that an emission process which
is enhanced by high fields at the cathode may be a factor
in the dynamic scattering. This emission process would
seem 1o have much in common with Schoitky emission,
and indeed 1-V data in agreement with this mechanism
were found in one sample. This finding leads us to suspect
that the dissociating species is an impurity molecule.

A MopDeL FOR DyNaMIC SCATTERING BASED ON SHEAR
INDUCED ALIGNMENT BY 1oMS iN TRANSIT

Previous experiments have emphasized the importance of
ions in transit in producing dynamic scattering in certain
classes of nematic hiquid crystals. In further work it was
found that little or no dynamic scaltering is present in
nemaltic systems whose molecular dipole moment lies along
the molecular axis, although resistivities may be guile
comparable to those for which the effect is observed in the
APAPA family. Such a material is p-n ethoxybenzylidene-
p-aminobenzonitrile (PEBAB), shown in Fig. 11, We have
also found that dynamic scattering can be produced without
an electric field by moving one electrode along the other in
the sandwich cell geometry, thus subjecting the liquid
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crystal to a mechanical shear. The shear in this case is
roughly 1000 s~

In an effort to explain these varied experimental ob-
servations, we wish to propose a model based on the align-
ment of swarms due to the shear induced in the hiquid
crystal by the ions in transit. This alignment, which is
dynamic in nature, tends to align the molecular axis along
the direction of ion transit (see Fig 12). The electric field.
on the other hand, tends to align the dipole moment along
the direction of the applied field. In molecules where the
dipole moment does not lie along the molecular axis, each
of these two forces tends to produce a different alignment,
and since the swarms are highly birefringent, the conditions
for light scattering exist between the differently oriented
regions. In the case where the dipole moment and molecular
axis lie in the same direction, the field induced alignment
and the shear induced alipnment are in the same direction.
and scattering centers are not dramatically evident.

Consider a rod-shaped domain in a shear field g=dv, /dy.
The major axis of the domain lies at an angle ! with respect
to the x-axis. If the swarm axis is not aligned in the direc-
tion of flow, the ends of the swarm will experience a trans-
verse component of veloeity:

v, = 1/2Lg sin® § (14)
where L=swarm length. Neglecting inertial effects, the
angular velocity of the swarm axis is simply

{ = gsin® 0. (15)

The probability @ of finding a swarm in any given orienta-
tion will be inversely proportional to the rotational speed ;
hence,

) = constant, (16}

The rotational thermal motion of the swarms tends to
counteract the hydrodynamic orientation effects. This ther-
mal component of the motion gives rise to an orientational

e S S — |
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diffusion of the swarms in the direction corresponding to a
decrease of ®{#). When this component of motion is added
to (16), we obtain

dd
DOE — D

r g constant. (17)

Since () must be proportional to the velocity gradient or
shear gy, { becomes a function of the ratio of the velocity
gradient and the rotational diffusion constant D,. Hence,

® = flx)
o= gih

Equation (17) can be solved by series techmiques. Two
special cases are of interest.

Case 1
Lel

£ =

D=1+ Y 2"g,(0).
1

Substituting m (17) and equating coefficients vields
£
=1+ 451“ 28 4, i18)

The alignment tendency is weak but tends to have a maxi-
mum at #=m/4.

Case 2
Let

o ==
® =Y o "g,(0)

Again substituting in (17) and equating cocflicients, we
obtam
e Cﬂ.ﬂlﬁl?ﬂl o (19)
o sin )
In this case the swarm axes tend to align along the flow
axis and the distribution function is sharpened and peaked,
compared to Case 1, about #=0.

Previous experiments on dynamic scattering have re-
vealed the importance of ions in transit in producing the
effect. We now consider some of the consequences of this
motion. An 1on in solution tends to move with its own
characteristic velocity v, which is independent of other
ions in solution. However, the ion atmosphere. being of
opposite sign, will tend to move in the opposite direction.
This introduces a retarding effect on this central ion. Each
clement in the ion atmosphere is acted upon by a force
per volume which is the product of the space charge density
and the field. The space charge is given by

et oAl fm\_f”ﬂ (20)
4l + Aajr
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where
a = ion radius
{#)" ! = Dehye length.
Hence,
foree/volume = pE
and

foroe = J- drr?pE dr.

