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We report on chevrongherringbonelike patternsbserved irhomeotropicallyaligned liquid crystals with
high electric conductivity. We focus our attention on two types of chevrons observeddnridectionregime.
The threshold voltage and the characteristic double periodicity of chetitenghe short wavelengtk, of the
striated rolls and the long wavelength of the chevron band$iave been measured as functions of the applied
electric frequency. With the aid of a crossed polarizer set, we have, in addition, determined the director field
which shows a periodic in-plane rotation for our chevrénith a wavelength\,). We arrived at the types of
chevrons after qualitatively different bifurcation sequences with increasing voltage. The frequency dependence
of A, also shows a qualitatively different behavior with respect to the two types of chevrons. The experimental
results are discussed in terms of recent theoretical investigations.

PACS numbeps): 61.30-v, 47.20.Lz, 47.20.Ky, 47.65.a

I. INTRODUCTION f~1 of the low frequency electric fiel&(f)(7,f<1), while
the director relaxation timey is much larger tharf ~( 74f

Pattern formation in dissipative systems driven out far>1). Therefore, in this so-callecdonductionregime the di-
from equilibrium is common in nature. There are many ex-rector cannot follow the external fiele(f), and remains
amples in fluid physics, chemistry, biology, and in manystationary to leading order. In the dielectric regimé (
other fields(see, e.g., Refl]). Due to the progress of theo- >f ), above a certain cutoff frequendy= 0(7-;1), on the
retical and numerical research, the universal aspects of th&ther hand, r, becomes larger tharf (7, f>1), and
various patterns in fluid systems are now well understood atharges cannot accumulate. The director oscillates in phase
least near the primary instabilifit,2]. The present work ad- with the alternating fieldE(f), while the charge distribution
dresses electroconvectiofeC) in nematic liquid crystals is stationary.
(nematic$, which has been intensively studied in the last One also has to consider two different orientations of the
decadegsee, e.g., Ref$3—8]|). EC provides a rich variety of rolls. In the normal-roll case the wave vectpis parallel to
pattern-formation phenomena, and has become a main parge preferred directionx). But the chiral symmetry can also
digm for anisotropic dissipative structures. be broken in the oblique-roll case with a finite angle between

When one applies an alternating electric fi@lecE(f)z g andx. There exist two equivalent variants of such oblique
with E(f) =Egcos(27ft) across a thin nematic sldbf thick-  rolls, zig (positive angle and zag(negative angle Oblique
nessd=10-100 um) between two electrode plates, one ob-rolls appear typically very near to threshold by a secondary
serves typically stripedroll) patterns in thexy plane. The bifurcation, but in some case even directly at the convective
basic mechanism of EC is well understood in terms of thehreshold for low frequency. Then there exists a Lifshitz fre-
Carr-Helfrich effect due to anisotropic properties of liquid quencyf, which separates the oblique rollis<f ) from the
crystals[9,10]. In addition to the flow field of the convection normal ones {>f). In the dielectric regime the primary
rolls, the directornz(nx,ny,nz)(nzz1,nE—n), which is  bifurcation is to normal rolls, but very near to threshold a
defined as the locally averaged orientation of the rodlikebifurcation to the chevron patterns takes place. They consist
molecules of nematidsl1,12, plays an important role in the of alternating stripes of zig and zag rolls with a very small

pattern formation process. wavelength k;<d), where the width of the stripes\{) is
The essential features can easily be demonstrated in thrauch larger thar ;.
planar geometnfdescribed byny=(1,0,0) for the initial Very recently it has become clear that there exists a new

statd [3,4,11]. Any director fluctuation out of the horizontal type of symmetry-breaking bifurcation toward abnormal
plane {1,#0) leads to an inhomogeneous charge distributiorrolls with increasing voltagd13,14. Abnormal rolls are
due to the electric conduction anisotropy of the nematicsharacterized by a homogeneous rotation of ¢heirector
(o,#0). If the resulting Coulomb force above a critical (i.e., the projection of the directon onto thexy plane.
voltage V. overcomes the viscous force, a material flow isUnlike the normal rolls at threshold, th@ director is not
induced. This flow in turn gives rise to a torque on the di-parallel toq for abnormal rolls. The bifurcation can be un-
rector, by which the fluctuations of the director are rein-derstood by the tendency of the director to escape a high-
forced. Consequently, an electrohydrodynamic instability isviscosity configuration by rotating out of the shear plane
induced which leads to the convection patterns. The detailgl3,14.

