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The formation of a defect lattice—i.e., a periodic orientational structure of numerous defect pairs—is
experimentally investigated in the electroconvection of nematics. Specific twist structures of the director as a
background field play an important role in the formation of a defect lattice. The observed formation sequence
is as follows. With increasing applied voltage, normal rolls change into abnormal rolls due to the twisting
deformation of the director. This process leads to belt-shaped domains along the abnormal rolls, in which the
twist angle of the director alternates between positive and negative angles. The period of the defect lattice
perpendicular to the rolls is equal to that of the domain structure in the abnormal rolls. Further increasing the
applied voltage induces a secondary short-wavelength mode by the skewed varicose instability, which in turn
induces defects. The periodicity of the defect lattice parallel to the rolls is due to the beating mode of the
normal rolls and the secondary mode.
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I. INTRODUCTION

Defects are usually formed irregularly in background-
ordered structures. In some physical systems, however, or-
dered and uniform defects can occur. In type-II supercon-
ductors, for example, magnetic flux cores, point defects of
the superconductivity state, appear ordered in a hexagonal
lattice (the so-called Abrikosov vortex lattice) due to the re-
pulsive interaction between the fluxes[1]. It is well known
that this structure can be described by the Ginzburg-Landau
free energy with a complex order parameter. Another ex-
ample is the twist grain boundary(TGB) phase in smectic
liquid crystals[2,3], where a periodic defect structure results
from competition between two kinds of periodicity, such as
smectic layer and twisting deformation due to molecular
chirality.

For convective systems far from equilibrium, defects are
commonly observed[4]. A well-known example of a peri-
odic defect is the Eckhaus instability described by the time-
dependent Ginzburg-Landau(TDGL) equation [5,6].
However, this periodic structure is not usually stationary,
but is transient and finally reaches a defect-free structure[7].

In electroconvection(EHD) of nematic liquid crystals, pe-
riodic defect structures may be observed at states far from
the convective onset. One example is the “defect-mediated
chevron(DMC) ” [8], which is observed in the dielectric and
conductive regimes of homeotropic systems with weak mag-
netic fields. To explain the formation mechanism of the
DMC, a novel theory has been proposed similar to the Turing
model, in which the topological charge densities of defects
and the director field are taken into account as an activator
and inhibitor, respectively[9]. Another interesting example
of periodic defect structures in EHD is the “defect lattice
(DL)” shown in Fig. 1. The DL is closely related to oscilla-

tory motions coupled with the director orientation and con-
vection, and cannot be described by the simple TDGL
description.

The DL was first observed two decades ago, but the for-
mation mechanism is still unsolved[10,11]. Our recent EHD
studies show that the orientational order of a nematic, as well
as forming a stationary anisotropic system as a background,
also dynamically couples with the convective order param-
eter[8]. Due to recent developments of nonlinear dynamical
theory in EHD, aspects of the unsolved problems have be-
come more clear[9,12]. In the present article, we report ex-
perimentally observed features of the transition to the DL.

II. EXPERIMENT

The experimental investigation was performed on electro-
convection in the nematic liquid crystal
p-methoxybenzilidene-p8-n-butylaniline (MBBA ). The liq-
uid crystal was filled into the space between two parallel
glass plates, with a separation maintained by polymer spac-
ers. The surfaces of the glass plates were coated with trans-
parent electrodes(indium tin oxide), and the lateral size of
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the square electrodes was 131 cm2. In order to obtain uni-
formly planar alignment in thex-y plane parallel to the glass
plates, the surfaces of the glass plates were rubbed in one
direction(thex direction) after their treatment by a surfactant
(polyvinyl alcohol).

The experimental temperature was kept at 30.00±0.03 °C
in an insulated environment with proportional-integral-
differential (PID) temperature control. We used two kinds of
sample cells with different material parameters. The electric
conductivity was controlled by using 0.01 wt % doping of
tetra-n-butyl-ammonium bromide(TBAB) for cell I, and
0.02 wt % doping for cell II. Cell I had a relative dielectric
constant ofe'=5.0 and an electric conductivity ofs'=1.2
310−7 V−1 m−1 at T=30.00±0.03 °C. Cell II hade'=4.7
and s'=3.2310−7 V−1 m−1. The thickness of cell I wasd
=22.9mm. Thus, the aspect ratio of the convective system in
cell I wasG=437. For cell II,d=23.4mm andG=427. The
experimental results for both cells were qualitatively similar.

