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New Classification of Chevrons in
Electroconvection in Homeotropically-Aligned
Nematics

JONG-HOON HUH", YOSHIKI HIDAKA and SHOICHI KAI

Department of Applied Physics, Faculty of Engineering, Kyushu University,
Fukuoka 812-8581, Japan

Two types of chevrons have been found in the conduction regime, as well as the conventional
chevrons in the dielectric regime in homeotropically-aligned nematics. These two are named
the defect-mediated chevron (DMC) and the defect-free chevron (DFC) by their structure
changes. Two different bifurcation sequences are found with increasing the applied voltage,
such as Fréedericksz transition — normal rolls — abnormal rolls — defect chaos — DMC
for low frequencies and Fréedericksz transition — prewavy pattern — DFC for high frequen-
cies. Moreover, the double periodicity of the chevrons (i.e., the short wavelength A; of the
striated rolls and the long wavelength A, of the chevron bands) shows quite specific fre-
quency dependence.

Keywords: electroconvection; chevrons; homeotropic alignment

INTRODUCTION

When one applies an alternating electric field across a thin nematic slab,
one observes an electroconvection (EC) in a polarizing microscope "2,
EC provides a rich variety of pattern-formation phenomena in a dissipa-
tive system, and then it has been intensively studied for last three decades
(see, e.g., Ref. [3-5]). The basic mechanism of electrohydrodynamic in-
stability for EC is well understood in terms of the Carr-Helfrich effect '
2l The detail of EC patterns depends on the frequency f of the applied
electric field E (f)=E cos 2z f1). At low frequencies, the charge relax-
ation time T_is much shorter than the period /' of the low-frequency
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electric field E (f) (T f <1), while the director relaxation time T, is much
larger than ' (T, /> 1). Here the relaxation times are expressed by

o]

_ Eofy Y, d

T,= ot . 1=
n° K,

, )

a o,

where €& 0,y d,and K ,, correspond to dielectric constants, electric
conductivity, dynamic viscosity, sample thickness, and elastic constant,
respectively I 4. In this so-called conduction regime, therefore, since the
director cannot follow the external field E (f), the stationary convection
occurs.

In the dielectric regime (f> f)) above a certain cut-off frequency f =
O(t,’"), on the other hand, T_becomes larger than /' (T_f >1) and charges
cannot accumulate. The director oscillates in phase with the alternating
field E (f), while the charge distribution is stationary " In this dielectric
regime, in general, there appear chevron patterns consisting of alternating
stripes of zig and zag rolls with a very small wavelength ( < d). Their
width of the stripes (A,) is much larger than that of the rolls (A).

Until now, almost the studies for chevrons have been performed in the
planar geometry, whereas only a few studies have been done in the
homeotropic case 1*7. Moreover, almost the studies for chevrons in the
both planar and homeotropic geometries were focused on the conventional
chevrons in the dielectric regime. The previous studies mainly devoted to
the dependence of the threshold and the wavelength (A) of striated zig
and zag rolls in chevrons with respect to the applied frequency f, thick-
ness d, electric conductivities 0, , dielectric constants €, , or the strength
of stabilizing magnetic field H'*. Very recently, chevrons “in the conduc-
tion regime” have been reported “in the homeotropic geometry™ 17,

Now we need to remind a free rotational mode of the director in the
homeotropic geometry 1'% It can be induced from the Fréedericksz tran-
sition (FT; V.~ 4 V in the present study) before EC occurs, and plays an
important role in the homeotropic EC. If the rotation of rolls due to the
rotational mode is periodic in some cases (see below), it is possible to
generate the chevron patterns in the conduction regime. In the case of the
irregular rotation of the rolls in the xy-plane, however, the so-called soft-
mode turbulence always appears in the homeotropic geometry !'*12I,

In this paper the chevrons observed in the homeotropic geometry are
investigated by varying electric conductivity for nematics. We found two
types of the chevrons in the conduction regime (f < f) as well as the con-
ventional chevron in the dielectric regime (f > f)) mentioned above. In
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order to describe the chevron pat-
terns more precisely than past clas-
sification "¥ in which they were de-
fined by the size of the wavelength
[chevron-A: large A, (< d) ; chev-
ron-B: much small A, (< d)], the
detailed classification will be given.

EXPERIMENT

A slab of a nematic liquid crystal
MBBA (p-methoxybenzilidene-p -
n-butylaniline) was sandwitched

702 Ay
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FIGURE 1 An electric field E and a
magnetic field H are applied
perpendicularly and parallel to the
electrodes, respectively. Crossed
polarizers are set, which can be
rotated or removed readily.

