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Electrohydrodynamic instability in a homeotropically oriented liquid crystal mixture, with
positive dielectric anisotropy, has been studied under a d.c. electric field. Various studies on
textures at different voltage were also made. The existence of charge injection, charge diffusion
and convective flow of liquid in the liquid crystal cells was found. The effect of viscosity,
dielectric anisotropy and other physical parameters on electric current through the sample
cells, is discussed. A small change in phase transition temperature on application of an electric
field was found in the thin cell of the sample material.

1. Introduction

The occurrence of electrohydrodynamic (EHD)
instability in isotropic liquids is due to the interaction
of the applied electric field with the charge injected from
the electrodes in the liquid. It is analogous to thermally
induced Rayleigh—Benard instability [ 1, 2] and is known
as the Felici instability (FI) [ 3]. A nematic liquid crystal
also experiences this type of instability and, because of the
peculiar anisotropic properties of the LC the instability
is made visible [2]. Williams and Hellmeir [4-6]
observed domain patterns of homogeneously aligned
nematic liquid crystals with negative dielectric aniso-
tropy in d.c. and a.c. electric fields. The occurrence of
the instability in the above system was successfully
explained by the Carr—Helfrich instability (CHI) [7, 8] .
This type of instability occurs exclusively in liquid
crystals with negative or zero dielectric anisotropy [2].
In liquid crystals of the (+, +) and (-, —) classes [first
symbol gives the sign of dielectric anisotropy (en— ¢, );
second symbol gives the sign of (ou— o), conductivity
anisotropy], it was not expected to see any instability
because of the presence of strong electric and elastic
torques, which have a tendency to stabilize the liquid
crystal structure [9] . But Nakagawa and Akahana [ 10]
studied the liquid crystal 5CB, with (+, +) anisotropy

* Author for correspondence.

and observed cellular domains in a homeotropically
oriented sample. The observed instability was explained
by the Felici-type instability and is named ‘Felici-Benard’
instability (FBI). Later Rout and Chaudhary [11, 12]
observed this FBI in liquid crystals with positive dielectric
anisotropy [8CB and 80OCB]. Transient current flow
phenomenan in 5CB, 8CB and 80CB were also studied
and a very slow relaxation (~10”s) was observed
indicating the existence of a charge diffusion process
[10-12]. It seems that the role of dielectric and con-
ductivity anisotropy of the EHD instability in a nematic
liquid crystal is still not clear. Further, as the anisotropy
in physical properties of nematic liquid crystals has a
great influence on fluid flow, the EHD instability could
also be influenced by the said anisotropy.

The device parameters and physical properties of pure
materials can be enhanced or changed drastically by
mixing two or more compounds in various ratios. From
the preliminary physical data on mixtures of two or
more cyanobiphenyls [13] it is clear that some of these
mixtures have very interesting properties and may be
very useful for devices.

In view of the importance of mixed liquid crystals we
have taken for study a mixture Si which is a eutectic
two cyanobiphenyls and has a small nematic range.
With this limited nematic range, the values of various
physical parameters may be changed considerably with
rise in temperature, and the effect of these changes on
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textures and EHD instability in a d.c. electric field can
be easily observed. The usefulness of the material in
device applications can also be studied.

2. Experimental

To study the LC mixture, cells were prepared as
follows. Antimony doped SnO: coated glass plates,
prepared by us, were used as electrodes, and sample
films were sandwiched between pairs of electrodes. The
separation between two electrodes was pre-determined
by using Mylar spacers; spacers of four different thick-
ness were used. Using a diamond cutter, the effective
area of the electrodes was made 64mm’ for each cell.
The SnO» coated glass plates were treated with CTAB
(cetyl trimethyl ammonium bromide) to ensure homeo-
tropic alignment of the LC molecules. The temperature
was controlled and measured with a Mettler central
processor (FP-80) and hot stage (FP-82); the accuracy
of temperature measurement was 0.1°C. The hot stage
was mounted on a polarizing microscope for visual
observations and microphotography. A d.c. voltage
was applied to the LC cells with the help of dry cells
and a potentiometer; current flowing through the cells
was measured by a digital picoammeter (Scientific
Equipment, Model DPA-111). An electric circuit was
developed by us to measure the current through four
cells simultaneously. A thin film of arbitrary thickness
of the liquid crystal, between PVA-treated thin glass
slides, was prepared and textures were studied at different
temperatures. The rate of change of temPerature during
texture studies was held at 0.2°C min™ . The diffusion
process in the liquid crystal was studied by the transient
current technique; Switching transients were recorded
for a d.c. step voltage of 2 V switched on and off across
the sample cell. Data recording was performed with a
digital ‘memoryscope’ (Iwatsu DMS-6430) with a data
length of 1024 WD.

