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(Received August 23, 1976)

The frequency dependencies of the threshold voltage of electrohydrodynamic instability
in nematic liquid crystals were investigated as functions of the dielectric anisotropy
(—1.5 < ¢, < +10), electric conductivity (10" ! < ¢ < 5.107° ohm ™~ 'cm™!) and anisotropy
of the conductivity (1.1 < o,/0, < 1.8). Three types of the instability have been considered: a)
for £, < 0 and the planar orientation at the frequencies above the critical one (*‘chevron™ or
dielectric regime); b) for ¢, > 0 and the homeotropic orientation at all the frequencies (the
circular and fingerprint-type domains); c) in the isotropic phase. The threshold voltage in the
nematic phase was shown to be independent of the anisotropy parameters and the orientation
ofa liquid crystal and to coincide with the threshold of the instability in the isotropic phase. Thus,
we came to the conclusion that the instability has the isotropic character in all the cases in-
vestigated.

1 INTRODUCTION

It is well known!'? that above the critical voltage an electrohydrodynamic
(EHD) instability arises in thin layers (thickness d & 10-100 y) of nematic
liquid crystals (NLCs) with positive anisotropy of electrical conductivity
(0,/c. > 1). Four main cases may be differentiated:

1y For negative dielectric anisotropy (g, = ¢ — &, < 0) and the planar
orientation of NLCs the instability appears in the form of Williams domains
at the frequencies lower than the critical one (f < f.) and in the form of
“chevrons” at the frequencies f > f,. In that case the critical frequency
2
f=eas ]
m 2m1,

47

(1)
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depend S on “longitudinal” time of dielectric relaxation (ty = ¢,/4ns,) and
the anissotropy parameter &%, which for one-dimensional model®** may be

written 2s follows
522 l__gi_ﬁ_ﬂ ]+a_2_.fﬂ (2)
oy &L Ny, &,

where 172 = 1/2(—a, + 24 + a3) and o, are Leslie coefficients.'

2) For & <0 and the homeotropic orientation the same instability
appears through the intermediate stage of reorientation of the director since
usually the reorientation threshold is rather low, of the order of few volts
(in the ©OPpposite case, id, for ¢, = 0, the instability at low frequencies arises
in the form of the square grid with large wave vector).

3) FOT ¢, > 0 and the homeotropic orientation Williams domains do not
appear, however, at high enough voltages another type of EHD instability
in the form of circular domains® takes place.

4) In the case ¢, > 0 and the planar orientation the stationary Williams
domains exist for small values of ¢, only, when the threshold of EHD insta-
bility is lower than the threshold of reorientation.® For large values of e,
first of all the Freedericks transition is observed then, with increasing voltage,
the stationary EHD instability in the form of complex domain pattern
arises.’

The experimental dependencies of the threshold voltage (U,,) of Williams
domains (the conductance regime of EHD instability, f < f.) on NLC ani-
sotropy parameters (g,, oy /o) both for ¢, < 0 and ¢, > 0°® agree well with
two-dimensional theory of Pikin and Penz®'!° based on the Helfrich model.3
One-dimensional theory of the “chevron” threshold (dielectric regime of
the instability, f> f,) for the planar orientation*'' and ¢, < 0 predicts
rather strong dependence of U,, on anisotropy parameter ¢2, i.d. on &, and
o/o,. AS far aswe know, this theory was not still verified experimentally. The
mechanism of instability in the case of ¢, > 0 and homeotropic orientation
hasnot theoretically treated at all (in Ref. 12 this situation has been considered
to be the stable one). Kirsanov was first who noticed the resemblance
between the voltage-frequency curves (U,, ~ f'/?) for the instabilities in the
nematic (for both g, < 0 and ¢, > 0) and the isotropic phases,” however, he
did not make any quantitative measurements.

The purpose of this paper was to relate the electrical parameters of NLCs
(6,0/0L ..9‘,) to the threshold field of EHD instabilities arising under follow-
ing conditions:

a) at f > f. in the case of &, < 0 and the planar orientation (“chevron™ or
dielectric regime'");
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b) at the frequencies f < f, and f > f, for ¢, > 0 and the homeotropic
orientation;

¢) in the isotropic phase.

In this way we hoped to understand better the possible mechanism of these
instabilities.