of the patterns depend on frequerfcyAt low frequencies, Recently, EC in thehomeotropicgeometry[described
the charge relaxation time, is much shorter than the period by ny=(0,0,1) for the initial statehas attracted much atten-
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tion [15-23. In the homeotropic case, the basic state ishifurcation sequencéFreedericksz transition— prewavy
isotropic in thexy plane. Above a certain characteristic volt- pattern— DFC) with increasing voltage.

age Ve[~4 V for p-methoxybenzilideng'-n-butylaniline In addition, we have investigated in detail the double pe-
(MBBA)] the continuous rotational symmetry is spontane-riodicity (two characteristic wavelengths, and \,) of the
ously broken by the Feslericksz transition, where the direc- two types of chevrons as functions of the frequehcwith

tor tilts off thezaxis. The projection of the director ontRg  the aid of a crossed polarizer set, we have mapped a periodic
plane(the C directop can be spontaneously chosen. ConseC-director structure for the DMC and DFC in tixg plane.
quently, there must exist a soft mode, the so-called GoldoOn the basis of the experimental results, we discuss the un-
stone mode, which corresponds to a slowly varying aziderlying mechanisms for the DMC and DFC and compare
muthal rotation of the director. The important point is thatwith recent theoretical finding88—40.

this Goldstone mode can easily couple to the convective
mode. We have already reported on a drastic role of the
Goldstone mode for pattern formation and dynamics in EC

[18—20. For finite magnetic fields H||X) the convection A. Experimental preparation
phenomena in the homeotropic system are quite similar to A nematic liquid crystal MBBA was used, which was

the planar case, since the Bdericksz transition leads 0 @ g4 petween two parallel glass plates whose surfaces were
planar configuration with a preferred orientatiox) (in the  coated with transparent electrodésdium tin oxide. The
centrgl part of the sample. There exists always an abnor_mabap widthd=50 um between the two electrodes was main-
roll bifurcation[22,23. Only very recently have chevrons in tained with polymer spacer. The lateral size of the sample
the conductionregime also been observed in the homeotroyyas 1x1 cn?. We achieved the standard homeotropic
pic sy§ten‘{21,22. ) geometry by treating the two electrodes with a surfactant
Until now, almost all studies of chevrons have been perppmoap (n-n’-dimethyl-n-octadecyl-3-aminopropyl-
formed in the planar systertsee, e.g., Refs3,4,24-31)  rimethoxysilyl chloride. We prepared three samples of
and only very few exist in the homeotropic ca#2,33.  which electric conductivities were varied-(=7.49< 10—
Moreover, almost studies of chevrons in both planar and hog ggx 107 =1 m~1) to be controlled by doping of TBAB
meotropic systems focused on conventional chevrons in thgetran-butyle-ammonium  bromide Their  dielectric
dielectric regime (_>fc). Previous studies were mainly de- anisotropiese, were slightly different in range from-0.34
voted to the question of how the threshold and wavelength of, 0 25 due to the treatment. The temperature of the

striated zig and zag rolls depend on the applied frequéncy sample in Teflon-wrapped copper cavity was stabilized at 30
the sample thickness, electric conductivities, the dielectric. g 1°c py an electric control systeiDigital Controller

constant, or the magnitude of the stabilizing magnetic fielostoo). An alternating electric fieldE with a frequencyf
(s.ee, e.g., Re_fs{3,4,25,27,32,34—36 Hovyeve.r, the under- ;oo applied across the thin sampE=(0,0+E,)], and a
lying mechanism for chevron structure is still not too well .nstant magnetic fieldan electromagnet, TAMAGAWA

understood
’ ) TM-WTV8615C) was set parallel to the glass plated
In the present paper we focus on chevrons indbeduc-  _ (0 0)]. In order to monitor theC director, we used a

