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Observation and determination of abnormal rolls and abnormal zigzag rolls
in electroconvection in homeotropic liquid crystals
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Department of Applied Physics, Faculty of Engineering, Kyushu University, Fukuoka 812-8581, Japan
(Received 9 January 1998; revised manuscript received 6 July) 1998

Direct evidence for two different types of normal rolls and of zigzag rolls in homeotropically aligned
nematic liquid crystals in a magnetic field is reported. The conventional normal rolls have the reflection
symmetry in thexy plane. The instability, however, breaks the reflection symmetsy—y on the director and
then the abnormal rolls are expected to be observed. We have investigated the instability experimentally and
discussed it in terms of the recent numerical results by Riaat. [Phys. Rev. Lett79, 2367(1997]. Due to
the new instability, the abnormal zigzag rolls are also found below the Lifshitz frequency.
[S1063-651%98)05012-0

PACS numbds): 47.20.Lz, 47.20.Ky, 47.65.a

I. INTRODUCTION in the planar systemil1,12. Then one can observe a clear
optical contrast between the two domains with the director
The electrohydrodynamic instability in planarly aligned twisted in opposite directionsl3].
nematic liquid crystals has been actively studied as an attrac- In the present paper we report the existence of two types
tive pattern formation system, where the primary pattern apof normal roll patterns and two types of zigzag patterns,
pears as periodic rolls. In the conductive regime one caféspectively, which occur as instabilities in a homeotropi-
observe normal roll$NRS) with the wave vectok of the  cally aligned system in a magnetic field parallel to the elec-
convection rolls parallel to the preferred directiay) defined trodes H=HXx). In the homeotropic system the director
as thex axis, beyond the Lifshitz frequendy , and oblique tilted by the bend Fredericksz transition is allowed to free
rolls (OR9, which show a certain angle betweknandn, @zimuthal rotation in the plane without a magnetic field.
belowf, , respectively[1—8]. When a magnetic f_|eld is applied to the system, thg rotation
Very recently, an instability in the planar system, which 'S suppress_ed, _S|m|IarIy to the effect of the anchoring force
corresponds to a homogeneous in-plane distortion of the dpy bou_ndanes in the case of the P'a”"?“ sys(§m4—19.
rectorn in the xy plane, was reportefd]. This instability Accordingly, when.the in-plane distortion is mducet_j, _the
breaks the reflection symmetg— —y for the director and present homeotropic system may be regardeq to be S'm""’}r to
then abnormal roll$ARS) are observed. For AR is par- the planar system, except that it has no twist deformation

el but theC di ) el here i along thez axis. Therefore, in the case of the homeotropic
allel to n, but theC director is not parallel ta, so there is  gygiem in 2 magnetic field, the in-plane distortion of the di-

a small angle betweek and theC director where the&C  qctor must be detectable in the cross-polarizer set without a
director represents the projection of the direct@mto thexy quarter wave plat§13] because the twist deformation does
plane. Plauet al. have predicted the existence of ARs by anot exist in the system. However, the conventional optical
nonlinear analysis including an additional mode, i.e., theghservation for the most frequently observed electroconvec-
twist mode corresponding to a homogeneous rotation of thgon patterns has always used a polarizer for the extraordi-
director in thexy plane[9,10l. _ _ nary light that monitors only tilt profiles of the director in