2 EXPERIMENTAL TECHNIQUE

We investigated the threshold voltage of EHD instability (U,,) in standard
cells of thickness 20 u as a function of frequency of sinusoidal voltage in the
range 20 Hz < f < 10 KHz. The square-wave pulses (for which the theory'!
has been developed) were also used and U, was shown to be practically
independent of the form of the driving voltage and determined by its r.m.s.
value. The curves U,(f) were measured for NLCs with different dielec-
tric anisotropy (—1.5 < ¢, < +10), electrical conductivity (107" < g
< 5.107% ohm~'cm™!) and anisotropy of the conductivity (1.1 < o/o
< 1.8) oriented both homogeneously and homeotropically (the values of
o, /0, have been given for f = 1 kHz®).

The value of ¢, was changed by doping MBBA using the compounds with
large longitudinal (the p’-cyanophenyl ester of p-heptylbenzoic acid, CEHBA)
and large transverse (the 2,3-dicyano-4-amyloxyphenyl ester of p-amyloxy-
benzoic acid, DCEAA) dipole moments. The electric conductivity and
anisotropy of the conductivity were varied by doping MBBA with the ionic
(tetrabutyl ammonium bromide, TBAB) or the acceptor (tetracyanoethylene,
TCE) impurities.” The mixture of azoxycompounds (mixt. A,%> doped with
CEHBA or DCEAA) as well as the pure 4-p-hexyl-4'-cyanobiphenyl (HCBP)
having the nematic interval 16-30°C and ¢, = +10 (t = 20°C) were also
used. To obtain the planar orientation SnQ,-coated electrodes were rubbed
in one direction. The careful mechanical and chemical purification of the
SnO, electrodes was used to cause the homeotropic alignment of all the
liquid crystals.

The appearance of instability in the isotropic phase was registrated by
microscopic observation of the circular movement of dust particles. In the
nematic phase in addition to this movement (being circular for ¢, > 0 and
translational for ¢, < 0) the spatially periodical {(domain) patterns were also
observed under the polarization microscope. The threshold voltage can be
read in an accuracy of +59% and +109%; in the cases of the domain patterns
and the particle movement, respectively. Photoelectric registration of the
optical transmission of the He-Ne laser beam provides approximately the
same values of U,, for the nematic phase as in the case of visual observations.
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3 RESULTS

3.1 The case of ¢, < 0 and the planar orientation

The experimental frequency dependencies of the threshold voltage of
Williams domains and the “chevrons” are given in Figure 1 for the mixtures
(on the base of MBBA) with different ¢, and ¢. Corresponding theoretical
curves calculated for dielectric regime of the unstability from the formulae
(34), (36) and (28) of Ref. 11 are shown in Figure 2. In the experiment we
change two parameters only (o and ¢, i.d., £?), the other ones (the viscosity,
elasticity) were held to be constant.’

Let us look at the curves 1-4 in Figure ! for which the value of ¢, is fixed
(e, = — 0.5) but the conductivity increases 20 times. We can notice the
following features:

a) At the high frequencies (f > f,) U, is proportional to f /% and indepen-
dent of o in according to the theory,'! though the experimental data on U,,
exceed appreciably the theoretical ones (e.g., at f= 1 kHz U3P = 135V,
Uher = 74 V).

b) The “chevrone” regime was also observed at the frequencies [ < f,,
i.d., under conditions of co-existence with the Williams domains. For this
reason the curves 2-6 branch out the critical frequency. Upper (chevron)
branches have a tendency to achieve plateaus for decreasing frequency. The
height of the plateaus is approximately proportional to ¢'/? in accordance

Viplwolts)
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FIGURE | Threshold voltage of EHD instability as a function of frequency for NLCs with
£ <0 (doped MBBA, d = 20 u, t = 23°C, planar orientation).
1-4 —0.5,0y/0, = 1.3, LTy = 31071 (1), 5510711 (2), 1510719 (3),
5 10“10 (4) ohm ™ *cm
5 g, = —01,0,=410" " ohm™'em~™', a,/5, = 1.3;
6 &= —130,=2510"ohm ™ 'em™}, a/0, = 1.38.
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FIGURE 2 Calculated dependencies of the threshold voltage of EHD instability in the dielec-
tric regime on frequency (d = 20 y, o/o, = 1.43).
1,2 High-frequency limit for the case {2 > 2.35[11, Eq. (34)), &, = 5.25,n = 16.5cP,
ng = 12¢P;
1 g, = —0001 (% - 0);
2 g, = —0.5(E = 2.65).
3,4 High-frequency limit for the case &2 < 2.35 [11, Eq. (36)]
3 g, = —3(*>=125),¢, =78,n=8.1cP;
4 g, = —5(=1.14)¢, =10,n=65cP.
2(a-¢) low-frequency limit for the curve 2 {11, Eq. (28)]: o, = 107'° (a), 107 (b),
1078 (c)ohm ™ ‘em™ 1.

with the theory,!’ however, again the experimental values of U,, are 2 or 3
times larger than the theoretical ones.

