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Symmetry-dependent defect structures in soft-mode turbulence
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In the soft-mode turbulence (SMT) in electroconvection of homeotropic nematic systems, which is a kind of
spatiotemporal chaos induced by nonlinear interaction between two two-dimensional (2D) XY fields, the
Nambu-Goldstone modes, and the convective modes, a curious line structure called blackline has been discov-
ered. We measured the density of the blackline as a function of control parameters, ac voltage, and frequency.
By detailed observations and analysis, it is clarified that the blackline is a structure of the nematic director in
the x-y plane and includes a sequence of point defects. We discussed similarity with the density of the blackline
and that of the point defect in the conventional 2D XY model. The occurrence of this type of defects is only due
to the symmetry in the SMT and independent of the properties of fluctuations.
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Defects have been ubiquitously researched in many physi-
cal systems [1,2]. The research of defects is very important
since the properties of a system can be reflected by the pres-
ence of defects. They are usually related to symmetry of the
system [3,4]. For example in spin models, symmetries in the
two-dimensional (2D) XY and 2D Ising models generate
point [5,6] and line defects [7], respectively. The appearance
of defects in a phenomenon called defect turbulence ob-
served in electroconvective systems [8] and in other spatially
extended nonlinear systems [9—11] has been much investi-
gated. Here, we are working on soft-mode turbulence (SMT)
in electroconvection of a homeotropic nematic system [12].
In this paper, we report a curious structure called the black-
line observed in the SMT (see Fig. 1). We find the blackline
is a type of defects or disclinations. We are interested to
investigate this structure since the SMT has the same dimen-
sion and the degree of freedom of vector field as the conven-
tional 2D XY model [13,14]. The purpose of this paper is an
investigation of new aspect of defect related to the symmetry
in the SMT.

In a homeotropic system without external fields, the nem-
atic director is perpendicular to the electrodes. When an ac
voltage V beyond the so-called Fréedericksz transition
threshold Vi is applied to the system, the director tilts with
respect to the z axis. This state is called the Fréedericksz one.
The projection of the tilted director on the x-y plane is called
the C(r) director, where r=(x,y). Since the transition spon-
taneously breaks the continuous rotational symmetry on the
x-y plane, the rotation of C(r) behaves as a Nambu-
Goldstone mode [15]. Beyond the threshold for convection
V., the resulting local convective mode q(r) which nonlin-
early interacts with the Nambu-Goldstone mode leads to spa-
tiotemporal chaos called SMT [12]. With respect to the ac
frequency f of the applied voltage, there are two types of
SMT pattern namely oblique rolls (ORs) and normal rolls
(NRs) [16] in which the corresponding ac frequency is below
and beyond the so-called Lifshitz frequency f, respectively
[17,18].
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The experimental setup and the sample cell using a nem-
atic liquid crystal p-methoxy-benziliden-p’-n-
buthyl-annyline (MBBA) were similar to ones in the previ-
ous paper [14]. The cell thickness was d=53+2 um. The
shape of electrodes was circle with the diameter 13.0 mm.
The experimental temperature was stabilized to be
30.00*=0.05 °C. The dielectric constant € and the electric
conductivity oy of the material in the cell were 4.7+0.1
and 7.720.1X 1077 Q7' m™!, respectively. An alternating
voltage V,.(t)=\2V cos(2mft) was applied perpendicular to
the sample. We define a normalized control parameter
g=(V/V,)?-1. The pattern images in the x-y plane
were captured using a charge-coupled device camera
(QImaging Retiga 2000R-Sy) mounted on a microscope and
a software (QCapture Pro v. 5). A cross-polarized set
(crossed-Nicol) can be installed in the microscope or re-
moved easily. The size of the captured images was
1.14 mmX 1.14 mm(1000 pixel X 1000 pixel). The image
analysis was performed by custom software.

