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Propagating electroconvection in nematic liquid

crystals under DC excitation
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On the basis of a simpie one-dimensional linear model
we show for the first time that a propagating
electrohydrodynamic instability (PI) of a nematic liquid
crystal occurs at the threshold of DC excitation if the
symmetry of a homogeneously aligned cell is changed
by introducing a small (- 0.01 rad) pre-tilt of the director.
Flexoelectric torques, which are n/2 out of phase with
those produced by other couplings, provide the driving
mechanism for the PI mode, whose direction depends
on that of the applied field. We also report an
experimental observation of this mode.

ELECTROCONVECTION In nematic liqud crystals with dielectric
anisotropy A¢ < 0 and subjected to a DC or low-frequency
AC electric field is well known'=. The director n of the
amisotropic fluid ensures that the convective instability
occurs in the form of rolls rather than more complicated
structures at the threshold, and the aspect ratios can be
large (~ 1000). At low frequencies of excitation oblique
rolls have been found whose wave vector ¢ makes a non-
zero angle with m,, where the subscript ‘0’ indicates the
rest state?. This is now well understood as arising from the
flexoelectric properties of the nematic™’. Very recently, a
travelling-wave (T'W) mode has been discovered near the
threshold i the normal rolls which cccur at higher
frequencies in the conduction regime, either only near the
‘cut-oft” frequency (f) of this regime when the charge
relaxation time becomes comparable to the director
relaxation time®, or, in some compounds, throughout the
conduction regime’. Joets and Ribotta®, who have found a
localized TW instability near f, have speculated that
dispersive effects in phase dynamics as well as nonlinearities
may become important even near the onset in such cases.
The possibility of oscillatory or TW electroconvection
In nematics under DC excitation has been discussed by a
few authors earlier. Ioffe, and Matyushichev and Kovnatskii '
included flexoelectric terms in the electrohydrodynamic
(EHD) equations. In the former work the x-component of
the bulk force due to the flexoelectric effect was neglected
and in the latter the boundary conditions were not properly
taken into account. These authors therefore incorrectly
got oscillatory solutions 1o the EHD equations''. Laidlaw!?
argued that, for matenals with Ae>0 and negative
conductivity anisotropy (AG = 0, ~ G J)» an oscillatory
convective instability may be found at DC voltages much
above the Freedericksz threshold for static deformation of
e director field, but there is no experimental confirmation

of this result. Penz"® suggested that, for materials with
Ae > 0 and Ao >0, a TW convective instability could set
in if the sample thickness is rather small, but again at DC
voltages above the Freedericksz threshold. He also noted
that, as the Freedericksz threshold pre-empts the TW
solution, it may not be possible to observe the latter using
the usual experimental geometries. Inclusion of flexoelectric
terms in this problem suppresses the TW solution!!. Thus,
up to now, there appears to be no theoretical model that
can give nise to TW solutions in expernmentally realizable
situations.

In this article we demonstrate that it is possible to obtain
a propagating solution at the threshold of DC excrtation in
an approprnate geometry. We show this by a linear one-
dimensional analysis for materials with Ae = 0 oriented 1n
a cell with a small pre-tilt angle 3 of ~ 0.01 rad. The
propagation is caused by flexoelectric torques that are /2
out of phase with respect to the hydrodynamic and elastic
torques that arise in the convecting liquid. The propagation
direction depends on the sign of the field. We also report
experimental observations confirming this prediction. We
must however point out that our model] cannot explain the
TW instabilities studied by earlier experimenters® >

One-dimensional model for DC excitation

For the sake of a clear understanding of the underlying
mechanism, we make several simplifications in the problem:
(a) The dielectric anisotropy is set equal to zero. (b) The
angle 3 between n, and the X-axis (see Figures 1, b and 2)
1s small enough to retain only linear terms in B. (c) We
solve a “one-dimensional’ problem in which the boundary
conditions are ignored, and, from physical considerations'?,
g, 1s set equal to nt/d where d is the sample thickness. The
physical processes become transparent in a 1-D model,
and a full 3-DD model, which needs numerical solutions, is
expected to make only quantitative differences® . (d) Even
though the flexoelectric effect tends to produce oblique
rolls under DC excitation®, for the sake of simplicity we
assume ‘normal’ roll solutions here. (We have confirmed
that similar propagating solutions are found in the case of

oblique rolls also''.) Under these approximations, the
linearized EHD equations are>:

(a) the Poisson equation
4nQ ~ e(dE_(dx) + 4nf(e, + ¢,) (8°6/dx?) = O, (1)
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Figure 1. a, B = 0; The space charges (shown in full circles) arising from
the conductivity anisotropy cause EHD instability, b, P#0; the
quadrupoles have an out-of-phase torque due to the horizontal field
gradients, and additional charges (in dotted circles) are collected owing to
the horizontal gradient in the {lexoelectric polarization P,

(b} the charge continuity equation
(00/01) + 6,(dE /ax) + AGE, (98/dx) = 0, (2)
(c) the torque balance equation

Y,(00/31) + 01,(dV, /0x) — k,,(3°0/dx") — Ple, + e,)

(0E_[dx) =0, (3)
and (¢) the equation of motion along the Z-axis
0,,(°0/0x 91} + n{d*v jdx?) + E .0 =0, (4)

where Q is the charge density, k., the bend elastic constant,
6 the angle of deviation of the director from n,, (¢, + ¢,)
the sum of the flexoelectric coefficients, ., o, o, ¥, =0,
- 0., and M=(c, + 0., — 0,} the viscosity coefficients, f the
time, and X and Z are defined in Figure 1. The external
DC field £, is applied along the Z-axis and £ arises from
the space charge densities (see Figure 1). It 1s clear that
under the approximations made in the present model, only
the flexoelectric terms couple to the tilt angle. Using
solutions of the form

0=0.expi(gx — o), etc,, (5)
the conditions for the onset of the instability are given by

dmk g’ + E} €0,A0/MG)) — w0 (¥, ~ o;/m)/o, =0,

(6)
and
o = Ble + e,)q E (Acfo +o,/m) {(y,— e5m) (1+T/T)},
(7)
where the charge relaxation rate
17 = 4n0c, /¢ (8)
and the director relaxation rate
T ™=k, q?/(y, - aZfn). ()

If o is zero, eq. (6) is just the threshold condition derived
by Helfrich for the onset of stationary EHD instability'.
From eq. (7), the EHD pattern always propagates for
(e + e,) # Q. Further, since the third term of eq. (6) has a
negative sign, the propagating solution with @ # 0 n fact
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has a lower threshold than the stationary instability which
is obtained for 3 = 0.

We can esumate £ from eq. (6) by setting @, which is
expected to be small, to zero and then use eq. (7) to
calculate . The factor (¢, + e,) arises from the aligned
quadrupoles of the molecules', and has a non-zero value
in general. The velocity of propagation (= ®/g )is x ¢ . For
a given sign of B and (e, + e.), the sign of & depends on
that of £, 1.e. the propagation reverses direction when the
field is reversed.

In the context of the 1-D model, if Ag <0 it is clear
that the dielectric torque BAeE /4T would rotate the director
to the § = O configuration for any non-zero value of E,
Actually, however, in a real sample with rigid boundary
conditions, § will become Z-dependent near the threshold
for convective instability. One could assume that at the
threshold the dielectric torque 1s just balanced by the elastic
torque to produce an ‘average’ value B in the sample.
Using this physical approximation the first two terms in
eq. (6) would define the Helfrich threshold corresponding
to the Ae < 0 case. Similarly, the director relaxation time
T (eq. 9) would have a dielectric contribution. In other
words, a DC field would produce a propagating EHD
instability even for this case. Detailed two-dimensional
calculations taking into account the boundary conditions
are now under way, and the preliminary results confirm
the fact that a non-zero pre-tiit of the director at the aligning
surfaces produces a propagating EHD pattern, with the
direction of propagation reversing with the sign of the
applied electric field.