This force produces a drag on the central 1on corre-
sponding to a velocity v, If we assume that the ions are
essentially spherical and that the Stokes law holds,

e
e brnr
Elfeexp(ia — 4
e dF _ _Ei er..xp{m“ Ar) 1)
Omr 6my(l + Aa)

where n=coeflicient of wviscosity. Integrating from Lthe
closest distance of approach, g, to infinity yields
Eel
T Bk 22
% tan(l + ia) @2)
For dilute solutions ia-<< | (low conductivity)
Eei
vy = — -
o b

The net velocity of the central ion is

elid = el {6 —a
e — gl == e 2] e L 2
: 0 |1"| 6y (a 6) f::rm{ ad } (&3]

where §=4i"'=Debye length. The motion of the central
ion and the counterion cloud tends to shear the fluid sur-
rounding the ion. Solely for the sake of a rough quantitative
estimate, we assume that the shear is given by

vo — |4 4
~ 5 (24)
In our materials the Debye length is of the same order as
the average distance between ions.

In nematic liguid crystals we have found that the ion
mobility is ~10"* e¢m?/V-s. For the fields of roughly
10* Viem which are necessary for dynamic scattering, this
corresponds to Av~ 1 cm/s. Debye lengths [or the materials
which are of interest are usually ~0.5 u. Hence,

g ~2x 110%™

As we have previously shown, the orientation of swarms in
a shear flow is governed by the parameter a.

& = g/D_ = shear/rotary diffusion coefficient.

The rotary diffusion can be estimated if we assume that
the axial ratio of the swarm is approximately unity (spher-
ical). According to Morawetz [ 12].
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D, = kT8 (25)
where
R = swarm radius ~ 0.1
n = coefficient of viscosity ~ 3 » 1077 (MKS).
For our case
D~ 50,
Thus,
2= g/D, ~ 300,

Our previous caleulations indicated that appreciable
alienment along the direction of flow was obtained for
a>>1; hence, it appears that the swarms are capable of
being aligned by the shear induced by ions in transit. When
we pass to the isotropic state the molecules are no longer
associated, and the size of the orienting species is that of
the individual molecule (R ~20 A). Hence,

D, ~66x 10551
and
g~ 33x 1073

This value of  is too small to produce alignment and hence
no dynamic scattering is observed o the isotropic state.

Some of the assumptions made in the course of this crude
analysis are open lo gquestion, ie. 1) swarm orients as a
rigid body, 2) the simplified Stokes model of viscous fric-
tion, 3) the spherical shape used in estimating D, and 4) the
use of the Debye length in calculating the shear. However.,
these calculations serve only to suggest the plawsibility of
a hydrodynamic orientation model for dynamic scattering
and do not purport to establish it unequivocally. It is to
be noted that a circulatory force on the liquid crystal which
could generate an apparent turbulence can be predicted
from (1) provided

ﬁxj'!=ﬁ><p.£7=¢p><ff#ﬂ.

Thus, a space charge gradient in a direction which is not
parallel to the applied field is required. That such a gradient
could exist in a fluid exhibiting optical and clectrical
anisotropy does not seem too remote.

TRANSIENT BEHAVIOR

Using the sandwich cell configuration, the response of the
liquid crystal to a voltage step function was observed. The
optical response was recorded using a 931A photomultiplier
and oscillosope. Rise times of the order of 1 1o 5 ms are
possible with dc voltages in the 30 to 100 V range corre-
sponding to fields in the vicinity of 10* V/em. Both the rise
and decay times are a function of temperature and sample
thickness. While our data are limited to a relatively narrow
range, behavior consistent with the following relationships
has been found for APAPA:

B e Lot L LA
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and also
- 1/irZ

le.'cu,_'r oo L

where

Tpp, = TiSE time
Tdeeny = deCaY time
I = current

L = sample thickness
g = Tesistivity,

In view of the crucial role which ion transport plays in
the DSM, it is not surprising that the rise time for the effect
should be related 10 the number of 1ons and their velocity
or, as we have seen, the current. Note that the decay time
{defined as the time required to go from M) percent to
10 percent of the mitial level) seems to be proportional to
the square of the sample thickness and the square root of
the resistivity. The shape of the decay curve could not be
accurately measured over more than an order of magnitude ;
nevertheless, it did nor fit an exp k/t or In (kf) type of be-
havior. This would seem to climinate models based on
classical difTusion and mechanisms in which the rate is
determined by past events. A much better fit to the decay
curve was obtained using a (1 —kit'?) law suggested by
Williams [13].

Using the hydrodynamic model presented in the previous
section, the relaxation of dynamic scattering would seem
to be closely related to a molecular reorientation process,
Williams [ 13] has suggested that reorientation may initiate
at the surface and propagate at a diffusion controlled rate.
There 15 ample evidence for the importance of surface
effects in the orientation and electrical behavior of nematic
liquid crystals [14]. Williams assumes that the scattering
intensity is proportional to the sample thickness. When
the field is removed the scattered light takes the following
form:

1) = [L — 2xi1)] (26)
where
L = sample thickness
x = distance from the sample wall.
This model is shown schematically in Fig. 13. In the simplest
diffusion model (difTusion rate independent of the particular
wall)

xlt) = DYR (27)
Thus,

2DV
28
- ) (28)

)= Iﬁ(l :

which can be functionally fitted to our decay transients.
Using our previous definition of decay time (0.9, —0.11,)

T = 0.8L*/4D. (29)

This model agrees with the experimentally determined
thickness dependence.