The curves 2, 5, 6 in Figure 1 correspond to different value of (g, = —0.5,
—0.1 and — 1.5 respectively, o being approximately equal for the curves 2
and 5). Despite of 15-fold variation of ¢, (hence, the parameter ¢ was changed
from 8.5 to 1.5) the high-frequency parts of the corresponding experimental
curves coincide practically in contrast to the theoretical curves of Figure 2
which predict the noticeable dependence U,, on dielectric anisotropy. We
have checked also that U,(f) at f > f, is independent of anisotropy of the
electrical conductivity. In that case the mixture A doped with TCE
(oy/o, = 1.1) and TBAB (o/5, = 1.75) was used. It should be noted that
weak disagreement between the curve 6 and the others at f > f. is due to the
enhanced viscosity of the substance being prepared by doping MBBA with
5% of DCEAA (see below). Now let us leave open the question about the
discrepancy between the experimental and theoretical data and discuss the
instability for ¢, > 0.
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3.2 The case ¢, > 0 and the homeotropic orientation

The threshold voltages of EHD instability for NLCs with different values of
o and g, > 0 are shown in Figure 3. The curves in Figure 3 are very like to
the “chevron” branches of Figure 1, however, for the case ¢, > 0 the low-
frequency plateaus are very much more pronounced since the instability is
not masked by Williams domains. The instability appears in the form of
“fingerprints” at the frequencies f < f, (plateau region, Figure 4a) and in the
form of the conoscopic crosses or circular domains® at f > f,, Figure 4b.
The dust particles move either along domain loops or around the noddes
in the former case but in the latter one they move around the crosses only
(in clockwise or counter-clockwise directions).

Vﬂl (volts)
- - A
N 14/. 1/°/
5 .————-o—-—n———“7‘—-‘/u o/'/
= ko o—o .l
C 20‘ * x—n" e
B g V l.t
i %a_o _:_—‘/'7’/ o e ;/ Y
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FIGURE 3 Threshold voltage of EHD instability as a function of frequency for NLCs with
¢, > 0 (doped MBBA, t = 23°C, 5;/6, = 1.3, homeotropic orientation).
1-5 & =01,0, =4107'" (1), 7107 '°(2), 1.2.107° (3), 3-107° (4), 5.5-10 ~® (5) ohm " ecm ™!,
d=2u;0;=710"""ohm™'em™"', d = 40 u (2a).
6 g =3,0,=810"'""ohm 'cm™"

Inset—Low-frequency threshold voltage as a function of the electric conductivity (/' = 20 Hz,
d =20 p)

The following features need to be commented.

a) As in the case ¢, < O the instability has a field threshold, id., U, in-
creases linearly with increasing thickness of cells (see the curves 2 and 2a
in Figures 3 and Ref. 13). Besides, at high frequencies U,, ~ f!/2.

b) With increasing ¢ the low-frequency threshold increases according to
the law U,, ~ ¢'/? (see the curves 1-5 and the inset of Figure 3).

c) The threshold voltage U,(f) does not change for the 30-fold change

in g, (for the curve 6 ¢, = +3, for the other ones g, = +0.1). The curves
U.(f) obtained for HCBP (¢, = + 10) are also in quantitative agreement
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FIGURE 4 Domain patterns for homeotropically oriented NLCs with g, > 0 (d = 20 p).
(a) the “fingerprint” domains typical for the frequenceis [ < f, (¢, = +0.1,

oy = 4107'%ohm™'cm™?, f = 30 Hz);
(b) the circular domains for f > f. {g, = +0.1, 0, = 410" ohm~!cm™!, f = 100 Hz).
The areas of the photographs are 1000 u x 700 u (a) and 600 u x 410 u (b).

with the curves 1-6. The high-frequency parts of the curves are also indepen-
dent of the ratio o /o, .

d) The most interesting fact is that the curves U,,(f) for the cases of ¢, < 0
and ¢, > 0 coincide very closely at the frequencies f > f, where U, ~ /2
{e.g., compare the curves 1 in Figures 1 and 3). The universality of the curves
U f)fore, < 0and g, > 0as well as the independence U, of the anisotropic
parameters of NLCs (g,, 0/, 1.d., £?) suggest us an idea that the instability
for both ¢, < 0 (at f > f,) and ¢, > 0 (at all the frequencies) has an isotropic
character. To demonstrate the evidence of this mechanism we have investi-
gated the threshold-frequency curves for the instability in the isotropic
phase of pure and doped MBBA and in other non-mesomorphic liquids.