Figure 2(a) shows a shadowgraph image of the SMT with
a blackline for £=0.10 and f<f;. From the shadowgraph
image, the convective wave vector q(r) can be observed
[19,20]. It is guessed that the blackline is related to C(r)
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FIG. 1. Blacklines in the SMT. One of them is shown by a black
arrow. The bright lines correspond to the convective patterns of the
SMT.
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FIG. 2. (a) A shadowgraph image of SMT with a blackline for
£=0.10 and f<<f;. The image is observed at about 10 min later
after jumping of voltage from the Freedericksz state into £=0.1.
The scale bar corresponds to 100 um. (b) Corresponding crossed-
Nicol image for (a). (¢) Crossed-Nicol image at =5 s after jump-
ing the ac voltage into £ <0 corresponding to the Fréedericksz
state. (d) Schematic image of the structure of blackline correspond-
ing to (a). (e) Schematic image corresponding to (c).

director since the blackline cannot be recognized as a con-
vective pattern. Generally, in order to show C(r) pattern, the
crossed-Nicol was used. The intensity of C(r) pattern can be
written as I(r) «sin’[2a(r)], where « is the azimuthal angle
of C(r) director. However the convective and C(r) patterns
near the blackline are mixed up because of the mix-up of the
shadowgraph and the crossed-Nicol images [see Fig. 2(b)].
To analyze the blackline, the ac voltage was jumped into the
Fréedericksz state below V.. by the following reason. There
are two relaxation times for the jumping: One is 7, which is
the relaxation time of the tilted angle of the nematic director
with respect to the z axis and corresponds to convective am-
plitude. The other relaxation time is 7, for azimuthal angle «
of director C(r)=C(cos[a(r)],sin[a(r)]) in the x-y plane.
By considering that 7,~0(1) s and 7,~0(10) s, we
jumped the ac voltage below V.. and observed the change in
the pattern after ¢, ~35s, that is 7,<t; <7, After jumping,
we found that the C(r) pattern becomes clear to be observed
because the convective patterns disappear [see Fig. 2(c)].
From Fig. 2(c) we could draw the schematic image of C(r)
around the blackline [see Fig. 2(e)]. Hence, from Fig. 2(e)
the blackline can be regarded as a line defect of C(r) direc-
tor. Finally, the schematic image of C(r) and q(r) for Fig.
2(a) is shown in Fig. 2(d). The schematic image shows that
the angle between C(r) director and the wave vector q(r) of
is nonzero, which corresponds to the OR.

For more detailed investigation of this line defect, the
above experiment was also performed for longer time. We
traced the evolution of a blackline and found that the black-
line changes into one or more point defects observed in the
Fréedericksz state. For the reverse case, that is a jump from
V.>V>Vg into V>V, we also found that such point de-
fects change into a blackline. Here, we make a schematic
image for these evolutions. Figure 3(a) shows that in the
Fréedericksz state, there are two neighboring point defects
with different strength [21] (+1 and —1) as confirmed by the
rotation of the crossed-Nicol. The arrows show the direction
of C(r) director around the point defects. The dark and the
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FIG. 3. Evolution from point defects into a blackline and vice
versa. (a) Two point defects with different strength (+1 and —1) in
the Fréedericksz state. The black arrows show the direction of the
azimuthal angle a of C(r)-director. (b) Blackline originated from
the point defects by compressing of the dark region. (c) Longer
blackline. See text for details.

