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We have observed the stable coexistence of target and spiral patterns in thick freely suspended films
of a smectic-C liquid crystal in a rotating electric field. In this system, patterns arise from a competition
between boundary effects and bulk electric field torques and show a simple connection between spiral
and target dynamics. We compare our observations in this driven system with experimental reports of
spirals and targets in nonequilibrium systems such as large aspect ratio Bénard convection.

PACS numbers: 47.20.—k, 05.70.Ln, 61.30.—v

Over the last few years, pattern formation in spatially
extended driven systems has been a rapidly growing
subfield of nonequilibrium physics [1-3]. Following
earlier observations of spirals in nonequilibrium systems
as diverse as autocatalytic chemical reactions [4] and
thermal convection [5], among the fascinating phenomena
recently observed are spiral chaos [6] and the chaotic
coexistence of spirals and targets [7] in large aspect ratio
Bénard convection.

Here we present observations of a pattern forming sys-
tem, driven by a rotating electric field, where boundary
topology can change from one compatible with a target pat-
tern [Fig. 1(a)] to one favoring a spiral pattern [Fig. 1(c)].
The transition from target to spiral is mediated by a novel
stable spiral-target bound state with the target acting as a
phase sink and the spiral a phase source. The stable co-
existence of a target and a spiral [Fig. 1(b)], never before
observed in other pattern forming systems, reveals a sim-
ple connection between target and spiral dynamics.

As the rotating electric field gives these patterns a hand-
edness the system does not have in its absence, this study
complements earlier ones on patterns formed at interfaces
in intrinsically chiral materials [§—10]. Targets and spi-
rals are also prevalent when a mechanical torque is ap-
plied to freely suspended smectic-C films [11—13], the
large radius ratio analog of the Taylor instability studied
in nematic liquid crystals [14]. In previous experiments
involving liquid crystals and rotating electric fields (fre-
quency v = 10-100 Hz, aspect ratio I' = R/d ~ 1000
with radius R and film thickness d), only targets have
been observed in thin films (d < 1 wm) of chiral smec-
tic liquid crystals [15,16] while spirals (but no targets) are
observed in nematic liquid crystals in a rotating magnetic
field (v = 1 Hz, I' ~ 135) [17].

The closest similarity between observations reported
here appears in cylindrical, large aspect ratio (I" ~ 80)
Rayleigh-Bénard convection in CO, gas under pressure
[4]: the transition from hexagons to rolls involves n-
armed spirals (with 0 > n = 13) and n phase dislocations
orbiting the spiral. In that system [5], a defect-free
boundary condition prevails. In terms of a topological
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index S, this is the S = 0 condition (Fig. 2). In our
system (50 < I" < 200), a large enough applied electric
field can change boundary topology from, e.g., S = 0
(target) to S = 1 (spiral) by dragging in defects from the
edge of the film (Fig. 2). While we have also observed
dynamic states that conserve boundary topology, e.g., a
steady-state spiral (S = 1) at the film center with a single
orbiting defect (S = —1) mediating the transition from
spiral back to target pattern, and even stationary double
spirals (§ = 2) [18], here we focus on the novel, steady-
state, defect-target bound state [Fig. 1(b)] mediating the
transition from a target [S = 0, Fig. 1(a)] to a centered
spiral [S = 1, Fig. 1(c¢)].

Patterns in Fig. 1 are observed in thick (thickness
10 = d = 18 um), freely suspended films of a smectic-
C liquid crystal. Smectic C is a layered system with in-
plane anisotropic fluidity characterized by a unit vector
¢ = (cos ®,sind) [11], where ® is the angle between
c(r) at any location r in the film and ¢(R). Film geome-
tries suppress dynamic couplings to layer structures and
highlight the spatiotemporal behavior of ¢. Additional
advantages are accessibility to observations in a polariz-
ing microscope (where lines of constant ® are rings in
target patterns and spirals when associated with defects)
and convenient time scales (seconds to minutes). While
qualitatively similar to a two-dimensional nematic, about
which a great deal is known, an important difference is
that ¢ and —c are not equivalent. As a result, defects in
the orientation of ¢ are characterized by integer numbers
for the topological index S (Fig. 2).

A circular freely suspended film (radius R ~ 1 mm)
of 10E6 (4'-hexyloxyphenyl 4-decyloxybenozate) in the
smectic-C phase (temperature, 73.1 °C [19]) is prepared
so that at rest it is free of defects in ¢ (® = const), the
simplest S = O topological state. The film thickness d
is estimated by measuring the separation of 45° incident
light when reflected from the top and bottom film surfaces
[20]. Here d = 13.5 pum. T determines the total number
of rings with larger I" films having more rings.