:'(.)n reg(ljme for t?mohmeotropl_csyslten;] by vamrflglg the eledc- crossed polarizer set which could be rotated around thes
ric conductivity for the nematics. In the case of low conduc-, e moyed readily. The patterns were observed inxje

tivity, only one type of chevrofthe defect-mediated chevron lane by use of a charge-coupled-devi eaNY XC-
(DMC)] has been observed. It is characterized by spatially?S) moa/nted on a mic?oscopFe). ice can®

periodic defect lines between alternating zig and zag rolls.
On the other hand, in the case of high conductivity, in addi-
tion to the DMC we have observed another type of chevron,
which we will call the defect-free chevraFC). The past We have measured the threshdld(f) for the onset of
classification of chevronjs34,37 was done only through the pattern formation with respect to various electric conductivi-
difference of their wavelengths, of the striated rolls, that ties, as shown in Fig. 1. The threshol(f) of sample 1
is, CV-A, \;~d, and CV-B, \;<d; typically, \;  with low conductivity shows a well-known frequency depen-
~d/20-d/10. However, this classification does not de- dence(see, e.g., Refs[11,41]). The cutoff frequencyf,
scribe their morphology and properties well, because of thénoves to a higher frequency with increasing conductivity. In
rich variety of chevrons. the dielectric regime f(>f_.), conventional chevrons with a

In the homeotropic case, the DFC is better characterizedmall wavelength\ of striated rolls { <d) were observed,
by alternating zig and zag rolls without defects, while thesimilarly to those of the planar systef@9], on which we
DMC shows a herringbone structure with defect lines. Wewill not focus in the present paper. The cutoff frequerigy
have investigated pattern formation of the two types of chevin samples 2 and 3 with high conductivities have not been
rons in highly conductive samples. The DMC and DFC inmeasured, in order to avoid damaging the cells due to the
this study have been observed below and above a certanequired high voltages.
characteristic frequenct,(f,<f.), respectively. With the Now let us consider chevrons in the conduction regime
aid of a weak magnetic fiel(stabilizing the directorand a  (f<f.). Two types of chevrons were observed below and
crossed polarizer set, we have observed a generic bifurcatiabove a certain characteristic frequerigg<<f.) in samples
sequence fof <f,, (normal rolls— abnormal rolls— defect 2 and 3. On the other hand, only one type of chevron was
chaos— DMC) with increasing voltage. Fof>f,,, on the observed in sample 1, because the other type of chevron was
other hand, we have observed that the DFC typically shows eeplaced by the dielectric modsee Refs[11,29,43). In the

Il. RESULTS AND DISCUSSION

B. Results
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FIG. 1. ThresholdV. of onset of pattern formation on three
samples =50 um) with various electric conductivities. The
threshold voltages were determined by observing the corresponding
patterns with no polarizer. Sample &}j=7.49<10° Q"' m™*
and €,=—0.34. Sample 2:0y=6.25x10"% Q"' m™! and ¢,
=-0.25. Sample 357 =9.08x10" " Q"' m™* and e,=—0.29.

f. for sample 1 represents the cutoff frequency that separates the
conduction regime from the dielectric ong, represents another
characteristic frequency in the conduction regime. See text for de-
tails. Hereafter, all the observations and measurements except Fig. 8
have been performed on sample 3.

range f,<f<f. of sample 3 {,=3150 Hz), a typical FIG. 2. One typical chevrofDFC) for f>f,, in the conduction
chevron pattern for the homeotropic system is shown in Figregime. (8} A spatially double-periodic chevron pattern &t
2. At a voltage V=149.40 V (/,=140.54 V at f =149.40 V andf=3900 Hz (>f,=3150 Hz), which was sud-