bright domains represent the intensity I(r) for the C(r) field
under the crossed-Nicol. When the point defects changes into
a blackline, the dark domains are compressed and finally a
blackline appears [see Fig. 3(b)]. On the other hand, the dark
domains expand when the blackline changes into point de-
fects. Therefore the blackline includes point defects and then
for more rigorous conclusion, it can be regarded as a pseudo-
line defect. Now we have a question why the blackline ap-
pears in the form of line. The reason will be described later.
We observed that nucleation and annihilation of point de-
fects can occur in the blackline, as the length of blackline
increases and the decreases, respectively [see Fig. 3(c)].
Therefore it is expected that there is a quantitative relation
between blacklines and point defects. We measured the total
length of blackline in an observation area. By a jumping of
voltage below V, similarly to the above-mentioned experi-
ment, when the blacklines change into point defects, imme-
diately we measured the total number of the point defects in
the same observation area with the increase in &. Here, we
define densities of blackline pg; and point defect ppp as the
total length of all blacklines and total number of point de-
fects divided by the observation area, respectively. Figure 4
shows that independently of &, pg; is proportional to ppp.
Therefore the increase in the total length of blacklines ac-
companies with the increase in number of point defects.
From the above relation shown in Fig. 4, we are interested
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FIG. 4. Density of blackline pg; versus density of point defect
ppp- The range of ¢ is from 0.05 to 0.4.
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FIG. 5. Linear relation between In(pg;) and &2, The ac fre-
quency is 100 Hz.

to compare between pg; in the SMT and density of point
defect pyy in the conventional 2D XY model. The reason for
the comparison is that both systems have the same dimension
and degree of freedom of vector fields. In the higher tem-
perature regime of the conventional 2D XY model, the den-
sity of point defect pyy*exp(-b7"?), where p=T/Tgr—1
=0, b is a positive constant, T is temperature, and T is the
Kosterlitz-Thouless transition temperature [6]. For the black-
line, we measured & dependence of pg;. We found that pg;,
can be fitted into exp(-ce~"?) [a linear relation between
In(pg;) and &™'2, see Fig. 5], where ¢ is a positive constant.
This means that the relation between pg; and € is similar to
the relation between pyy and 7. By using the analogy, the
density of blackline is in a good agreement with that of point
defect in the conventional 2D XY model. The good agree-
ment surprises us because the sources of the fluctuations are
different. Namely, the SMT is generated by the nonthermal
fluctuations, whereas in the conventional 2D XY the thermal
ones play an important role. Thus the symmetry of the sys-
tem and the degree of freedom are more important than the
properties of fluctuations in this phenomenon.

We also found another important property of the blackline
by measuring the density pg; as a function of another control
parameter, namely, ac frequency. It has been reported that ac
frequency f becomes a control parameter for the SMT pat-
tern [13]. We found that pg; linearly decreases for the in-
crease in f, as shown in Fig. 6. The density is zero at the
Lifshitz frequency f;, [13]. This means that the blackline is
found only in the OR regime. The existence of the blackline
is related to symmetry breaking explained as follows. As
mentioned above, the blackline is a kind of structure of C(r)
director. For the NR and OR regimes, the wave vector q(r) is
parallel and oblique with C(r), respectively. Therefore,
C(r) X q(r) changes from zero (the NR regime) to nonzero
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FIG. 6. Blackline density ppy as a function of ac frequency f.
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(the OR regime) at the transition point. This means that the
reflection symmetry of the interaction between the C(r) di-
rector and q(r) is broken at the Lifshitz frequency.

The above result can more be understood by considering
[C(r) X q(r)||ecsin 6(r), where 6(r) is the angle between
C(r) and q(r). For the OR regime, on the other hand, since
C(r) is not parallel to q(r), then in both sides across a black-
line C(r) X q(r) can take different nonzero values, positive
(sin|f]) and negative (-sin|6|) [see Fig. 2(d)]. Therefore,
from the viewpoint of the relation between the two 2D XY
fields [C(r) director and q(r)], the SMT in the OR regime
can be recognized as a 2D Ising-like system. This analogy
can answer why the blackline which consists of point defects
appears in the form of line in the 2D XY system.

Finally we would like to conclude the present results as
follows. In a 2D XY system called the soft-mode turbulence
observed in a homeotropic nematic system, a line structure
called blackline appears. The blackline is a structure of C(r)
director. We found that the blackline actually includes point
defects and therefore it can be regarded as a pseudoline de-
fect. Then we reveal that the statistical property of the black-
line is in a good agreement with that of point defect in the
conventional 2D XY model. Finally the existence of the
blackline is related to the symmetry breaking in the relation
between Nambu-Goldstone modes and the convective
modes.
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