Two pairs of flat electrodes (each 1.27 mm wide and
70 pum thick) are positioned (Fig. 1) around the film.
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FIG. 1. Basic steady-state patterns observed in thick freely
suspended smectic-C films in a rotating electric potential
U, 40 = U = 240 V. Polarizer and analyzer are crossed
parallel to the electrodes. (a) Experimental setup showing
the electrode configuration and the applied voltage pulses:
for a counterclockwise rotation, pulses applied to terminals
1 and 3 are —90° out of phase with those to terminals 2
and 4. For the target state shown in the setup d = 16 um,
U = 70 V and scale, 1.3 mm (vertical) X 1.4 mm (horizontal).
(b) Coexistence of an orbiting S = +1 defect and a target. The
defect rotation sense is here counterclockwise, the same as the
applied rotating field. A 2 rotation of the defect generates 27
more phase then propagates to the film center and is annihilated
by the target: the target acts as a phase sink and the defect as
a phase source. d = 17 um, U = 90 V. the radial distance
between the target center and the orbiting defect is 0.58 mm.
(¢) The § = +1 spiral (U =60V, d =17 um) with the
orbiting defect in (b) at the film center. Same magnification
as (b).

The separation between opposing electrodes is 2.3 mm.
Four mercury switches direct a dc voltage U (10 < U <
300 V) to electrodes marked 1, 2, 3, and 4 in Fig. 1(a).
The decay time of the applied voltage is ~95 us and its
rise time about 10 times faster. While here v = 2.6 Hz,
the patterns’ spatial and temporal scales are determined
by sample geometry and material constants.

S=-1 S=0 S=+1
FIG. 2. Schematic drawing of the ¢ field for an S = +1 and
S = —1 defect pair (top). In the experiment, a single defect

acts as a 27 phase dislocation in a ring pattern. A rotating
defect can either create or destroy phase depending on the sense
of its rotation. Schematic plots of S = —1, S =0, and § =
+1 (bottom) showing their different topologies and accounting
for the contrast between crossed polarizers characteristic of a
target [Fig. 1(a)] and a centered spiral [Fig. 1(c)].

Apart from length scales R and d associated with
film geometry, a third length, the electric field coherence
length, is & = (47K /e.)"/?/E, where K is an elastic
constant and e, is the dielectric anisotropy in the plane of
the layers. As E¢g is a material constant, two threshold
fields can be defined when &g, ~ R and &g, ~ d, ie.,
E2/E1 o I,

The temporal scale for these patterns is set by the orien-
tational diffusion constant defined as Dy = K /v, where
1 is the in-plane rotational viscosity. By observing the
phase relaxation at 73.1 °C when the field is turned off
[11], we find Dy = 9.5 X 107° cm?/s, independent of d.

When U, ~ 40 V, four dark rings (corresponding to a
24 rotation of ¢) formed. With no defects in the film,
when U > U,, a target pattern resulted that eventually
reached a stationary maximum phase ®p, < U — U,
i.e., a maximum number of rings.

Figure 3 shows a remarkable result: The radial phase
distributions of target patterns for four different voltages
U = 80,100,130, and 160 V lie on a universal curve
when the observed phase @ is scaled by ®,,,, and its
radius by R. There are three regimes: a boundary layer
adjacent to the outer rim (r > 0.88R = R™), a parabolic
“inside” driving regime (r < R;), where R; is to be
determined, and a linear “buffer” (R* > r > R;), where
elastic energy generated at r = O is stored. Matching
the inside parabolic regime with the linear buffer by
continuity of d®/dr at Ry gives Ry = 0.51R. At r =
Ry, ® = 0.6®,,: more than half the rings are in the
buffer. The unscaled data for ®,,, and d®/dr show
that R, can be determined only above a threshold voltage.
From the inset in Fig. 3, we estimate this threshold to be
U =50V.

The target pattern is stable with increasing voltage until
U = 120 V (d = 13.5 um), when a defect appears at the
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FIG. 3. Scaled radial phase distribution of target patterns

obtained for four voltages [U = 80 (M), 100 (©), 130 (A), and
160 V (O)] by digitizing captured video frames (film thickness
d = 13.5 um) along a line ¢ ~ 77/4. The smoothed average
of all the data (solid circles) fit the linear buffer region by
O /Dyax = 1.4 — 1.52(r/R) and the parabolic inside region
by ®/®ax = 1.0 — 0.028(r/R) = 1.45(r/R)?>. The unscaled
data for @, an the slope in the buffer region (d®/dr),
(shown inset) are linear in U and are used to determine U..

film edge rotating as a phase sink for phase generated
by the target. When it first appears, the defect forms
a spiral ending in the inside region and the pattern is
temporally ordered as a phase creation by the target
is exactly annihilated by the orbiting § = +1. With
increasing field, the defect moves to smaller . When it
arrives at r = 0, it exchanges roles with the target, then
moves away from r = 0O to orbit the target creating 27
phase with each rotation [Figs. 1(b) and 4(b)]. Now the
S = +1 spiral ends at R: The boundary topology has
changed from S = 0to § = 1.

Both the defect’s orbit radius Rger [Fig. 4(a)] and its
time for a 27 rotation 7 [Fig. 4(b)] change with applied
field R4 being closer to the target center in lower
fields. Figure 4(b) shows a narrow transition region at
U = 140 V when Ry = R/2. This is the boundary
between the defect-target bound state inside and buffer
regions. As the defect approaches the center, its time for
a 27 rotation increases eventually resulting in a stationary
centered spiral pattern at » = 0 [Fig. 1(c)].

