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New Symmetry Breaking in Nonlinear Electroconvection of Nematic Liquid Crystals

Emmanuel Plaut, Werner Decker, Axel G. Rossberg, Lorenz Kramer, and Werner Pesch
Physikalisches Institut der Universitat Bayreuth, D-95440 Bayreuth, Germany

Ahmed Belaidi and Roland Ribotta

Laboratoire de Physique des Solides, Université Paris-Sud, 91405 Orsay cedex, France
(Received 12 May 1997

We report on a novel symmetry-breaking bifurcation in nematic liquid crystal convection in planarly
aligned cells involving a homogeneous reorientation of the director. The resulting “abnormal rolls” ex-
plain a number of recent experimental observations in the nonlinear regime. [S0031-9007(97)04065-9]

PACS numbers: 83.70.Jr, 47.20.Ky, 47.20.Lz, 47.65.+a

Fluid layers driven far from equilibrium by an exter- degenerate variants adblique rolls (OR), with wave
nal stress can develop convection instabilities which breakectors q = (¢, *p.) (g¢, pc > 0), and, beyond the
some of the underlying symmetries [1]. The most com-Lifshitz frequencyw; (=0.8/7) normal rolls (NR), with
mon case involves a bifurcation to stationary, periodi-q = (g.,0), i.e., the roll axis normal to the anchoring
cally spaced convection rolls whose properties slightlydirectionk [7]. Conventional NR can exhibit only point
above threshold (weakly nonlinear regime) can be dedefects (dislocations). OR break the reflection symmetry
scribed by an amplitude and a wave vector. Increasing — —y and thus can show in addition line defects
the stress leads typically to further symmetry breakings(grain boundaries) separating domains with wave vectors
often involving changes of periodicity and/or time depen-(q, p) (“zig”) and (¢, —p) (“zag”) [8]. In Figs. 1(a) and
dence. We report here on theoretical and experimentdl(b) typical grain boundaries alosgandy are shown.
results concerning an unusual secondary symmetry break- However, surprisingly, in an apparently NR structure,
ing, which rather involves a spatially homogeneous staline defects have been observed too. They are typically
tionary mode. To our knowledge it is the first time that in found in two situations:
a pattern-forming nonequilibrium system such a transition (i) Starting in the low-frequency OR regime near thresh-
has been identified. old, the angle between the roll axis afds found to sys-

This symmetry breaking occurs in the electroconvectiortematically decrease whenis increased, and may even
of a nematic liquid crystal (EC) (for reviews on EC, seereach zero. In this process the grain boundary of Fig. 1(b)
[2—4]). As compared to isotropic fluids a nematic isis transformed into the wall of Fig. 1(c). That the two
described by the additional director fiadd= (n,,n,,n;), = domains on either side of the wall are not equivalent be-
with n? = 1, which represents the mean orientation of thecomes more evident by further increasiag Indeed, one
elongated molecules. In EC a nematic layer (in the  then observes the branching of an additional wave vector
plane) is sandwiched between two conducting plates, an.,, +k,) on the right side, antk,, —k,) on the left side
the electric ac field of frequenay is applied transversely [Fig. 1(d)].
(alongz). Inthe common planar configuration the director
is homogeneously oriented parallel to the plates in a
fixed direction ) by an appropriate treatment of their
surfaces. The convection sets in for voltagésbove a
critical voltageV.(w). The conduction range, which is
considered here, is limited from above by the crossover
frequencyw,. The main control parameter g2, and
e = (V2 — v2)/V2? defines the relative distance from
onset. The roll diameter is of the order of the layer
thickness (5—-10Qum), and the anisotropy of nematics
allows homogeneous patterns of very large aspect ratios
(up to 500 rolls). The observation of the patterns rests on ,
the periodic modulation of the director out of they plane  FIG. 1. Representative snapshots of the experimental evo-
(n; # 0). lution of electroconvection in a cell of thicknessum, at

Our experiments [5] were performed with the nematicwo = 0.3. (a), (b): Zigzag structures near threshold =

Merck Phase 5, whose material parameters have all bedf?2). With “horizontal” and “vertical” grain boundaries. (C):
' all at e = 0.40 originating from the grain boundary of (b).

measured, except for the absolute conductivity, or, eqUiVa('d): Varicose structures at = 0.70, originating from the struc-

lently, for the charge relaxation timeo = epe. /oL ture (c). The two modulation directions are indicated by the
[6]. At low frequencies one observes at threshold twowhite lines.