—3900 Hz), when starting from the homogeneou'seElee- denly applied from .the homogeneoqs'd&’dericksz. state (g
icksz statdthe threshold/r=3.92 V), a well ordered chev- =3.92 V). (b) A spatlotempora_lly chaotic pattern ‘.N.'th local chev-
ron pattern was observed, as shown in Fi@).2Thereafter ron structures, which was qbtalned frqa after waiting 1 h. The
we call the chevron pattern in Fig(& a DFC, which is length of the scale bar i) is 200 um.
characterized by stripes with alternating zig and zag roIIsa reement with that of (f) ats =0 in a previous papdi]
Figure 2a) is equivalent to chevrons formed via the Will- 9 c previous paperrJ.
iams domains at,<f<f in the planar case with high con- SHti;i )\Il gﬁfp(?(;]rdfs>v¥eak)ly i(;mr:;%r ;;I< ];Lf 'O:I(ij":;a fﬁgigfnnt
ductivity [29]. A DFC would change into a spatiotemporally _, . gy — L. Ag IS rOughly ’ P
chaotic state with time, as shown in Figb2 Note, how- thickness Q\)‘l\z.d)' It_|s dlst_mgmshable from.,<<d for
ever, that locally regular chevron structures are still visible inchevrons in the dlelectn_c regime. Second, the long wave-
Fig. 2(b). Such a pattern dynamics is very similar to that oflength)‘Z(f) shows a quite different frequgncy dependence
the soft-mode turbulencésee Fig. 1 of Ref[19]) which pelow and .abOVéW' F_or =1y, (DFC)’ Az Increases con-
suggests a coupling between the Goldstone mode and Coﬂguously with dec,r?ﬁsmg and (_leerges atW' The depen-
vection rolls, as mentioned in Sec[18,19. enceh,~ (- f}”) for DFC is determined by th_e least-

For f<f,,, on the other hand, we have observed the othepduare regression. Herk, = 3152 Hz was determlneq by
type of chevion atV=15.82 V (V,=15.08 V at f extrapola‘uon._ Forf <f,, (_DMC), on t_he othe_r hand , |rl-
=2000 Hz) as shown in Fig.(8). Hereafter, we call the creases contmuously*W|tT/2decreasm?nd diverges a_f
chevron pattern in Fig.(@ DMC. The existence of spatially- pioportlonally_ to (—1%) 7% wheref _1.842 Hz. S|_nce
periodic defect lines between alternating zig and zag roIIsf >, one f!nds no qhevrons in the oblique-roll regidn (
distinguishes DMC from DFC. DMC shows always spatio—<fL)' The fitting function fork is given by
temporal dynamics accompanied with defect motions f 1/4
[19,22. xz(f)=§1(f_”; ) (1)

Let us definen; as the short wavelength for the striated w
rolls, andX; as the long wavelength for the chevron bands,. pec and for DMC
as illustrated in Fig. @), similarly to Ref.[5]. We have '
measured the two wavelengthg and A, in the DMC and
DFC ate=0.1, wheree is a normalized voltage, i.eg Xz(f)=§2(
=(V2—V2)/VZ. Figure 4 shows the dependenceaf and
N\, on the frequency. There are two characteristic frequen- where £; and &, are certain characteristic lengths 1pfn
cies f_=1450 Hz[22], called the Lifshitz frequencysee, and 408 um, respectively. Considering the different fre-
e.g., Ref.[15]), and f,, =3150 Hz. First, the short wave- quency dependence and the characteristics of the patterns
length \; decreases continuously with increasifig<f.). below and abovd,,, the mechanism of the DFC is clearly
This frequency dependencef(f<f,) shows a qualitative different from that of the DMC.
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FIG. 3. The other typical chevrofDMC) for f<f,, in the con-
duction regime(a) A spatially double-periodic chevron pattern at
V=15.82 V andf=2000 Hz (<f,~3150 Hz), which is sud- FIG. 5. Determination of theC director in the DFC Y
denly increased from the homogeneous effiexicksz state (¢ =147.7 V andf=3900 Hz>f,), (a) with no crossed polarizer
=3.92 V). Unlike the DFC, the DMC has periodic defect lines set, and(b) under a crossed polarizer set with a 20° counterclock-
between alternating zig and zag rolls. The DMC has alwaysyjse rotation to the axis. TheC-director structure for the DFC can
changed temporally and spatially with defect motiofhs.lllustra-  pe determined from the direction and amplitude of the rotation of
tion of the chevron shows two different spatial wavelengihsand  the crossed polarizer set. THedirector structure is depicted as thin
\,. The length of the scale bar is 400m. arrows in(b). The length of the scale bar @) is 200 xm.

