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FORMATION AND DYNAMICS OF CONVECTIVE PATTERN 
IN HOMEOTROPIC SYSTEM OF NEMATIC LIQUID CRYSTALS 

YOSHIIU HIDAKA, KEN-ICHI HAYASHI AND SHOICHI KAI 
Department of Applied Science, Kyushu University, Fukuoka, 812-81, Japan 

&xW&t Pattern dynamics in a weakly nonlinear regime near the onset of the 
electrohydrodynamic instability (EHDI) is experimentally investigated in the homeotropic 
alignment of nematic liquid crystals, of which morphology is introduced. The wavy, chain 
and bamboo-chevron patterns are observed in homeotropic samples as new patterns. The 
Busse balloon is also obtained which is quite different from the conventional balloons in 
EHDI in planar liquid crystals. 

I" 
Electrohydrodynamic convection (EHC) is a typical self-organization phenomenon and 
one of the most convenient systems to investigate pattern formation in systems far from 
equilibrium.14 In many past researches on this subject, much attention has been paid to a 
planar geometry because simple theoretical and experimental treatments can be p0ssible,3,~.' 
in which the director is forced to be aligned paiallel to glass substrates by rubbing treat- 
ments. Then EHC in the planar orientation occurs directly as a first instability from non- 
structural state. The basic research on EHC in the homeotropic nematics on the other hand 
was not active and systematic, because EHC occurs as a secondary instability after the 
orientational instability called the Freedericksz transition and because it was considered 
that there was not an essentially new phenomenon after the onset of EHC. Here the direc- 
tor aligns perpendicular to a glass substrate in homeotropic samples. 

Very recently, however, by some of systematic works on homeotropic EHC there 
come out some important and new findings as well as theoretical progress, such as direct 
transition to the spatio-temporal chaos (STC) at the convective onset and new patterns such 
as chain, wavy and spiral patterns in weakly nonlinear  regime^.^-'^ There is furthermore an 
experimental convenience in homeotropic EHC when the critical dynamics near the Lifshitz 
point is studied in detail because it can be easily and precisely controlled by the external 
magnetic field H. In a planar EHC contrary to this the detailed study near the Lifshitz point 
frequently requires the appropriate values of material constants such as the dielectric con- 
stants and conductivities. In addition, there is no experimental result on the Busse balloon 
in homeotropic EHC, although it is very important to understand the nonlinearity near the 
onset. Therefore the study on EHC in the homeotropic geometry becomes more attrac- 
t i~e ." . '~  
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In a present paper we will experimentally describe the nonlinear pattern formation in 
weakly nonlinear regimes and introduce the pattern morphology in the homeotropic nematics 
as well as the Busse balloon. 

We used the nematic liquid crystal pmethoxybenzilidene-p'-n-butylaniline (MBBA), which 
was filled between two glass plates both of which surfaces were coated with transparent 
electrodes, indium tin oxicide (ITO). The conductivity was q, = 3.3 x lo-' Q - W  and crL = 
2.3 x lo-' S2-'m-1 which was controlled using the 0.012 wt%-doping of tetra-n-butyle-am- 
monium bromide (TBAB). The dielectric constant was E,, = 4.21 and E~ = 4.70, i.e. E, = - 
0.49. The space between two glass plates was maintained by a polymer film with a separa- 
tion of 50 pm and the lateral sue was taken as 1 x 1 cm2. Therefore the aspect ratio Tof the 
convective systems in the present study was 200. In order to realize homeotropic align- 
ments the surface of glass plates was treated by a surfactant (n-n'-dimethyl-n-octadecyl-3- 
aminopropyl-trimethoxysil yl chioride: DMOAP). The temperature was controlled within 
30 -f. 0.02 c" with a control stage and a double-wall copper cavity. 