It is well known that configurations that imply an azi- yniaxial nematic liquid crystalg20]. Consequently, although
muthal rotation of the director can be determined using &ijchter et al. had proposedabnormal rolls [21], to our
cross-polarizer s¢t,2]. However, since in the planar system knowledge, no detailed study has been done so far. We have
the directom is fixed to thex axis at the two electrodes, the inyestigated the instability related to the appearance of ARs
azimuthal rotation of directors is accompanied by a twisthot only in the NR regime but also in the OR regime for the
deformation along the axis. Therefore, the polarization of homeotropic system in a magnetic field.
the incident light follows adiabatically the twisted director
and leaves the cell without any rotation. Consequently, since Il. EXPERIMENT AND DISCUSSION
the transmitted light has the same polarization as the incident
light, the twisting orientation of the directors in the planar We use the nematic liquid crystal MBBA(p-
system is not detectable with a cross-polarizer set, althoughethoxybenzilideng’' -n-butylaniling, which is filled be-
the domain boundaries can be simply obser(ted present tween two parallel glass plates whose surfaces are coated
authors do not discuss the domain boundaries, but the devith transparent electrodes, indium tin oxide. The distance
mains themselves with different twist orientatioFortu- d=52 um between the glass plates is maintained with poly-
nately, it is known that the additional insertion of a quartermer spacers and the lateral size of the systemxd tn?.
wave plate to a cross-polarizer set raises the degeneracy bEre details of the sample cells and experimental setup were
tween clockwise and counterclockwise twist domains andalready described in Rdf15]. The constant magnetic field is
allows the twist deformation of the director to be detectableapplied parallel to the glass
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FIG. 1. Experimental observation of the normal rollsl,( FIG. 2. Experimental observation of the abnormal rolls, (
=1600 G,f=2000 Hz,V=14.48 ) (a) without a cross-polarizer =1600 G,f=2000 Hz,V=14.86 \) (a) without a cross-polarizer
set,(b) with a cross-polarizer set whose polarization of the polarizerset,(b) with a cross-polarizer set whose polarization of the polarizer
is parallel toH, (c) with a 15° clockwise rotation of the cross- is parallel toH, (c) with a 15° clockwise rotation of the cross-
polarizer set, andd) with a 15° counterclockwise rotation of the polarizer set, andd) with a 15° counterclockwise rotation of the
cross-polarizer set. All pictures are obtained from sufficiently largecross-polarizer set. The arrow {g) represents the& director in
two-dimensional images. The white arrow (in) represents th€  each domain of thexy plane. The domains with the differe
director in thexy plane. TheC director well uniformly aligns par-  director in the abnormal rolls can be clearly distinguished.
allel toH in the normal rolls.

3 No cross- (a)

' | polarizer

(b)

Polarizer Polarizer

Analyzer Analyzer

200um

in ARs, as can be seen in Fig(c2

plates H,=1600 G and the frequenci of the applied elec- Moreover, we observed two types of transitions, i.e., a
tric field is fixed at 2000 Hz for NRs and 100 Hz for ORs, direct transition from NRs to ARs, and one from NRs to ARs
respectively {, =600 Hz atH,=1600 G. via a zigzag instability, for frequencies above and below a

For the NR regime f(=2000 H2 Fig. 1(a) shows the con- certain  characteristic  frequency[f,g=1100 Hz at
ventional NR at a voltag¥y=14.48 V without a polarizer, H,=1600 G (ag of Fig. 3 in Ref.[9])], respectively. The
which is characterized by a wave vectopof the convection experimental results obviously show that ARs are accompa-
rolls parallel to the preferred directiod (playing a role nied by they— —y symmetry breaking on the director in the
similar to ng in the planar systejn First, inserting into the homeotropic system in a magnetic field. Because ARs in the
optical apparatus the cross-polarizer set such that the incideptesent study can be observed by a rotation of the cross-
light becomes linearly polarized parallel té (i.e., thex  polarizer set without a quarter wave plate, it is obviously
axis), we could clearly determine the orientation of the different from the one related to the twist deformation in the
director because the minimum optical intensity is expected irplanar system.
the case of th€ director parallel to the polarization plane of  The investigation of the orientation of th@ director in
a polarizer{21]. As shown in Fig. 1b), C directors of NRs OR regime =100 H2 was carried out with the same ex-
are parallel tcH (or k) in the whole two-dimensional plane. perimental procedure. First, two different types of zigzag
When we define an angle between theC director andk, patterns, which are called-1 and Z-ll hereafter, were ob-
NRs are characterized by=0. In addition, rotating the served. Figure @) shows a zigzag patterfZ-1) at V,_,
cross-polarizer set around tlzeaxis, we observed that only =8.40 V. Inserting and rotating the cross-polarizer set, it was
the optical intensity of the whole two-dimensional patternproved that inZ-1 the C directors were uniformly parallel to
has homogeneously changed, as shown in Figs. &nd H in the whole area, i.e., the direction was similar to NRs
1(d), since the orientation of th€ director was uniformly described above. When the applied voltage was increased to
ordered byH. V,_ =899V, a different zigzag patterfiz-1l) was ob-