In the homeotropic case, one can directly monitor e  set was inserted and rotated around thaxis in order to
director under a crossed polarizer §B8,23. TheC-director  getermine theC director. TheC director in the DFC is
field in thexy plane has been carefully observed in both themarked with thin arrows in Fig. (). It should be noted that
DMC and DFC. Let us begin with the DFC ®t=147.7 and e gptical intensity becomes minimal at regions wherethe
f=3900 Hz(>f,), as shown in Fig. 5. A crossed polarizer gjractor is parallel to a polarizdi1,17. The alternating zig

and zag rolls are roughly normal to the correspondihg
1200 directors. In this frequency regionf¥f,), the DFC ¥
>V,.), formed from aprewavypattern[33] (V<V,.) as the
voltage was increased. Figure 6 shows the prewavy pattern at

200 T e

1000

200 V=75.56 V(V<V.=83.89 V at f=3500 Hz), and the
1 & DFC atV=88.88 V(V>V,) under a crossed polarizer set.
Je00 = The prewavy pattern is never observed without a crossed
] 2, polarizer set. The occurrence of the convection r@lsev-
1400 ronsg is clearly related to a periodi€-director structure,

which leads to the periodic optical contrast shown in Fig.

6(b). The chevron bands are closely correlated to the width

of the stripes in the prewavy pattern. It is obvious that the
0 500 1000 1500 2000 2500 3000 3500 4000 prewavy pattern Y<V,) is responsible for the long wave-
Frequency [Hz] length\, of the DFC (V>V,). The prewavy pattern origi-

FIG. 4. Spatial structures for the DMC and DFC in the conduc-nated from an elastic deformation of the director field. With

tion regime for sample 3. There are two characteristic frequencie}he aid of a crossed polarizer set, th_e threshold VO'W‘?
f_=1450 Hz, the so-called Lifshitz frequency, and,, or the prewavy patterns was determined as shown in Fig. 7

~3150 Hz. Two wavelengths,, (solid circles and\, (open tri- [33]. It is found belowV, in the frequency rangé>f,,.
angle: DMC; open circles: DPCin chevrons have been measured Thus forf>f,,, one finds a sequence of bifurcations: éde

at fixed control parameters=0.1 andH,=0. The dependence of €ricksz state— prewavy pattern— DFC with increasing

A, on frequencyf is roughly continuous. The long wavelength VoltageV. In particular, the prewavy pattern spontaneously
No(f) shows the different frequency dependence below and abovehanges into a sinusoidal wavy pattern, initiating a disclina-
f. . See text for details. tion [the arrow in Fig. &), which also indicates the propa-

5 200
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FIG. 6. Patterns below and abov¥.(=83.89 V) at f FIG. 8. Pattern change from the prewavy pattern to a propagat-
=3500 Hz f,). (8 The prewavy pattern a/=75.56 V be- ing spiral pattern a¥=163.4 V andf=570 Hz (f,~550 Hz and
tweenV,,(=52.49 V) andV,. (b) DFC atV=288.88 V above/,. V,,=143.72 V for sample R (a) At 5 min after forming a prewavy
Here V,, is the threshold for the prewavy pattern. These patterngattern as in Fig. (&). (b) At 30 min after forming the prewavy
were observed under a crossed polarizer set with a 20° countepattern. These patterns are never observed without a crossed polar-
clockwise rotation to thex axis. The prewavy pattern is never ob- izer set. Due to the triggering of a disclinatifthe arrow in(a)], the
served without a crossed polarizer set. The width of the stripes iprewavy pattern eventually evolves into a propagating spiral pattern
the prewavy pattern equals,/2 for the DFC. The length of the (b). The arrow in(a) also indicates a propagating direction. The
scale bar in(@) is 200 um. length of the scale bar ifa) is 200 um.