An ac voltageVacstd=Î2V coss2pftd was applied to the
sample in the z direction using a digital synthesizer
(NF1915). Beyond a threshold voltageV=Vc, electroconvec-
tion occurs by the “Carr-Helfrich mechanism”[13–15] and a
striped convective pattern called the Williams domain
appears. Hereafter we use the normalized voltage
«=sV2−Vc

2d /Vc
2.

The patterns were observed using a charge-coupled-
device camera(SONY XC-75 and HAMAMATSU C4742-
01) mounted on a polarizer microscope(Nikon). The ob-

served patterns were stored on magnetic tape and magnetic
disk for computer analysis. The softwareNIH Image and spe-
cially made software were used for the image analysis.

III. RESULTS AND DISCUSSION

A. Formation process of defect lattice

Figure 2 shows the formation process of a DL for increas-
ing «. A static stripe pattern, appearing in Fig. 2(a), becomes
unstable and defects randomly nucleate and annihilate in
space and time as shown in Fig. 2(b). This state is called

FIG. 2. Formation process of a defect lattice for increasing« at f =1600 Hz in cell II. (a), (d) «=0.10; (b), (e) «=0.26; (c), (f) «
=0.52. These are convective patterns under a conventional optical system(top) and the corresponding director field images under a new
optical system with a quarter-wave plate(bottom). Arrows in (d)-(f) indicate the direction ofC in each area.

FIG. 3. Dependence of defect densityr on « measured atf
=800 Hz in cell I.
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defect chaos. The defect density linearly increases as« in-
creases over a threshold«* =0.11, as shown in Fig. 3. Above
the threshold«DL .0.3 for a DL, the defects are regularly
ordered and the defect chaos state changes into a DL, as
shown in Fig. 2(c). There is no anomaly at«DL on the line
shown in Fig. 3.

A DL does not appear for applied frequencies below a
threshold frequencyfDL [11]. Aspects of defect chaos states
show remarkable different behavior in the regimesf , fDL
[see Fig. 4(a)] and f . fDL [see Fig. 4(b)]. For f , fDL, defects
glide over a wide area. Forf . fDL the gliding is limited, as if

there were a barrier. We call this the “cage effect,” which
plays an important role in the formation of a DL.fDL was
650±50 Hz for cell I and 1350±50 Hz for cell II; the differ-
ence may result from the difference in the electric conduc-
tivity of the samples. The ratiofDL / fc=0.54 was almost
constant for both cells wherefc is the critical frequency sepa-
rating the conductive regime from the dielectric one[15].

B. Abnormal rolls and cage effect

Just beyondVc the wave vectorq1 of the convective pat-
tern is parallel to theC director which is thex-y projection of
the directorn. Both q1 andC align tox uniformly as shown
in Fig. 5(a). This pattern is called “normal rolls”(NR). In
“abnormal rolls”(AR), on the other hand, the directorC is at
an angle withx and is not parallel toq1, as schematically
shown in Fig. 5(b) [17–19]. According to a recent model
[12,18], the AR pattern occurs via the following mechanism.
If q1 is parallel toC, the Carr-Helfrich mechanism(called
hereafterE1) becomes most effective. On the other hand, as
the flow velocity of convection increases with«, elastic and
viscous anisotropic forces of nematic liquid crystals become
more enhanced. Due to these anisotropic forces, the angle
betweenC andq1 increases by either a positive or negative
value(we call this effect hereafterE2). WhenE2 overcomes
E1 by raising«, the NR become unstable. Then,C makes a
finite angle againstq1 (the x axis) and settles down to a
stationary orientation, forming the AR. The AR appear from
the NR through a supercritical bifurcation[12,19–21].