3.3 The isotropic case

It is convenient to take the measurements beginning from the homeotrop-
ically oriented nematic phase with ¢, > 0. In that case at f > f. one can
observe under polarization microscope the circular motion of dust particles
around the crosses of circular domains. The threshold voltage of the motiont
coincides approximately with domain threshold and decreases with in-
creasing temperature. At the clearing point the domain pattern disappears
but the circular motion of the particles remains and U,, can be measured in
the isotropic phase too. The curves U,(f) for doped MBBA (¢, = +0.1 at
20°C, clearing point is 42°C) at different temperatures are given in Figure 5.

+ Sometimes the particles move at the voltages below this threshold but in that case their
trajectories are random,
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FIGURE 5 The comparison of the threshold-frequency curves for the nematic and isotropic

phases (doped MBBA, ¢, = 0.1, d = 20 g, initial homeotropic orientation). Temperature: 23°C
(1), 41°C (2), 55°C (3).

The analogy between the dependencies U,(f) in the nematic and isotropic
phases is evident. The appearance of well pronounced plateau (curve 3) with
increasing temperature is due to the increase in the electrical conductivity
of the substance.

In Figure 6 the temperature dependencies of U,, (at high frequencies,
f > f.) are shown for pure (¢, = —0.5) and doped (¢, = +0.1) MBBA. One

Vi talts)

50 130 vth(VDuS) Aﬂ;\\" R
RN 0 '
LS

\a b 1]

I R R S— LY

FIGURE 6 Temperature dependence of the threshold voltage in the high-frequency limit
(f= 1 kHz).

ooo—pure MBBA, xxx—doped MBBA (g, = 0.1).

Inset—Threshold voltage vs the viscosity coefficient ;.
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can see that there is no jump in U, at the transition temperature. The value
of U,, correlates approximately with the viscosity coefficient 5 = 3o, of
MBBA taken from Ref. 14 (see inset of Figure 6).

We have observed the same instability in ordinary isotropic liquids (silicon
oil, acetone and CCl,). The threshold voltage of particle movement de-
creases with decreasing viscosity (at f= 100 Hz U,, = 90, 7 and 2 volts,
respectively). It should be noted that blocking of the electrodes with thin
dielectric layers does not change the value of U,,.

4 DISCUSSION AND CONCLUSION

Using dimensional arguments and comparing the energy of an electric field
with dissipation energy ¢E*/4n ~ nw [Ref. 1, page 196] we can write the
following expressions for the threshold field which describe well all our
experimental data

dnnw
Ef = = (0> ) o)
4r 167200
B == 2% () < wy) (4)
£ty €

Here o, ¢, n are the mean values of electrical conductivity, dielectric con-
stant and viscosity, = 2nf (in Eq. (4) the reciprocal relaxation time 75'
substitutes for w in Eq. (3)).

Let us evaluate the values of U,,: at frequency 150 Hz (w = 10 sec™ ) for
e = 5,1 =0.5P we obtain from (3) E,, = 9.10° V-cm ™!, i.d,, for the cell of
thickness d = 20 u U,, = 18 V (the experimental value is 50 V). At low fre-
quencies (plateau region, w — 0) for ¢ = 107!° ohm™'em™' = 90 CGS
units Eq. (4) gives E,, = 5.1-10*V.cm™! and U,, = 102V for d = 20 u
(the experimental value is 15 V). Thus, to some extent the formulae (3) and (4)
agreed with experiment even quantitatively, though the experimental de-
pendencies U,, upon viscosity and dielectric constant have to be measured
more precisely.

The formula to be analogous to (4) has been derived strictly!? for the case
of stationary bipolar injection of charges in the isotropic liquid (w = 0).
More general approach involving the consideration of frequency behaviour
of the threshold field is developed in Ref. 13 and results in the expressions
analogous to Egs. (3) and (4) (with other numerical coeflicients).

The formulae (3) and (4) being independent of the anisotropy parameters
(24,0, /0 ., K;; etc) and the orientation of NLCs agree well with experimental
data. Thus, we came to conclusion that the instability for the case ¢, > 0 at
all the frequencies and for ¢, < 0 at f > f, (in so-called dielectric regime) as
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well as in the isotropic phase has the same (isotropic) mechanism. The role
of a liquid crystal is reduced only to the visualization of the instability for
optical anisotropy. Of course, the form of the domain pattern depends on
the NLC orientation. The planar orientation (for ¢, < 0 and f > f,) results
in “chevron” structure and the homeotropic one (for ¢, > 0) gives rise to the
fingerprint (f < f) or circular (f > f)) domains. In the isotropic phase the
circular movement of the solid particles can be observed only.
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