gating direction of the disclinatidnThe wavy pattern even- increasing voltageV. Figure 9a) shows the Williams do-
tually evolves into a propagating spiral pattern shown in Figmains observed at=0.05. They turned out to be abnormal
8(b) [32,37,33. A detailed study of the prewavy pattern and o|s (C || q) bifurcated from normal rolls@|q). (See Ref.
its evolution into the spiral pattern is now in progress. [22] for the details about the threshold of abnormal rolls as a
Next the C-director field in the DMC {, <f=2000 Hz  fynction of H,.) Increasinge to 0.1, the abnormal rolls
<fy) was investigated. With the aid of the magnetic fieldeyolve into a spatiotemporally chaotic pattern with defect
Hx=400 G, which stabilizes th€ director toward thex  motions (i.e., the so-called defect chapss shown in Fig.
axis, a sequent bifurcation to the DMC was observed withg(p). As the crossed polarizer set is rotated with respect to
the x axis (|H) at the same value=0.1, the bands of the
DMC show alternating optical contrast, as shown in Fig.
9(c). Jumping frome=0.1 to 0.2, the ordered DMC with
periodic defect lines is observed as shown in Figl).9The
C director determined from our measurements is given as

—
N
(=

—
&
(=)

J

2 100
> thin arrows in Figs. &) and 9d). Similarly to the DFC, the
L i alternating zig and zag rolls are roughly normal to the cor-
% 60 [ respondingC directors. There exists no macroscopic pattern
> b in the background such as the prewavy pattern for the DFC.

Nevertheless, what determines the long wavelengtim the
DMC? The defects may possibly play a role in determining

ST S DT X, for the DMC[39].
0 500 1000 1500 2000 2500 3000 3500 4000

Frequency [Hz]

[
f=]

o

. C. Discussion
FIG. 7. Thresholdv,, for the prewavy pattern in sample 3. For

f>f,, V, (open circley indicates the threshold voltage for the  Since the alternating zig and zag rolls in the DMC and
prewavy pattern, whilé/,, (solid circle$ indicates the critical volt- DFC result from the in-plane rotation of ti@ director, the
age for the convection. obliqueness of the zig and zag rolls is determined from the
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FIG. 9. Pattern evolution from abnormal rolls to the DM€ (
=2000 Hzf,). In a constant magnetic fieltl,=400 G, the
pattern evolves fronfa) to (d) with increasing the control parameter
e. (@) Abnormal rolls ate =0.05 (under no crossed polarizer et
(b) A spatiotemporal chaotic pattern with defect motions eat
=0.1 (under no crossed polarizer s€t) A spatiotemporal chaotic
pattern with chevron bands at=0.1[under a crossed polarizer set
with a 20° counterclockwise rotation to theaxis (|H)], which
was obtained fromb) after several minutegd) DMC at e=0.2
(under no crossed polarizer 5€fhe abnormal rollga) (C ||q) were
bifurcated from normal rolls€||q). The C-director structure is de-
picted as thin arrows ifc) and(d). The length of the scale bar (n)
is 400 pm.

corresponding in-plane rotation. As to responsibility for the
in-plane rotation, the prewavy instability for DFC can be
safely distinguished from the abnormal roll instability for the
DMC. That is, the former is not accompanied by convective
flows, whereas the latter bifurcates from convective normal
rolls. The prewavy instability observed in the present study
thus is different from that due to the electrohydodynamic
instabilities [28,29,43. Past reports mentioned that the
threshold line belowV, was due to the inertia mode
[29,42,43 or the isotropic mod¢28]. Based on our experi-
mental observation, since the prewavy instability has no
steady flow{44], it is clearly distinguished from both modes
which must have a steady flow. However, a periodic distri-
bution of the director in they plane[29,43,44 is similar to

the prewavy instability. The details of this prewavy instabil-
ity will be reported soon.

The mechanisms which lead to spatial periodicity on a
length scale of, in the DMC and one in the DFC are not
perfectly understood as yet. In the case of the DMC, the
chevron pattern with alternating zig and zag rolls always
appears via an instability of the abnormal roll. Below a criti-
cal voltageVpy ¢ for the DMC, abnormal rolls are still stripe
rolls, in spite of their finite in-plane rotation of the direc-
tor. With increasing voltage, the generated defects play a role
in the formation of zig and zag rolls for the DMC. Thus the
formation of a DMC may be considered as an example of the
self-assembling phenomena of defects. Recently, Rossberg
and Kramer proposed reaction-diffusion equations to quali-
tatively understand the DM39]. In their model, the topo-
logical charge density(i.e., defect densily p and the
C-director modulatiorv, ¢ play roles as an inhibitor and an
activator, respectively. Thus a Turing pattern can be realized
when the diffusion of the activator is slower than that of the
inhibitor. This model describes the formation of a DMC out
of defect chaos with an increase of a control paramigter
xH?/e [38] similarly to Fig. 9 in the present study, as well
as the appearance of a long wavelengsh In the case of a
DFC, on the other hand, the prewavy pattern may allow a
length scale of\, owing to a secondary twist-Federicksz
transition. The flexoelectric effect has to be considered as a
candidate responsible for the prewavy pattern.