[2687]/835

by two transparent electrodes which
were treated with homeotropic
alignment. In the present study three samples with different electric con-
ductivity were prepared, which could be controlled by doping of TBAB
(tetra-n-butyle-amonium bromide). See the details of the samples in Tab.
1. The temperature of the sample was stabilized at 30+0.1°C by an elec-
tric control system (Digital Controller DB500). The sample thickness was
d =50 um and the lateral size of the samples was 1 x 1 cm? The experi-
mental setup is shown in Fig. 1. The patterns were observed in the xy-
plane by use of a CCD camera (SONY XC-75) mounted on a microscope.

RESULTS AND DISCUSSION

The threshold ¥ for onset of patterns was determined in three samples, as
shown in Fig. 2. The threshold V' (f) of the sample 1 with low conductiv-
ity shows a well-known frequency dependence (see, e.g., Refs. [1, 4]).
The cut-off frequency f shifts to higher frequency with increasing con-

TABLE 1 Electric conductivities and dielectric constants of three samples at T
=30°C

sample | sample 2 sample 3

o, [Q'm"] 7.49 X 10° 6.25 X 10* 9.08 X 107

. [Q'm] 6.38 X 10 317 x 10° 7.37 X 107
g, 3.84 3.78 433
£ 4.18 4.03 4.62
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ductivity. f of the sample 2 and 3 with high conductivity could not be
determined because of limit of applied voltage. In the dielectric regime (f
> f), the conventional chevrons with a small wavelength of striated rolls
(A, €d) were observed as shown in Fig. 3(a). Since the dielectric chevron
(DC) in the homeotropic system has no preferred direction unlike in the
planar case, "% the periodic defect lines are arbitrarily selected ¥, Ex-
cept such an aspect, the DC in principle has no difference between planar
and homeotropic geometries.

Now let us consider chevrons in the conduction regime (f < f). Two
types of chevrons were observed below and above a certain characteristic
frequency £, (< f)) in the sample 2 and 3. In the range f, <f<f of the
sample 3 {f, ~ 3150 Hz) one typical chevron pattern (defect-free chevron;
DFC) was observed as shown in Figs. 2 and 3(b). The DFC is character-
ized by the stripes with alternating zig and zag rolls. For </, , on the other
hand, the other type of chevrons (defect-mediated chevron; DMC) was
found as shown in Figs. 2 and 3(c). The spatially-periodic defect lines
between alternating zig and zag rolls distinguishes DMC from DFC.

First, in order 10 investigate spatial characteristics of DFC and DMC,
the two wavelengths A (f) and A(f') were measured at a fixed control
parameter € =(V2- V2)/ ¥ ?=0.10 . Figure 4 shows the dependence of A,
and A, on frequency /. There are two characteristic frequencies f, ~ 1450
Hz, called the Lifshitz frequency * ', and £, ~ 3150 Hz. The short wave-
length A, decreases continuously with increasing £, although there exist

T rry -
--4@-- sample | DC (Fig.3 (a) DFC (Fig.3 (b)
--@- sample 2 \ - \ b
-~ sample 3 3 Vw
L 100 | i P
>“ H . DMC ./
- M i (Fig.3 (c) ]
o ;
o 4 .
G s
> . p
°®® o
10 I"
L . L 4
......-ﬁ“"‘"' """""" b
. ‘ il ol .
10 102 T 10 T 10*
Je Lo 1.

Frequency {Hz]

FIGURE 2 Thresholds of pattern formation on three samples. DC: dielectric
chevron (f> f), DMC: defect-mediated chevron ( f<f), DFC: defect-free
chevron (f, <f<f). Each chevron is showed in Fig. 3. See the text for details.
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the distinct characteristic frequencies
(f, and /, ) due to the different physi-
cal mechanisms ' '8l But A,
weakly depends on f for /< f, while
it strongly depends on ffor f> f,. The
short wavelength A, of the the stri-
ated rolls of chevrons is roughly of
order d. the sample thickness ( <A,
< 2d). It is distinguishable from A,
< d for DC in the dielectric regime.
The long wavelength A (f') shows
quite different frequency-depen-
dence below and above f,. For /> f.
(DFC), A, increases continuously
with decreasing fand diverges at /..
The dependence A (f) for DFC sat-
isfies the following expression,

MO=E S-S @

where f = 3152 Hz is determined
from the fitting function, and a char-
acteristic length &, = 152 um (~ 3d).
For f< f (DMC), on the other hand.
., increases continuously with de-
creasing fand diverges at f* with de-
pendence

\\

! :
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FIGURE 3 Three types of chevrons.
(a) Dielecric chevron (DC). (b) defect- = -/ £ TR , (3
free chevron (DFC), (¢) defect- Z(f) Ez [(f ST ()
mediated chevron. See also Fig. 2.