3. Results
3.1. Microscopic studies
The texture studies of the sample showed the following
phase transition sequence:

43°C 45°C
SmA ¢<—> N «— 1

(SmA = smectic A phase, N = nematic phase, I = isotropic
phase.) Slightly higher phase transition temperatures
were found than reported previously [13].

Figures 1(a)-(i/) show the gradual appearance of
domains with the increase of applied d.c. voltage to the
sample cell of thickness 50 um at 44.3°C. All the micro-
graphs were taken under crossed analyzer and polarizer

conditions. When the applied voltage was zero, there
was no texture, i.e. dark texture were observed, however
some bright spots were seen in some cells, due to
improper alignment of the LC molecules. For small
applied voltage (< 2.5V), there was no change in the
texture; above this voltage, the scattered bright spot
textures vanished and dark view over all the cell was
observed.

With further increase of applied voltage, cellular type
domains started appearing [figure 1(a)] . The minimum
voltage required for the appearance of domain pattern,
referred as the threshold voltage (Vi) for EHD instability
was 3.7V at 44.3°C for a 50pum thick cell. With the
other cells, Vin was found to be 3.65, 3.5 and 3.5V for
the 17, 23 and 75 pm thick cells, respectively. It was seen
that with the increase of (7 — Tsm—) Vin decreased (Tsm—N
is the SmA<«>N transition temperature and 7 is the
temperature of the sample): for the 50 pm cell, values of
Vin were 3.6 and 3.4V at 44.7°C and 45°C respectively.
It was interesting to observe that during the nematic—
isotropic transition the minimum voltage required for
domain formation was higher.

With further increase of applied voltage, cellular
domains began to elongate and finally formed a well
organized roll-like pattern distributed throughout the
cell area. At 6V, disorder in the domain patterns
began and became complete at 7 V; convective flow in
the liquid crystal became rapid above 8 V. At this point
the movement of dust particles was clearly seen. At
any temperature very close to Tsm N the shape of the
rolls were seen to be irregular and slightly distorted;
Vin values were high (figures 2 (@) and 2(b) for a 75um
cell at 44.3°C], but with further increase of temperature,
the rolls appeared regular and spread over the cell
[figures 2(c) and 2(d) for a 75 um cell at 45°C].

For thinner cells (17 and 23 um), the roll-like textures
had smaller roll widths (figures 3 (@)-(c) and 4(a), (b)].
This observation confirms the assumption that the
vortex diameter of the vertical flow of liquid in the cell
is approximately equal to the cell thickness [2]. It was
also observed that at higher applied electric field, the
liquid crystal suffered chemical dissociation, and some
empty areas developed within the thin cells [figure 4 (b)
for a 17um cell]. We were therefore unable to make
observations for higher electric fields.

3.2. Electrical measurements
3.2.1. Current—voltage characteristics
Figures 5 (a)—(d) show the variation of current (/) with
voltage (V) at different temperatures in the four different
cells. When the voltage was below 2V, a very small
current flowed; this was due to ohmic conduction of
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Figure 1. Microphotographs of domain patterns in a sample of S; (magnification 150X) for the 50 um thick cell with applied
voltage (@) 3.7V, (b) 40V, (¢) 45V, (d) 50V, () 5.5V, (f) 60V, (g)65V, (h) 70V, (i) 8.0V, at 44.3°C.

current through the liquid crystal. In both the smectic
and nematic phases, with increasing applied voltage
(>2V), the current increased at a higher rate.

In the SmA phase, the current was found to be very
small. In the thicker cells, the current started to increase
at 2V; above 3.5V the rate of increase in current
dropped significantly. In thinner cells, above 4.5V the
current stopped increasing. In the smectic phase, no
convective flow of liquid was observed up to 10 V.