It is also possible to infer the resistivity dependence from
the Einstein relation for the diffusion coefficient by a some-
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Fig. 13. Simplified model of the relaxation process,

what circuitous route. The diffusion coefficient is assumed
1o be proportional to a mobility which is, in turn, inversely
proportional to the effective radius and viscosity of the
diffusing species. This behavior of the mobility! follows
from the Stokes model for viscous friction. If it is further
assumed that the effective radivs is a function of the Debye
length (roc fp g, o p''?), an inverse square root dependence
of the diffusion coefficient on resistivity follows directly.

Equation (29) can be directly checked with experiment.
The value for the decay time of a 1/2 mil thick cell at 90°C
i5 30 ms. Using (29), this value implies a diffusion coeflicient
of 10" ° cm?/s. On the basis of an Einstein model, the value
of mobility should be

= DefkT = 48 x 10" * cm?/V 's.

As previously noted, a cusp was observed in the current
transient (Fig. 6) which possesscd much of the character
of the familiar space charge limited current transient in
solids [9]. If the transient is treated in this manner, one
can calculate the mobility from the position of the cusp
(Fig. 7). For our materials this value is approximately
03x10"* cm?*/V-s. which is a typical value for ions in
solution. Thus, the agreement between theory and experi-
ment seems reasonably good in view of our crude model.

There are, however, certain inconsistencies in our attempt
1o relate the diffusion coefficient to the resistivity through
the Debve length. According to the Stokes model for the
ion mobility, one calculates (using the macroscopic viscos-
ity) an effective radius in the 10 to 100 A range for the
mobilities which we have inferred from our data, while the
Debye length is of the order of 0.1 to 0.5 g One can specu-
late on whether it is valid to use the experimental macro-
scopic viscosity in computing the mobility. Perhaps the
motion 15 determined by a much smaller microscopic
viscosity. There are dramatic reports in the literature in
which the experimentsl mobility remained essentially
constant while the macroscopic viscosity changed by orders
of magnitude [15]. Tt is evident that more work must be
done in this arca if we are to understand the detailed effects
of the microscopic viscosity on the mobility and, hence, the
dependence ol decay time on resistivity.

EvaruaTion oF A Static Ligumy Crystar DiSPLAY
BASED ON DY NAMIC SCATTERING

I 1% ol interest 1o subjectively evaluate images produced
by dynamic scattering. Using the sandwich cell geometry,
the image was defined on the transparent electrode by a

1 Maobility is inversely proportional to the product of effective radivs
and effoctive viscosity.
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Figz. 14, Static image produeed by dynamic scatlering—

gualitative evalugtion,

transparent photoresist process. The photoresist is a much
better dielectric than the liquid crystal; hence, field ap-
peared across the liquid only in the regions from which the
photoresist had been removed. Fig. 14 shows the quality
of the image formed by the liquid crystal display compared
to that of a printed page. The liquid crystal panel was
roughly 3 by 4 inches, and the excitation was 45 V dc.
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The maximum contrast ratio on this panel was better than
20 to 1, and the areas of maximum brightness were 40 per-
cent of the standard white (MgCO; ).

DymaMIC SCATTERING AND TRANSMITTED LIGHT

While this paper has dealt almost exclusively with the
reflective mode of operation, the effects can also be ob-
served in transmitted light. In this case, both elecirodes in
the sandwich cell geometry are transparent. With no field
applied, light 1s transmitted by the cell. In its excited state
the material scatters the incident light, thus reducing the
amount of transmitted light. On-to-off ratios in excess of
20 to 1 have been obtained in this scheme.

CONCLUSIONS

A new reflective effect in certain classes of nematic liquid
crystals has been discovered. The effect has been related to
the disruptive effects of ions in iransit throngh the aligned
nematic medium which results in the formation of localized
scattering centers. The ions can be produced by ficld assisted
dissociation of neutral molecules and/or Schottky emission
processes. The rise times of 1 to 5 ms and decay times of
less than 30 ms, together with de operating voltages in the
10 to 100V range, make dynamic scartering seem attractive
for such applications as alphanumeric indicators and do not
preclude its use in line-at-a-time matrix addressed, real-
time displays. Reflective contrast ratios of better than 15to 1
with efficiencies of 45 percent of the standard white have
been demonstrated.
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