Without magnetic fields there is no preferred direction for convective rolls and there- 
fore no specific direction (such as x and y )  because of the continuous rotational symmetry. 
However when the magnetic field is applied parallel to the cell, the convective rolls align 
perpendicular to the direction of the magnetic field above V, of which direction hereafter 
we set as x. Thus we could define the x-direction only in the presence of the magnetic field. 
In the present study, we conducted for H = 1600 G which was the intensity higher than the 
threshold H ,  = 1100 G for a magnetically induced Freedericksz transition. The AC voltage 
was applied by an electronic synthesizer controlled by a computer. The threshold value for 
an electrically induced Freedericksz transition was about V, = 4 V. We defined here the 
normalized external control parameter E as E = (VZ - V,') / V,Z. The threshold for the onset 
of the convection was V, = 10 Vat /= 500 Hz and H = 1600 G. The critical frequencyf' of 
the applied electric field was about 2600 Hz. The detailed manner in order to obtain the 
Busse balloon was the conventional frequency-voltage jump r n e t h ~ d , ' ~ " ~  which has been 
already described elsewhere in detai1.I' 

P 

The application of magnetic fields perpendicular to the director in the homeotropic nematics 
suppresses the Goldstone mode related to the azimuthal angle of the director and the pre- 
ferred axis for the alignment is set up." Here H = 1600 G was applied in order to suppress 
the Goldstone mode and to lead the preferred axis for the director orientation. Then the 
electric field was applied to induce the regular patterns in EHC. Figure 1 shows the pattern 
diagram after the occurrence of EHC in a frequency-voltage plane ranging from/= 100 Hz 
to 1900 Hz.'* 

In the low frequency regime v= 100 - 600 Hz), near the first bifurcation point the 
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zig-zag pattern is observed which is shown 
in Fig. 2a, as well as the frequency depen- 
dence of its tilted angle (obliqueness). This 
dependence does not agree well with theo- 
retical predictionsI2 and its tendency is 
rather similar to the previous experimental 
results by H. Ri~hter.6,~ Probably this may 
be due to the incomplete conditions, e.g. 
the measurement was not exactly achieved 
for the onset such as E = 0 (linear regime) 
but for E = 0.01 (weakly nonlinear regime) 
in order to observe at least visually. The 

1 theory may well describe the obliqueness 
in the planer EHC at the onset ( E  = ,)I9 but 
might not perfectly in the homeotropic 
EHC by some reasons. Increasing in the 
driving voltage V the wavy pattern forms 
above the second threshold (Fig. 2b). Fi- 

nally turbulence appears as V further increases. On the other hand, in the high frequency 
regime (f= 1400 - 1900 Hz), the normal roll is observed near the threshold as shown in 
Fig. 2c, and then bamboo-chevron (BC: Fig. 2d), chain patterns (Fig. 2e)9 and finally 
turbulence are successively observed through several transitions with the well-defined thresh- 
olds. In the regime between them (J= 700 -- 1300 &), turbulence starts via a chain pattern 
after the transition from the normal roll to the zig-zag pattern as V is raised from the con- 
vective onset. These different patterns appear with also well-defined thresholds as shown 
in Fig. 1."" All patterns are summarized in Fig. 1. 

In EHC for planar alignments, there were several reports related to the Busse bal- 
l ~ ~ n . ~ ~ . ~ ~ ~ ~ ~  However, there has been no report for EHC in homeotropic alignments because 
no regular pattern is observed at the onset in the absence of magnetic fields which makes us 
very difficult to determine both additional and secondary instabilities." Therefore we ap- 
plied the magnetic field H = 1600 G at the standard frequency fo = 800 Hz for the fre- 
quency-voltage jump method,'"" under which conditions a regular normal roll is observed 
at the onset. In a two dimensional planar system, we found basically three different selec- 
tion dynamics for pattern formation such as (1) simple decay of rolls, (2) elastic relaxation 
of rolls by defects and (3) relaxation of rolls via an instability, and showed the clear Busse 
b a l l ~ o n . ' ~  In a two dimensional homeotropic system however the situation is slightly dif- 
ferent. We found four different selection processes in total in addition to the above three, 
such as relaxation of rolls via successive two instabilities transiently, and therefore the 
Busse balloon becomes more complicated and quite different from a conventional balloon. 