Unlike centered spirals in large aspect ratio convection
[5], this spiral does not emit phase consistent with the
absence of rotating phase dislocations and a topological
transition to S = 1 boundary conditions. Space-time
plots through the spiral center (17 um) show a 10V
reduction in voltage results in a 27 phase loss in the
spiral arms: Phase propagates radially towards the defect
core where it is annihilated resulting in a spiral with one
less turn. When U = 20 V there are no more turns in
the spiral. At U = 0, the defect may wander off center,
but it does not disappear, more evidence that boundary
conditions have changed.
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FIG. 4. (a) The orbit radius Rg4.s and (b) the orbit time 7 of
the stationary bound state of an orbiting defect (S = +1) and
target sink as a function of the applied voltage U. Inset in
(b), a video frame of this stationary state shows only ~27
phase in the inside region when d = 13.5 um, v = 2.6 Hz,
and U = 200 V. At U = 240 V, there is a transition to a
chaotic state.

At large fields (U = 240 V), the defect orbit is close
to the film edge and eventually pulls in other defects.
When this is a single S = —1, the pair migrates to the
film center with chaotic dynamics to eventually annihilate.
There is then a transition to a regular blinking state at a
frequency comparable to the applied frequency indicating
strong coupling to sufficiently high fields [18].

Inside and buffer responses are observed for 7. In
Fig. 4(b), the defect speed in the buffer is approxi-
mately constant: vhi =706 + 45 um/s. As Dy/d =
709 um/s, we conclude that buffer dynamics is domi-
nated by film thickness. When the rotation sense of the
external field is changed from counterclockwise to clock-
wise, the § = +1 orbit also changes as, in this system,
handedness is externally imposed.

We believe the bound defect-target pair to be the most
interesting state so far observed: While topologically
distinct from each other, they are a robust steady-state
source-sink pair cooperating over long distances. Their
steady-state properties have been checked for 16 h, a long
time in a system where the longest characteristic time,
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the director diffusion time, is R?/Dy ~ 10*s. 16 h in
this system corresponds to weeks in [5]. This state exists
over a wide range of voltages (Fig. 4) and there is no
measurable hysteresis in its transition from centered spiral
to defect-target bound state. Because of its long range
spatiotemporal coherence, it contrasts with convection
where chaotic spirals and targets coexist [7] and is
qualitatively similar to rotating spiral or defects observed
in [5]. Differences between this system and the latter are
that, here, handedness is externally imposed, the boundary
topology can change, and time scales are much shorter.

In conclusion, we have described observations in freely
suspended thick films of smectic-C liquid crystals and
quantitatively characterized a novel stationary state that
consists of a defect (spiral) orbiting a target. The target
and spiral act as complementary and interchangeable
phase source or sink depending on boundary conditions
and the applied field. In the case of target patterns,
the most remarkable new result is the universal relation
between the scaled phase and the reduced distance from
the center of the film. Given close similarities between
these patterns and those in Rayleigh-Bénard convection
with a similar aspect ratio [5], I' emerges as a good
indicator of spatiotemporal dynamics in systems where
boundaries play an important role. The main qualitative
difference is that here the rotating electric field imposes
the spiral patterns’ hand while the system in [5] has no
handedness.
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As refractive indices are only approximately known
in smectic C, the uncertainty in d is ~20%. These
measurements were typically made without an applied
voltage U while in the experiment U # 0.
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FIG. 1. Basic steady-state patterns observed in thick freely
suspended smectic-C films in a rotating electric potential
U, 40 = U = 240 V. Polarizer and analyzer are crossed
parallel to the electrodes. (a) Experimental setup showing
the electrode configuration and the applied voltage pulses:
for a counterclockwise rotation, pulses applied to terminals
I and 3 are —90° out of phase with those to terminals 2
and 4. For the target state shown in the setup d = 16 um,
U = 70 V and scale, 1.3 mm (vertical) X 1.4 mm (horizontal).
(b) Coexistence of an orbiting § = +1 defect and a target. The
defect rotation sense is here counterclockwise, the same as the
applied rotating field. A 27 rotation of the defect generates 27
more phase then propagates to the film center and is annihilated
by the target: the target acts as a phase sink and the defect as
a phase source. d = 17 pm, U = 90 V. the radial distance
between the target center and the orbiting defect is 0.58 mm.
(c) The § = +1 spiral (U =60V, d =17 um) with the
orbiting defect in (b) at the film center. Same magnification
as (b).
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FIG. 4. (a) The orbit radius Ry and (b) the orbit time 7 of
the stationary bound state of an orbiting defect (§ = +1) and
target sink as a function of the applied voltage U. Inset in
(b), a video frame of this stationary state shows only ~2
phase in the inside region when d = 13.5 um, » = 2.6 Hz,
and U =200 V. At U = 240V, there is a transition to a
chaotic state.