Each scale bar is 100 um. where /= 1842 Hz, and gz =408

pm(~ 4d) . Here Ez is a characteris-
tic length which must be determined
by the material parameters. Since /> £, no chevrons are found in the
oblique-roll region (f< /), and chevronlike patterns are often found near

/. in the normal-roll region (f,< /< f,). Considering the different fre-

quency-dependence and the characteristics of the patterns below and above

/.. the mechanism of DFC is clearly different from that of DMC.

Next, we have investigated the evolution process of both chevrons with
increasing voltages, as shown in Figs. 5 and 6 (see Ref. [16] for the detail
of the optical treatment). In the case of DFC (f> /) an instability is
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FIGURE 4 f-dependence of double periodicity (A, and ) of DMC (f < f, ) and
DFC(f> f,). Two wavelengths A and A, were measured at a fixed € = 0.1 and H
=0.

always induced before EC, which determines the long wavelengh A, to
form chevrons (DFC). We call this patterns in Fig. 5(a) the “prewavy”
which shows a periodic director-modulation in the xy-plane. It should be
distinguished from the conventional instability for EC with a periodic di-
rector-modulation in the xz-plane V'i. In Fig. 2, V_(f) corresponds to the
threshold of the prewavies in sample 3. Consequently, we have found a
sequent bifurcation; FT— prewavy —> DFC. For f< £ , on the other hand,
we have found a different bifurcation sequence into DMC with increasing
€. With the aid of weak magnetic field /_= 400 G which stabilizes the C-
director (the projection of the director » onto the xy-plane) toward the x-
axis, we have observed a sequent bifurcation with no background patterns
like prewavies, as shown in Fig. 6 ; FT—> normal roils (NR) —> abnormal
rolls (AR) —> defect chaos = DMC. It is manifest that the mechanism of
DMC is different from that of DFC ""I, The study of the prewavy instabil-
ity to form DFC is now in progress.

SUMMARY

We have described the three types of our chevrons (DMC, DFC and DC)
in terms of the characteristics of patterns and the dependence of electric
conductivity and evolution process. The DMC is characterized by spa-
tially-periodic defect lines between alternating zig and zag rolls, while the
DFC is characterized by alternating zig and zag rolls without defects. More-
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FIGURE 5 Pattern evolution into
DFC with increasing € (f= 3500 Hz).
(8) £ = -0.1, (b) e = 0.05. These
patterns were obtained in crossed
polarizers. The lods represent the C-

FIGURE 6 Pattern evolution into
DFC with increasing € (f= 2000 Hz).
{(a) Defect chaos in crossed polarizers
at e = 0.1, (b) DMC in no polarizer at
e=0.2.

directors and thier directions.

over, they show quite different frequency dependence. These DMC and
DFC could be distinguished from the conventional DC by the size of short
wavelength A,. Futhermore, generic bifurcation sequences for the two types
of chevrons as well as the conventional DC are found with increasing
voltage, that is, FT = NR = AR ~> defect chaos = DMC for f<f ,FT
—> prewavy —> DFC for /> £, and FT-> DC for f> f (FT—> prewavy =
DC may be found in the case of high conductivity samples, but we could
not observed because of limit of applied voltages). From our results we
have clearly classified our chevrons in Tab. 2.

The double periodic-structures, chevorns, are formed by a superposi-
tion of more than two instabilities. And one of them must be related the
rotation of the C-director which forms the obliqueness of the rolls of chev-
rons. We have concluded that the prewavy instability plays a role on the
the rotation of the C-director for DFC, while the abnormal roll instability
and generating defects play the role for DMC. Moreover, the axes of zig-
zag rolls of each chevron are always roughly normal to the C-director.
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TABLE 2 New classification of chevrons. Though DC in this paper was directly
evolved from Fréedericksz transition, it must be also found via prewavy in high
conductivity samples.

DMC DFC DC
frequency r<f£, AR A r>f
A £2d <d £d
A ~(f-f*" ~(- £ ?
defects existence no existence existence
evolution FT—>NR—> AR FT—>Prewavy—>DFC  FT— (Prewavy)—>DC
- Defect chaos > DMC

® DMC: defect-mediated chevron, DFC: defect-free chevron, DC: dielectric chevron,
FT: Fréedericksz transition, NR: normal rolls, AR: abnormal rolls
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