The physical mechanism for the propagation of the
instability can be understood by referring to Figure 1. The
transverse field gradient 15 [arge m the region in which the
charge density is high, When P = 0 (Figure 1, a), this
cannot produce any torque on the quadrapoles of the
medium. On the other hand, when P # 0 (Figure 1, b), the
field gradient does produce a torque on the director which
is clewsly 7/2 out of phase with the torques produced by
other physical mechanisms. Also, when 3 # 0 the
flexoelectric polarization has a divergence which gives
rise to charge densities that are out of phase with those
collected by the coupling of the conductivity anisotropy
with the curvature in the medivm (Figure 1, b). The force
produced by E, on this additional charge gives nse to
hydrodynamic torques that are again out of phase with the
matin contributions responsible for the EHD instability. As
a consequence of these out-of-phase torques, we get a
slow propagation of the instability in the medium. Since
the coupling responsible for the propagating solution is
flexoelectric in origin, the velocity depends on the sign of
the applied field.

Experimental studies

Igner and Freed'® studied EHD instabilities in N-(4-
methoxybenzylidene)-4-butylaniline (MBBA) under DC
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excitation using glass plates with SiO coated at grazing
incidence. In this case the tilt angle at the surface is ~20°,
and they got complicated two-dimensional EHD patterns.
On the other hand it is known that with polyrmide-coated
and unidirectionally rubbed plates the nematic orients with
a tilt angle of ~2°. We found in our earlier studies’ that a
mixture consisting of three chemically stable components,
viz. CE-1700, CM-5115 and PCH-302 of Roche Chemicals,
forms a room-temperature nematic which is well suited
for DC studies on EHD instabilities. Charge injection does
not play an important role in this mixture’. We have chosen
this material doped with ~2% of pentylcyanobipheny! (5CB)
10 get Ag = 0. The conductivity of the sample was quite
low,=10""t (' cm™, giving a cut-off frequency of ~15 Hz
for the conduction regime. The two umdirectionally rubbed
plates of the cell were aligned in a mutually ‘antiparallel’
orientation so that m, is aligned with a constant angle [3
(Figure 2). We found that when the coating was made

Figure 2. Propagating electroconvection in a nematic under DC
excitatton. The bottom drawing shows the experimental geometry. The
video recordings, starting from the top, correspond to: (i) t =0,
Gi) r= 120 s for V, = 424 V, (i) ¢ = 0, and (iv) 7 = 120 s for
¥V _=-24 V. Each optical domain contains two rolls of opposite vorticity,
T he sensitivity of the DC mseability to local surface canditions causes the
deviations from straight rolls (x 70).
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from a solution with the standard 3% concentration of the
polyimide, the EHD patterns were rather patchy and, turther,
the threshold varied considerably with time. Presumably a
dense coating of polyimide acts as an insulating layer
which reduces the field in the sample as wons collect near
these layers. We reduced the concentration of the polyimide
solution to about a tenth of the usual value and got better
EHD patterns under DC excitation, probabiy due to a
porous coating of the polymer. We found that the EHD
pattern formation was more uniform when the sample
thickness was larger. Typically we used samples with d ~
80 pm. We obtained almost ‘normal’ rolls as the temperature
was raised to 60°C (using a Mettler FP82 hot stage).
Maintaining the voltage close to the threshold (2.2 V at
60°C), we clearly see propagating rolls whose direction of
propagation reverses when the field is reversed (Figure 2).
We measured the tilt angle in the sample using an optical
technique'’ to be = 1.2°. Using the usual values® 7 for the
viscosities and elastic constants for MBBA and the measured
values of o/0 = 1.1, and (e, + ¢,), = 10" cgs units, for
the mixtures”, the calculated value (at room temperature)
of V is 4 V and the velocity of propagation is 0.1 pms ',
The experimental value of the velocity is 0.3 pm 5! at
60°C. The higher value can arise partly from the lower
viscosity at 60°C. For the experimental configuration used
(Figure 2), the theory predicts that the direction of
propagation is along the positive (negative) X-axis for
positive (negative) £, Taking into account the image
inversion in the microscope, the observation, which has
been confirmed on several independent samples, agrees
with the prediction. We must however note that the TW
instabilities under AC excitation studied in  carlier
experiments™” cannot be explained on the basis of our
model.
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A vesicular-arbuscular mycorrhizal fungus, Glomus
aggregatum Schenck & Smith, associated with palmaresa
(Cymbopogon martinii var, mofia), was cultured and
maintained on a synthetic medium. Mycorrhizal
association of the isolate was successfully estabhished in
callus culture, axenic plants and potted plants. The
studies demonstrate for the first time that G. aggregatum,
which is considered as an obligate symbiont, can be
grown in axemic culture. The finding is a major
breakthrongh in mycorrhizal research and has potential