On the other hand, we observed the other type of normaderved, as shown in Fig(l3. Z-1l obviously consists of two
rolls, i.e., the ARs at a voltag¥, (=14.86 V) larger than types of domains with different angles Gf directors with
V., as shown in Fig. 2. However, one cannot distinguishrespect toH, of which a zig and a zag have similar orienta-
ARs in Fig. 4a) from NRs in Fig. 1a) without the cross- tion to ARs in Fig. Zc). For Z-ll, therefore, rotating the
polarizer optical set. By rotating the cross-polarizer set, theross-polarizer set by an angle of 15° either clockwise or
orientation of theC director can be determined as shown in counterclockwise, a maximum contrast is obtained. Thus the
Figs. 4c) and 2d). The maximum contrast has been ob-angle between th&€ director andH can be estimated as
tained when rotating the cross polarizer by an angle of 15about 15°, which is roughly the same angle as that of ARs.
either clockwise or counterclockwise. The directors of Increasing the voltage further, zig and zag rolls become more
ARs are indicated by black and white arrows in Figc)2  like normal rolls (- k,—0), where the domains with differ-
which are determined from optical intensity changes. Theent C directors inZ-Il persist. Althoughk becomes parallel
anglec is clearly finite in ARs @¢=*15°) in contrast to the to H, the C director is not parallel tdd. Therefore,a re-
case in NRs ¢=0). There coexist clearly visible, well sepa- mains nonzero in analogy to ARs.
rated domains wittC(+ «) directors andC(— «) directors To validate the change fro@l to Z-1l in the OR regime,
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FIG. 3. Two types of oblique rollsH,=1600 G,f =100 H2. (a) Zigzag pattern$Z-1) with uniform orientations of th€ director in the
whole xy plane are obtained &=8.40 V. (b) Zigzag pattern(Z-1) with distinct domains of the differer€ director in thexy plane atvV
=8.99 V. The upper pictures are observed without a cross-polarizer set and the lower ones under a 15° clockwise rotation of the cross-
polarizer set, respectively. The white arrow in the lower pictures represen@ director in thexy plane.

we measured the dependenceaobn the control parameter well as the frequency of the applied voltage.

defined ass=(V2—V?2)/V2, whereV, is a critical voltage. In both the NR and OR regimes the thresheldfor the
Figure 4 shows that the azimuthal rotatiarof the director ~azimuthal rotation of the director increases with increasing
develops only for:=0.05 and that it saturates ta,,~35° H, which tends to suppress the instability. The summary of
at e=0.25. Thus we were led to define a transition pointthe pattern changes is given in Fig. 5. The horizontal lines
ez, =0.05. Theobliqueness3 for the rolls is also mea- drawn schematically indicate the regions where the patterns
sured with increasinge. B starts to increase at are observed. The AR in Figs( and §c) corresponds to
ez_, (=0.05 asa does, that isp and 8 simultaneously R-normal rolls in Fig. 12 of Ref[14]. The experimental
start to increase with the increase of However, firstg  results obtained in the NR regime of the homeotropic system
shows a saturation towarggn.,~12° ates _=0.1 before ~are in qualitatively good agreement with the numerical re-
it shows a decrease with an increase pivhile a continues sults in Ref.[9]. However, the calculations in this article
increasing with increasing. Then ARs with ag,; and B were done bas_ed on the planar geometry and unfortuna.tely
=0 appear at ,g=0.5. This behavior may indicate the in- the hpmeot.ropl_c alignment was not con&dergd. .W'.th the n-
dependent behavior af and 8 on ¢ from each other. That stability being induced, there should be an intrinsic differ-
is, belowe,,_, (i.e., theZ-I region) the zigzag rolls appear ence betwgen the two systemsa(gz=0 for the present
with &=0, while aboves,_,, (i.e., thez-Il region) the zig- homeotropic system, bufa/dz#0 for the planar one

zag rolls have finitex and 8. Therefore, we concluded that Therefqre, no pred_lctlon of the change frdii to Z-Il in the
. OR regime exists in Ref9].