Ordinarily, rotation of theC director can be detected by
crossed polarizers. In a planar system, however,C can be
rotated only in the bulk, due to boundary anchoring withn
parallel to thex axis. In thez direction, therefore, there is no
net influence of the light polarization by the bulk rotation of
C on polarized light transmitted through a cell. Namely, the
rotation ofC in AR cannot be observed in the conventional
manner. However, one can visualize it by using a polarizer-
analyzer setup with a quarter-wave plate[22]. The polarizer
is set perpendicular to thex axis and the analyzer is set
parallel to thex axis. The quarter-wave plate at 45° to thex
axis is inserted between the sample and analyzer. In this
method, the brightness of the images depends on the rotation
angle ofC.

FIG. 4. (a) Conventional defect chaos and(b) defect chaos
where defect motion is suppressed by the cage effect.(a) was ob-
served atf =100 Hz and(b) at f =800 Hz in cell I. For the movies
see[16].

FIG. 5. Schematic presentation of(a) normal rolls and(b) ab-
normal rolls. The thick lines in(b) indicate the boundaries of the
AR domains.

FIG. 6. Dependence of averaged width of the AR domainsklARl
on « at f =800 Hz in cell I.
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Observation of a DL using this method is shown in Figs.
2(d)–2(f), which correspond to the images(a)–(c) for the
convective pattern. The direction ofC in each domain is
indicated by white arrows in Figs. 2(d)–2(f). First, wide do-
mains with alternating brightness appear[Fig. 2(d)] which
indicates AR domains. Similarly to the AR in a homeotropic
system with an applied magnetic field[19,21], the clockwise
and counterclockwise rotations are observed as alternate do-
mains in thex direction. With increasing«, the width of
these domains narrow, as shown in Fig. 6, and simulta-
neously the domain structure becomes more periodic. The
origin of this periodicity is not understood yet[23].

In the hidden twist structure, one can easily see by com-
paring Figs. 2(b) and 2(e) that the gliding motion of each
defect is terminated at the domain boundary. That is, the cage
effect is due to the domain boundary of AR. We experimen-
tally confirmed that the optical focal length of transmitted
light in the domain boundary area is shorter than that in other
areas. This means that the convective amplitude as well as
the distortion angle of the director increases near the domain
boundary[24]. Recent theoretical research also suggests that
the amplitude of convection is larger at the domain boundary
of AR domains[23]. This could be due toE1 at the domain
boundary where the directorC is parallel toq1 [25]. On the
other hand, as known from the definition of a defect, the
convective amplitude becomes zero at a defect. It may be
concluded therefore that these facts result in the cage effect.

From both the present experimental observations and the-
oretical research[26], it was found that belowfDL the do-
main boundaries of the AR were not parallel to the rolls, but
were perpendicular. Therefore, the cage effect for defect
gliding does not occur. This may be a reason why a DL does
not appear belowfDL.

C. Creation of defects

Figure 7 shows the two-dimensional power spectrum cal-
culated for the DL shown in Fig. 1. Secondary modesq2 can
be observed in addition to the primary convective modeq1
and the abnormal roll modeqA. The occurrence of the short-
wavelength modesq2 may be explained as follows. As men-
tioned above, the competition between the two effectsE1
andE2 results in the AR pattern. That is, due toE1, q1 tends
to be parallel toC, and due toE2, C is repulsed fromq1.
Increasing« further,C prefers to rotate away fromq1 due to
a strongerE2. However, the large rotation ofC is restricted
by anchoring at the glass boundary. Instead, the angle

FIG. 7. Power spectrum pattern of the defect lattice shown in
Fig. 1, which was observed atf =1600 Hz and«=0.55 in cell II.
The spotq1 corresponds to the primary convective mode,q2 corre-
sponds to the secondary short-wavelength mode, andqA corre-
sponds to the abnormal rolls.

FIG. 8. Schematic presentation of(a) skewed varicose modula-
tion and(b) defect lattice. The gray lines indicate the shear lines of
rolls. The marks% and * in (b) indicate defects with positive and
negative polarity, respectively. The thick lines in(b) indicate the
boundaries of the AR domains.