It has been shown experimentally [14] that in a
liquid crystal under a d.c. electric field, charge injection
becomes significant in explaining an instability such as
FBI [5,6]. One can now conclude that above 2V,
charge injection takes place and a diffusion current starts
to flow in addition to the ohmic part, but no component
flows due to fluid convection. As the current is injection
dependent it tends to attain a constant value for thicker
cells above 3.5 V. However, in thinner cells (at 42°C), it
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Figure 1.

increases continuously (with a slower rate) with increase
of applied voltage. Applied electric field in thinner cells
was found to be higher than that in thick cells, causing
higher charge diffusion at temperatures close to the
smectic—nematic phase transition.

In thick cells in the nematic phase, above 3 V applied
voltage the current was found to increase rapidly; for
the isotropic liquid state it started to increase above
2.5V. In thinner cells it began to increase just above
2 V. A similar form of (I-V) characteristics for 8CB and
80OCB was observed in their nematic phase by Rout
and Choudhary [11, 12]. Above Vi, the force exerted
on the space charge was sufficient to start convection
flow in the liquid crystal, and then cellular domains
appeared; Charge transfer with liquid flow was induced.
As the voltage increases above Vi, the current due to
charge transfer with convective flow of liquid becomes
dominant and the total current increases rapidly with
voltage. When the liquid crystal was in the isotropic
phase, similar (I- ") characteristics were observed, however
the current was higher.

(continued).

3.2.2. Current—temperature characteristics

Figures 6 (@)—(d) show the (I-T ) characteristics at different
applied voltages. A sharp increase in conductivity occurred
at a temperature close to SmA-N phase transition for
17pum and 23 pm cells [within 42.5-43.5°C] and for
50 um and 75 um cells [within 43.5-44°C] . In the nematic
and isotropic phases conductivity increases with increase
in temperature, but at a lower rate. The (/-T') charac-
teristics for 8CB & 8OCB have an exponential nature
[11, 12], but in the mixture sample these characteristics
were different. Above Tsm, the current was found to
increase rapidly up to 44°C and then slowly with
increasing temperature.

It has been shown experimentally that in nematic
LC cells, under a d.c. field, charge injection from the
electrodes plays the major role in EHD instability
[ 14, 15]. Nakagawa and Akahana [10] and Rout and
Choudhary [11,12] used the following Richardson’s
emission law to explain the EHD instability in liquid
crystals SCB, 8CB and 8OCB.

J=AT? exp(— ®/kT) (1)
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Figure 2. Photomicrographs of domain patterns in S; (magnification 150X) for the 75 um thick cell with applied voltage (@) 4.0 V,
(b) 5.0V at 44.3°C; and (c) 40V, (d) 5.0 V at 45.0°C.

where 7 = absolute temperature of the cell, k= Boltzmann
constant, 4 = a constant and @ = the thermionic work
function. Both 4 and @ depend on electrode materials,
surface condition and applied electric field. To examine
the applicability of ec%uation (1) to the sample under
study, In(/7%) vs (10°/T) was plotted. For the 75um
cell [figure 7(d)] , the discontinuity at the SmA-N phase
transition was found very sharp. For 50 um cells, it was
also sharp [figure 7(c)] but for the other two cells the
sharpness in discontinuity was not prominent. From
the slope of the graphs plotted, the work function @ of
SnO» coated electrodes was calculated and values were
found within 0.6—1.1 eV. Although the previous workers
[10-12] found a definite relation between applied
voltage and @, we could not find such a relationship,
thus equation (1) was not useful for the liquid crystal
mixture S;.

3.2.3. Existence of the diffusion process

Nakagawa observed the existence of a slow relaxation
process; Rout explained it as a result of the charge
diffusion process in the LC cell. Chang ef al. [ 16] also

showed that the decay time 74 is inversely proportional
to the diffusion constant D and directly proportional to
the square of the sample thickness L

Ta= L’17°D. 2)

Rout conducted transient current experiments and
showed the validity of the empirical relation

I(tx (D/t)1/2 (3)

where I(r)= current at time ¢ after switching off the
supply voltage. The results of our transient current
experiment have been plotted in figure (8) as () vs ¢
transient traces. Values taken from that figure, 1(¢) vs
™ are plotted in figures 9 (a)}(d). This shows that
equation (3) holds good for 1= 1.3, 1.5, 1.6 and 1.9 s for

17, 23, 50 and 75 pm thick cells, respectively.

4. Discussion
The current density J in an isotropic liquid as well as
in a nematic liquid crystal (under EHD instability),
contains three main terms [ 3] and can be written as

= oE + Jdgirt + Jconv (4)
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Figure 3. Photomicrographs of domain patterns in S; (magnification 150X) for the 23 um thick cell with applied voltage (@) 4.0 V,
(b) 45V, (c)6.0V at 44.0°C.