application 1 agriculture.

MYCORRHIZAE are symbiotic associations between fungi and
plants. The majority of vascular plants have mycorrhizal
associations'. Soil fungi that penetrate roots and form
morpholtogically distinct structures called vesicles and
arbuscules within the cortex are called vesicular-arbuscular
mycorrhizal (VAM) fungi. VA mycorrhizae increase the
absorption of diffusion-limited nutrients, such as phosphorus,
copper and zinc, and thus enhance the growth of crop
plants®. They have also been found to play an important
role m plant—water relations and thus enbance drought
resistance’. In addition, VAM may increase resistance 1o
certain root-infecting pathogens®, The beneficial effects of
mycorrhizae in plant growth and their application 1n
agriculture and forestry have been recognized in recent
years. However, VAM fungi are considered as obligate
symbionts and have not, so far, been grown on artificial
media®. They are usually maintained and multiplied in pot
culture®. Several alternatives to pot culture have been
proposed—in axenic plants in agar medium’?, sand culture®,
solution culture!'* and root organ culture'* . The inability
to culture VAM fungi has been the major limiting factor
in their application in agriculture'’. In this communication,
we describe experiments leading to the isolation and
culturing of a VAM fungus, Glomus aggregatum, on a
synthetic medium.

*For correspondence
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Methods

Palmarosa (Cymbopogon martinii var. motia) is an important
essential oil-bearing plant cultivated in India. Microscopic
examinatton of the roots of plants growing in the
experimental farm revealed extensive colonization by VAM
fungi. The morphology and other diagnostic features of
the spores extracted from the soil indicated the presence
of two species of Glomus, namely Glomus aggregatum
Schenck & Smith and an undetermined species of Glomus'".
Soil samples were collected and spores were extracted by
wet sieving'’. Spores of G. aggregatum were picked up
separately under a microscope. A monoculture of G.
aggregatum was established by inoculating palmarosa plants
1n steam-stenlized pots, with spores. Infected roots collected
from these plants were used for the isolation of the fungus
on White’s medium® supplemented with 1 g 7' yeast
extract. Isolation was carried out by two steps using 1-1.5
cm root segments from six-month-old plants. Root segments
surface-sterthzed with sodium hypochlonte (1-2% available
chlorine) were transferred aseptically to petri plates (10
cm) containing 20 ml medium. The petri plates were
incubated in the dark at 25 + 1°C. After 10 days the root
segments were again transferred to fresh mediam. This
process was repeated twice in order to keep the root pieces
moist. Each root piece was lifted from the petri plates,
transferred to sterile distilled water, cut into two pieces,
and aseptically placed approximately 1 cm away from the
roots of axenic plants raised from surface-sterilized
palmarosa seeds on White’s medium in 150-mt Erlenmeyer
flasks. The isolate that emerged from the root pieces was
transferred, free from the parent root segments, to White's
medium (supplemented with 1 g I’ veast extract) in 10-
cm petri plates after 15 days of growth.

In order to verify whether the organism isolated from
the roots was a VAM fungus, a number of axenic palmarosa
plants raised on White’s medium, callus cultures established
on Murashige and Skoog (MS) medium?' supplemented
with 1 g 17! yeast extract, 0.25 mg 1~ kinetin, 2.0 mg 1™
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