FIG. 9. Dependence of the average distance between neighbor-
ing defects in they directionklyl (solid circles) and the wavelength
corresponding to they component of the SV modelSV (open
squares) on «. Measurements were made atf =800 Hz in cell I.ly

was directly measured from the original pictures.lSV is obtained
from the two-dimensional power spectrum of the original pictures.
The q2 spot could be found in the power spectrum beyond«.0.2.

FIG. 10. Dependence of the ratio ofklARl shown in Fig. 6 to
klyl on «. Measurements were made atf =800 Hz in cell I.
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betweenC and convective wave vector becomes larger by
inducingq2.

The superposition ofq1 and q2 may lead to a skewed
varicose(SV) modeq2–q1 [27]. The SV modulation causes
a shear displacement of rolls, as shown schematically in Fig.
8(a). The defects are nucleated by this shear and glide along
it. After the gliding defects have passed, the amplitude ofq2

becomes relatively large. If the amplitude ofq2 grows suffi-
ciently large,E1 causes the state to go back to the normal
rolls, q1. In practice, the growth and suppression ofq2 arise
randomly in space and time, which corresponds to defect
chaos.

When the width of the AR domains becomes narrow
enough by raising«, the defects cannot glide very far, due to
the cage effect. In the case when the growth ofq2 is sup-
pressed, the stationary coexistence ofq1 and q2 is realized.
This coexistence state corresponds to the DL observed here
[Fig. 8(b)]. In other words, in defect chaos the transient SV
modulation is found, while in a DL the SV modulation is
frozen by the stronger cage effect.

We measured the distancely between neighboring defects
in the y direction with increasing«. As shown by the solid
circles in Fig. 9, the average distanceklyl monotonically
decreases. As« increases, sinceE2 becomes stronger,q2

parts from q1 in the two-dimensional power spectrum.
Therefore the wavelengthlSV=2p / sqSVdy, where qSV=q2

−q1, corresponding to they component of the SV mode be-
comes shorter for increasing«, as shown by the open squares
in Fig. 9. The distancely completely agrees with the wave-
lengthlSV. It is clear that the defects are nucleated due to SV
modulation as discussed above.

As shown in Fig. 10, the ratio ofklARl to klyl also
decreases with increasing« and becomes constant
s=1.47±0.07d beyond«.0.3. According to the visual obser-
vation of patterns, defect chaos changed into a DL at this
point. Thus the aspect ratio of a DL is independent of«.
Furthermore it is experimentally confirmed that the ratio
decreases withf / fc.

IV. CONCLUSION

We have investigated the formation of a defect lattice in
which defect pairs align periodically in thex and y direc-
tions. The hidden structures of the in-plane rotation of the
director have been revealed by the use of an optical set with
a quarter-wave plate.

As « increases beyond the convective onset, the transition
from normal to abnormal rolls occurs. The abnormal rolls
form domain structures consisting of areas with positive and
negative twist angles of the director to thex direction. We
call this “pre-DL” and the periodicity of the DL in thex
direction corresponds to the AR periodicity. As« is increased
further, secondary short-wavelength mode appears due to
skewed varicose instability. The superposition of the second-
ary mode on the normal roll mode leads to the generation of
defect pairs. A nucleated defect pair is confined in a domain
of the abnormal rolls. Thus the periodicity of the DL in they
direction is determined from the beating mode of the super-
position of the initial and secondary convective wave
vectors.

In the formation process of a DL, the rotation of theC
director originates due to the growth of the convective am-
plitude, but simultaneously its growth is suppressed by the
planar anchoring force. The present system may be explained
as being a kind of reaction-diffusion(activator-inhibitor) sys-
tem, as theoretically described in Ref.[12]. According to
theoretical work, Hopf and/or Turing bifurcations may occur.
Based on this idea, the DL may show a limit-cycle oscilla-
tion, and the periodic domain structure inside the abnormal
rolls may be a Turing pattern.
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