. el 5
R R A WAk
L .
A . w»

Figure4. Photomicrographs of domain patterns in Si (magnification 150X ) for the 17 pm thick cell with applied voltage (@) 5.5V,
(b) 7.0V at 43.8°C.

where oF is an ohmic term (o= electrical conductivity, Our microscopic observations and electrical results
E = applied electric field), Jqirr is a diffusion term can be explained using this equation as follows:

resulting from the charge concentration gradient and (i) For an applied voltage of less than 2V, a very
Jeonv 18 @ convection term due to charge transfer in the small current flows which may be due to ohmic

moving liquid. conduction.
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Figure 5. Current—voltage characteristics at different temperatures for S; for cell thickness («) 17 pm, (») 23 pm, (¢) 50 pm, (@) 75 pm.

(i1) For 2 V< applied voltage < ¥, the conductivity

increases gradually with applied voltage. It may
be due to charge injection from the cathode since
antimony doped SnO: is an n-type semi-
conductor. This increases negative charge in the
vicinity of the cathode and a charge diffusion
current starts to flow; the total current then
grows more rapidly.

Current /pA

Current /uA

12

S1
o — 55°C
a ~ 50°C
10- o -
e — L4°C
A — 4L3°C
gL m=- 42°C
23um
6 e
(o]
LI
2+
0 d ! 1
o] 1 2 3 4 5
Vottage /V
(b)
St
0 - 55°
- a - 50°C
o - 46
® - Lo

1 1
1 2 3 4 5 6

Voltage /V

(d)

(i) For V> ¥ convective flow in the liquid starts,

EHD instability appears and an abrupt increase
in electric current is found; at this time Jconv
becomes dominant. Further increase in the
external electric field increases the convective flow
of liquid and the electric current grows rapidly.
The increase in fluid flow with applied field is
clearly observed in microscopic observations.
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Figure 8. The transient current for
S; at different temperatures
for cell thickness (¢) S50pm,
(b) 75um, (c) 17 um, (d) 23 pm. (¢)

In the optical studies, some bright spots were found
due to improper alignment in some cells, although above
2.5-3V, there textures vanished and the view became dark
over all the cell. The voltage required to complete this
type of transition was found to decrease with increasing
temperature. It was also observed that in the SmA phase
the required voltage was rather high and that after the
SmA-N phase transition, it dropped significantly.

In liquid crystals of positive dielectric anisotropy
(Ae> 0), Fréedericksz transition from planar to homeo-
tropic alignment is possible if an electric field is applied
along the cell thickness. The threshold voltage for
this transition depends on the splay elastic constant
and dielectric anisotropy [Vi= C (K11/49", where
Vine = threshold voltage for the Fréedericksz transition,
C = constant, K 11 = splay elastic constant] [17].

The material (S1) can be used in optical switching
devices with a small operating d.c. voltage (2-3 V), over
a small temperature range (43-45°C). Keeping the
applied voltage above the Vi, and if the material is
cooled, the homeotropic alignment remains unchanged
after the N to SmA phase transition. Hence Si can be
used in optical memory devices at room temperature
(smectic range of S; is 0-43°C).

Time/s

(d)

The appearance of darkness in the texture is due to the
completion of homeotropic alignment of its molecules
by the external field plus the internal field created by
inhomogeneous charge distribution in the LC cells. From
these observations it is clear that this liquid crystal
mixture has positive dielectric anisotropys; its splay elastic
constant is temperature dependent and higher in the
smectic phase than in the nematic phase.

From theoretical considerations [2], it has been
shown that the threshold voltage required to initiate
EHD instability is

Vin= knu/e (5)

where k= constant, n= viscosity coefficient, e= dielectric
permittivity and p= ionic mobility. ¥ is thus thickness
independent. In our experiments Vi was found to be
approximately same for all four cells. A small difference
in ¥n may be due to non-identical surface conditions of
different cells, and a slight decrease in Vi with increase
in temperature was found. In figures 6(a)—(d), current
values were found to remain nearly unchanged at and
above 44°C at 3 V which indicates that ionic mobility,
u, does not significantly change with temperature in the
nematic phase. The temperature dependence of dielectric
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Figure 9. (a) Plots of 7(¢) against " for S, for cell thickness (@) 17pm, (b) 23 um, (¢) 50 pm, (d) 75 pm.

permittivity, ¢, in the nematic phase is also small [18];
within the temperature range, 44-45°C, it can be taken
as constant. From the relation (5), therefore, the viscosity
of the nematic liquid crystal can be considered to
decrease with increasing temperature [ 19].