In Fig. 3 such a Busse balloon is shown where the finally stable pattern is a normal 
roll near the onset at the center. Here NS, E, ZZ and EZ indicate respectively the neutral 

5! 500 1000 15W 2000 

Frequency [Hz] 

FIGURE 1 
ence of magnetic fields (H = 1600 G). 

Phase diagram in the pres- 
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FIGURE 2 Typical patterns in the presence of H = 1600 G. The observation area is 400 x 400 
pm’. (a) zig-zag pattern. The upper figure shows the frequency dcpcndence of the oblique angle of 
thc zig-zag. @)wavy pattern. (c) normal roll. (d) bamboo-chevron (BC) pattern. (e) chain pattern. 

stability, the Eckhaus, the zig-zag and the Eckhaus-zig-zag boundaries. Below NS (+), the 
rest state is stable. In the region I (o), the most favored pattern appears through the Eckhaus 
instability when the frequency-voltage jump is done. In the region I1 (x), the elastic relax- 
ation of rolls due to elastic modifications and/or defect motions takes place. In the region 
111 (o), the zig-zag pattern appears via the zig-zag instability. In the region IV (*), at the 
beginning the Eckhaus instability occurs and then the zig-zag pattern finally appears via 
the zig-zag instability. Each transient process is the following. In the Eckhaus instability 
(region I), the periodic defect creation/annihilation is observed. In the region 11, no re- 
markable change of normal rolls is observed and small wavenumber modulation takes 
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FIGURE 3 
line, E Eckhaus boundary, EZ: Eckhaus-zigzag line, Z Z  zig-zag line (for detail see text). 

Busse balloon in homeotropic EHC with H = 1600 G. NS: neutral stability 

place through elastic adjustments. In the region 111, no remarkable change of the zig-zag 
pattern is observed after the frequency-voltage jump. 

The most interesting fact is observed in the region IV where transiently two instabili- 
ties, the Eckhaus and the zig-zag ones, occur till the finally stable pattern forms. This 
could be explained by the scenario in Ref. 23. It should be mentioned that the Eckhaus (E) 
line bends back and the EZ line is parallel to the Q axis in our balloon. No theoretical 
prediction has been done on these. 

SUMMARY 

The Busse balloon in the presence of H was observed as well as various new patterns. 
Some patterns (wavy, BC patterns, propagating DSM) were newly found in this work. In 
the absence of H no Busse balloon was obtained. The phase diagram with H = 1600 G was 
determined for the homeotropic EHC which was quite different from that for planer EHC. 

The Busse balloon obtained under H is not conventional. Especially the Eckhaus 
boundary has not simple profile and bends back about which no theory predicts. In some 
region in the balloon two successive instabilities (the Eckhaus and the zig-zag instabilities) 
occur for the pattern selection dynamics from initial to final patterns after the frequency- 
voltage jump. This suggests that after the frequency-voltage jump the system is Eckhaus 
unstable at the beginning and later changes into zig-zag unstable because the wavenumber 
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approaches to  Q = 0 where the state is  zig-zag unstable.23 Then the two successive transi- 
tions such as the Eckhaus and zig-zag instabilities are realized. It is therefore very interest- 
ing to investigate the profile of the Busse balloon as the frequency & is  changed. Each 
boundary must change because the observed pattern is varied withJ This is now in progress 
and will be reported elsewhere in near future. 

The authors would like to  thank M. I. Tribelsky (University of Tokyo), W. Pesch and 
A. Rossberg (University of  Bayreuth) for valuable comments and stimulating discussions. 
This work is partly supported by  the Grant-in-Aid for Scientific Research from Ministry of 
Education, Sport, Science and Culture in Japan. 
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