the zigzag rolls must b@! at O<e<ez_; and Zl at The destabilizing mode for the in-plane distortitire., a

e71_n1<e<epr- The transition point fromzZ-I to Z-1l de- 9 P Ny

pends on the magnitude of the applied magnetic fildss uniform az'lmuthal rotation of. the directoin the present
homeotropic system may be induced by nonlinear coupling

between the director field and the velocity field and then the

40 T T T T T . - . . .
azimuthal rotation angle is reinforced by these two fields
[9,12]. This may induce the instability due to the in-plane
~ 30 distortion.
%é It is worth mentioning the relationship between the
)
< 20 - A% A\ A\
]
—= A A A
2 AR AR
< 4 4
AR Zig-Zag(Z-1I) Zig-Zag(Z-1)
0
0 / 0.1 0.2 0.3 0.4 0.5 0.6 NR NR Zig-Zag(Z-1)
? € 1
8Zl -1l 8 Brax 8 AR -
(a) (b) (c)

FIG. 4. « and 8 dependences on applied voltages in the OR
regime H,=1600 G,f=100 H2. « indicates the rotation angle of FIG. 5. Typical routes to thebnormalroll (AR) increasing
the C director against, B the obliqueness for the rolls. The thin voltage V in three different frequency regimega) f>f,g, (b)
lines are a guide for the eye. There are two characteristic voltagelg>f>f, , and(c) f<f . Heref,g=1100 Hz and’| =600 Hz at
(i.e.,&), oneez _,, (=0.05) for the change frord-l to Z-lland the  H,=1600 G are theabnormal and Lifshitz frequencies, respec-
othere g (=0.5) for the change frord-Il to ARs (see the tejt tively [14].
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present destabilizing processes and the soft mode turbulence . SUMMARY
(SMT) reported in Ref[22] in the homeotropic system with-
out a magnetic field. SMT was characterized as a direct trans In the present study, wo types of normal rofléRs and

sition from the rest state to the spatiotemporal chaos via Q‘RS) in the homeotropic system in a magnetic field are ob-

supercritical bifurcation. In the NR regime it showed a tran-serVEd and the instabilitythe abnormal instabilityis re-

sition from a slow dynamics to a fast one at a characteristié::r}renim_rtns (i)nbs“tgltj)ﬁitro” :\?g;mriesgstgvfln as T thse 2}?:23 | roll
voltageV* (i.e., e*=0.1) [22]. These aspects of SMT ap- gime. Y 9 Yy Sy y

pear to be related to the present instability and destabilizin@;e"’lklng on the director. In addition, zigzag patterns, such as

mechanism. Therefore, the detailed investigation of the in;[he0 :)ﬁieigfrf)ll?zrzgir?]aette'ltrri : ?gz-(l)lc’chﬁvguzeﬁ)n;mﬁ Ilrzline
stability may give a hint for understanding the characteristics,, 'a gime. y may oc . P
; * ... distortion by coupling between the director field and the ve-
of SMT. In this analogyv* may correspond to the transition —_— S
; . locity field beyond a new threshol@-1 and Z-II in zigzag
point (Vya) from NRs to ARs[22]. However, in order to : .
. . S . rolls correspond to NRs and ARs in straight roll patterns,
prove our speculation, further investigation will be neces- . L X :
sary respectively. That is, it can be said that a zigzag pattern of
' S Z-1 is due to the normal-type zigzag instability, while one of
Rudroff and Rehberg reported that the restabilization pro-, = 3 A .
cess of ARs beyond the zigzag instability in the planar sys-Z Il is due to theabnormal-type zigzagstability.
tem was enforced by the lateral boundaries in a long channel
parallel to the roll axi§23]. However, as the restabilization
of straight rolls(ARs) in the present homeotropic system is  This work has been partly supported by a Grant-in-Aid
observed in sufficiently large aspect ratid,192), it must  for Scientific Research from the Ministry of Education, Sci-

be an intrinsic property of the instability and cannot be con-ence, Sports and Culture in Jap&@rant Nos. 08454107 and
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