Recently, Sakaguchi showed chevron patterns with alter-
nating zig and zag rolls along theaxis by numerical simu-
lations using an anisotropic complex Swift-Hohenberg equa-
tion [40Q]. There are periodic sinks and sources of traveling
waves which form their lines. The traveling zig and zag rolls
(in a snapshotlook similar to the DFC. However, no argu-
ment is given as to in which sense the theoretical model
might be related to EC.

In addition, the sequence of bifurcations from normal
rolls to our DMC are quite similar to the experimental results
in the dielectric regime in the planar casl,33, although
both systems are certainly different from each other. In the
planar case with highly conductive samples, DF@lagghtly
belowf.) as well as conventional dielectric chevrga®ove
f.) were found(see, e.g., Ref29]).

[ll. CONCLUSION

We have found three types of chevrons in a homeotropi-
cally aligned liquid crystal by varying the electrical conductiv-
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TABLE I. Classification of chevrons found in the homeotropic system. Chevrons A and B in[B&{34]
were only classified through the difference of the short wavelergth

Chevron A Chevron B

Classification

Defect-mediated Defect-free Dielectric

chevron(DMC) chevron(DFC) chevron
frequency f<f, fu<f<f. f>f,
N1 =2d <d <d
N2 ot ot ?

(f—f*)llz (f_fw)1/4

defects existence no existence existence
pattern below, no existence prewavy pattern prewavy pattern

ity. In the high-frequency dielectric regimé¥ f.) the chev- and abovef,,. Obviously, the wavelength,(f) shows dif-
rons are of the conventional type characterized by a verferent frequency dependences suchiaéf)~ (f—f*)~1/2
short wavelength X;<d). In the conduction regimef( for the DMC and\,(f)~ (f—f,,) Y for the DFC. Thus we
<f.) two different types of chevrons are observed inhave classified all the chevrons found in the homeotropic
samples with high conductivity, that is, the DMC and DFC System in Table I. . ,
below and above a characteristic frequelfigy respectively. As mentioned in Sec. |, the free-rotational mode in the
In contrast to the conventional dielectric chevrons, the wavelomeotropic system is crucial for the formation of chevrons
length\, of the DMC and DFC is of orded. The DFC is N the conduction regime. In both the_DMC and DFC, the
characterized by alternating zig and zag rolls with corre-Chévrons have always shown a perio@director structure
sponding periodic rotations of thé director, whereas the " the xy pla_ne, although the|r_|nd|V|duaI features and _drlv-
DMC has periodic defect lines between the alternating zig"9 Mechanisms are clearly different. Therefore, we finally
and zag rolls. conclude that the in-plane rotational mo@kie to either the

We have clearly demonstrated that the prewavy patterﬁ‘bnormal roll instability or the prewavy instabil)tjg neces-
(f>f,) appearing below/, triggers the DFC above/,. sary to form cheyron patterns. The angle 'of the in-plane ro-
Thus we conclude that the DFG%f,,) results from one tation of_theC director deterrr_nnes the obliqueness of alter-
sequence of bifurcation@&reedericksz transition- prewavy ~nating zig and zag rolls, which are roughly normal to the
pattern— DFC) with increasing voltage. With the aid of a CcO'responding directors.
weak magnetic field and a crossed polarizer set, we have also
found the other sequence for the DME<f,,) (normal rolls
— abnormal rolls— defect chaos—~ DMC) with increasing The authors thank W. Pesch for valuable discussions. This
voltage. We propose that both the abnormal-roll mechanisnwork was partly supported by a Grant-in-Aid for Scientific
and defects together lead to the DMC. It is obvious that ther&®esearch from the Ministry of Education, Science, Sports
are different mechanisms for formation of chevrons belowand Culture in JapatNos. 08454107 and 10440117
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