0031-900797/79(12)/2367(4)$10.00  © 1997 The American Physical Society 2367



VOLUME 79, NUMBER 12 PHYSICAL REVIEW LETTERS 22 BPTEMBER1997

(i) Starting with NR at some higher frequency, walls respect to the mid plane of the layer, and is largest
are directly created whea gets beyond a critical value there. Atp = 0, nf vanishes ife is sufficiently small,
[8], whereas the overall optical structure remains apparin agreement with the predictions of the weakly nonlin-
ently unchanged. Here too, at highertwo symmetry- ear theory. The novel and striking feature is the pitchfork
degenerate bimodals appear on either side of the walls. bifurcation at a secondary transition point= epr to a

Only the walls roughly parallel to the rolls [Fig. 1(c)] state withn? # 0 (atp = 0). In these AR they — —y
are quasistatic, whereas walls with different orientationsymmetry is spontaneously broken without tilting of the
move rapidly and appear to be unstable [5]. rolls. We found in addition that the amplitude of the (pe-

The existence of a two-variant state of normal rollsriodic) n, component, which increases like ~ /e for
indicates a new symmetry breaking. We shall name thosemall €, as expected from the weakly nonlinear theory,
rolls “abnormal rolls” (AR), a term introduced in the remains nearly constant fer = exg. Forp # 0 the di-
context of homeotropically aligned cells [9] for rolls with rector “prefers” to rotate towards the axis of the rolls:
an optically detected symmetry breaking; see later. e.g., nf < 0 for p > 0 [lower sheet in Fig. 2]. How-

AR cannot be understood by the standard weakly nonever, for small positivep there also exist solutions with
linear approach where the roll structure is characterizedf > 0, which are only sketched in Fig. 2. They be-
unambiguously by its wave vector and the linear eigeneome quickly unstable, but in the unstable range one ex-
vector at threshold. Thus a full nonlinear analysis of thepects them to connect to the lower( < 0) branch by
standard nematohydrodynamic equations [2] is requiredan S-shaped curve (for fixee > e5g) passing through
One has to solve coupled partial differential equationghe pointn? = 0,p = 0. Thus two overlapping sheets
for the velocity field, the director field, and the electric of stable rolls are attached to the normally oriented AR.
potential. As compared with isotropic fluids, the intrin- From a close inspection of the destabilizing mode, we
sic anisotropy generates nonlinearities up to quintic ordeidentified two types of mechanisms responsible for the bi-
in the velocity equation. Adapting the well-establishedfurcation NR— AR, i.e., for the amplification of:’
Galerkin method [10], we expand all fields in a completefluctuations. Firstly, a small rotation of the director
set of functions which fulfill the boundary conditions at excites, by coupling to the velocity and director fields
the confining plates. We kept the normalization conditionof the NR, a spatially periodic velocity field parallel to
n’ = 1 as a separate equation. The resulting nonlineathe axis of the rolls, « ¢*), and a spatially periodic
system for the expansion coefficients is solved numerin, field (n, = ¢¢*). These two fields then reinforce the
cally with the Newton method in order to obtain the roll initial director rotation. This mechanism essentially in-
solutions. Afterwards, their stability is studied by a lin- volves some velocity-director coupling terms, i.e., the
earization of the Galerkin equations. terms in the viscous stress tensor, and the relategrms

Our key result is presented in Fig. 2. It shows the amin the director equation (backflow effects) [2]. Secondly,
plitude nf of a twist mode corresponding tolmoge- the spatially periodic velocity and director fields of the
neous rotation(i.e., independent of, y) of the director NR (v;,n, x ¢'%*) directly renormalize the damping of
in the x,y plane as a function oé and p for roll solu- »%. In this renormalization, one can distinguish back-
tions with q = (¢., p). This rotation is symmetric with flow effects, and an elastic contribution proportional to
ksz — koa, expressing the release of (nonlinear) bend by
twist. This latter effect becomes important at high fre-
quencies wherg gets fairly large (“narrow rolls”). Some
ingredients of these mechanisms have already been de-
scribed in the literature for similar systems [11,12].

The relevance of the bifurcation diagram in Fig. 2 has
been assessed by a stability analysis, and in Fig. 3 the
results for rolls withq = (g.,0) are shown in thee, ®
plane. The limiting curves of the unstable regimes (in
gray) will now be discussed. Far < w, where the pri-
mary bifurcation is to OR, NR are unstable near threshold
(e = 0) against long-wavelength undulations along the
roll axis (“zigzag” instability). This instability is driven
by the resonant superposition of two symmetric modes
FIG. 2. Amplituden! of the twist mode in roll patterns of q * s with s 1 q, i.e., s = s,§ [13]. The mechanism
wave vectorq = (q.,p), as a function ofp and e at gets less efficient in the AR, where the— —y sym-

wTty = 0.3 (parameters of phase 5). Unstable regions in gra ; ;
(Eckhaus boundary dotted, bimodal varicose boundary dasheq‘l)‘;etry 'S broEer}:. TQUS AR becon:je ;t%bll.e Wﬁegvlhls
Arrows: Sketch of the experimental evolution pfe). In the rge enough, fofe > €xr sub(w) (dotted line). en

experiments alsg evolves withe, which leads to quantitative € is increased further the AR are destabilizedegy (w)
changes of the diagram. (dashed line), now by a short-wavelength instability with
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of the stability regimes are changed at first only for small
€. The lower part (smalk) of the central gray region in
Fig. 2 shrinks in accordance with the decreaseof At

w = wy it lifts off the p axis and forew > w, there re-
mains an unstable bubble extending in &he plane from
€77 10 €aR sp and betweent p.x. FOrow — war the
bubble shrinks to zero.