At a temperature very close to the N-I transition, the
voltage required to develop roll-like domains was found
to be higher. This was because, when the temperature

difference (Tn1— T) was very close to zero, the order
parameter became very small [ 20] . The thermal vibrations
of the directors about their mean direction became faster,
and the voltage required to make the optical patterns
visible was higher than the actual threshold voltage
required to start EHD instability, ¥, [21].

In our study of LC material Si, equation (1) was
not applicable, especially in the thinner cells. Charge
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injection from the electrodes was the main reason for
EHD instability, but the flow of liquid during this
instability determines the current, the (I-7) charac-
teristics of Si should therefore be explained in relation
to the change in viscosity with temperature. This change
in viscosity plays an important role in fluid flow and has
a great influence on the convection part, Jeonv, of the
electric current. From figures 6 (a)—(d) it is clear that just
after the SmA-N phase transition, the current changes
rapidly with the increase of (7 — Tsm), up to 44°C.
Within the temperature range 43-44°C, the viscosity
and elastic properties of the liquid crystal may be
reduced significantly with increasing temperature. This
condition allows an easier flow of liquid, and a sharp
rise in current occurs. Above 44°C, the viscosity may
decrease exponentially [ 19] with rising temperature; the
current then increases with rising temperature but at a
lower rate.

The temperature sensitivity of the electric current
within the temperature range 43-44°C for Si is very
high and because of this peculiarity, within this temper-
ature range, the mixture can be used in temperature
sensors. Changing the mixing ratio of the ingredients,
the above temperature range can be adjusted, which is
not possible in pure liquid crystals.

In the isotropic phase from the movements of
impurities in the liquid, and from the (/-T') character-
istics, it is seen that there is little difference in the EHD
instability in the nematic and isotropic phases of the
mixture Si.

From microscopic observations, it was found that at
temperatures close to Tsm, the shape of the domain was
irregular and distorted but with increasing temperature it
became well organized and roll-shaped [figures 2 (a)}-(d)] .
The higher temperature induces an easier deformation
in molecular alignment [22]. In addition, at temper-
atures close to 7w, the order parameter decreases with
increasing temperature [ 20] . During the motion of the
nematic liquid crystal the directors experience a rotating
hydrodynamic torque proportional to the velocity gradient
(ie. Mnydrox k. VV, where V= velocity, and k is a
friction coefficient with a dimension of viscosity [2] ).
In the nematic phase, k (like viscosity), is temperature
dependent [ 23] and the fluid flow and the domain shape
may be influenced by the reduction of the hydrodynamic
torque.

For 17 and 23 um thick cells, phase transition temper-
atures were found to decrease slightly with an applied
electric field. It was also found that for those cells,
conductivity increased at 42.5°C. In thinner cells, an
applied voltage created a higher electric field and hence
induced a higher electric current. This disturbed the space
charge distribution in the cells, perturbing the long range

attractive electrostatic forces between the molecules and
reducing the SmA-N transition temperature.

5. Conclusion

The LC mixture S; shows a planar to homeotropic
transition in the nematic phase at a threshold voltage
2.5V which is very high in the smectic phase. In the
nematic phase this voltage is slightly temperature
dependent. This threshold voltage depends on the splay
elastic constant, which decreases with increasing temper-
ature; in the smectic A phase its value is significantly
higher than in the nematic phase.

The current flow in Si consists of three terms: (a) an
ohmic conduction term, (b) a diffusion term resulting
from the gradient of the charge carrier concentration
and (c) a convective term due to charge transfer with
convective flow of liquid. Convective flow starts above a
threshold voltage and EHD instability appears, viscosity
consequently plays a major role in fluid flow and in
electrical conduction through the sample cell.

In thinner cells of S, the phase transition temperature
are influenced by the external electric field in these cells,
high electric fields induce chemical changes which create
empty spaces in the cells and reduce the effective area
of the cell.

The LC material Si can be used in optical switching
devices, temperature sensors, infrared-to-visible image
converters and other important applications.
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