In the following we discuss the experimental evidences
for the new scenarios involving AR. The direct ob-
servation of a homogeneous, distortion in the planar
configuration is difficult. The optical axis of the uniax-
ial nematics is the director. Maximal optical contrast is
FIG. 3. Stability diagram for rolls in the normal direction achieved in extraordinary light, when the polarization of
gfhic:k?i)ng;-tpleRiiglg{;Sré;Qg;abf rﬁgmgﬁitlznfrgerag?;? the light is parallel to the director at the plates The
es; (thin line): Zigzag instability. LEAR o (dottegl ”ne))/:’ polarization then follows adiabatically any excursion
Restabilization of the abnormal rolls. The upper dashed lindn the bulk and exits parallel t& again, as long as,
is at low frequencies a short-wavelength varicose instabilityvaries slowly over a wavelength of the light (Mauguin’s

(epv) that transforms into a long-wavelength skewed-varicoseprinciple). Therefore only:, is monitored, whereas the

instability (esv) at wmo = 2.8 (X). n, distortion has almost no effect on the propagation of
the rays.
a new wave vectotk| = g. roughly parallel to the ho- However, the AR can be evidenced when starting from

mogeneous part of the in-plane directar’ ,nf) in the a polydomain configuration [Fig. 1(b) and 1(c)]. On
AR. This mechanism has been described before for ORither side of the grain boundary one has opposite
[12], but it also applies to the AR, which are continuouslyorientations. The resulting strong, gradients inside
attached to the OR (see, e.g., the lower sheet of Fig. 2jhe grain, coupled to a localized peak of, explain
The resulting strongly asymmetric bimodal [Fig. 1(d)] hasthe observed optical contrast of the wall. The bimodal
also been called a “bimodal varicose,” and the secondargatterns in Fig. 1(d) then obviously result from the
wave vectork a “dual” of q [14,15]. destabilization of AR at = egvy (see Fig. 3). Using the

In an intermediate frequency rangg < w < wagr, Material parameters [6], and for the experimental wave
NR are stable fore = ezz(w) (solid line). At ezz a  vector q(e), we have calculated the various transition
zigzag instability also develops [7], which derives contin-points. We foundeag s = 0.18 and egy = 0.42 for
uously from the zigzag instability at low: ezz(w) — 0  the situation depicted in Fig. lo@y = 0.3). In the
for o — w;. Above €77 the situation is analogous to experiments, AR were selected spontaneously only for
the low-frequency regime, i.e., one gets stable AR fore = 0.40 (for smallere, the system remained in an OR
€ > earswmb- Whene is increased further the AR ex- state). The transition to homogeneous bimodal occurred
perience the varicose destabilizationegt; as before. at egy = 0.50. The theoretical value for the angle

The stability limitsear, €ar swup and egy decrease as betweenk and the dual wave vectoks (+83°) is in good
functions ofw [Fig. 3]. Above the frequencywar, where agreement with the experimental oneg§1°). A direct
€77, €AR stap Meet the lineeag, the bifurcation NR—  experimental proof of the in-plane rotation of the director
AR occursin the stable range Along the varicose seems nevertheless desirable, possibly with the help of
line egv(w), the modulation wave vectos = k — q  special optical methods (see [16]).
approaches zero with increasing, whereas the ratio In addition to the direct observation of walls at high
sy/sy stays finite §,/s, = £2.7). Above wry = 2.8  frequency in AR (ii), there is other evidence for the quali-
[cross in Fig. 3], the varicose instability thus becomes dative changes expected from theory when the frequency
long-wavelength modulational instability of the skewed-crosseswar. Experiments in the nematic MBBA have
varicose type [13]. indeed shown a crossover from a zigzag to a skewed-

Now we come to the stability regimes of OR. In the varicose destabilization for rolls in the normal direction at
typical example of Fig. 2, foy = ¢., v < w;, the un- = 1.0/7¢ [17]. This agrees quite well with our theo-
stable ranges are shown in gray. &t= 0 only the rolls  retical value for MBBA, wag = 1.1/79. The skewed-
with p = = p. are stable. With increasing the stable varicose instability is known to lead to the generation of
ranges, limited by an Eckhaus instability (dotted line indislocations in striped patterns, and indeed beyang
Fig. 2, which connects parabolically &= 0,p = *p.), and (presumably¥r various kinds of (dynamic) defect
grow. The stable roll ranges are limited from above bystructures were detected [8,17].
the bimodal instability (dashed line in Fig. 2). Atlarge AR also explain experimental observations in EC
|p| this line bends back and connects to the Eckhaus linen  homeotropically oriented cells (director prepared
(not shown). With increasing the qualitative features perpendicular to the confining plates), where we have
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