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Abstract: Oscillatory and excitable systems commonly exhibit formation
of dynamic non-equilibrium patterns. For example, rotating spiral patterns
are observed in biological, chemical, and physical systems ranging from
organization of slime mold cells to Belousov-Zhabotinsky reactions, and to
crystal growth from nuclei with screw dislocations. Here we describe
spontaneous formation of spiral waves and a large variety of other dynamic
patterns in anisotropic soft matter driven by low-intensity light. The
unstructured ambient or microscope light illumination of thin liquid crystal
films in contact with a self-assembled azobenzene monolayer causes
spontaneous formation, rich spatial organization, and dynamics of twisted
domains and topological solitons accompanied by the dynamic patterning of
azobenzene group orientations within the monolayer. Linearly polarized
incident light interacts with the twisted liquid crystalline domains,
mimicking their dynamics and yielding patterns in the polarization state of
transmitted light, which can be transformed to similar dynamic patterns in
its intensity and interference color. This shows that the delicate light-soft-
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thermotropic LCs similar to the ones used in displays [18,19], a large variety of dynamic
patterns, including spiral waves, have been generated by rotating magnetic fields [8-13].
Interestingly, these patterns arise in the molecular alignment field, also called director field
n(r,t) [18], which is tangent to the average direction of nanometer-sized elongated LC
molecules that can exhibit patterns varying as a function of spatial coordinates and time. The
characteristic length scales associated with the patterns can range from tens of micrometers to
millimeters while characteristic timescales are larger than the typical millisecond LC
realignment times [8, 19]. In this work, we demonstrate that a rich variety of dynamic LC
alignment patterns can also emerge when driven by low-intensity microscope illumination or
ambient light and when the thin quasi-two-dimensional LC film is in contact with a light-
responsive azobenzene monolayer [20]. The physical underpinnings behind the appearance of



action with the thermotropic nematic 4-cyano-4'-pentylbiphenyl (5CB). To mitigate the
aligning effects of flow, we heat the cell to the isotropic phase and then quench back to the
nematic phase. The two remaining cell edges are then sealed as well. To characterize the cell
thickness locally in LC cells with in-plane director alignment, we used a Berek compensator
to first precisely determine the phase retardation of initially linearly polarized light after
passing the LC layer and then calculate the cell thickness using this measured retardation and
the known optical refractive index anisotropy of the LC, An = ne-n,=0.2, at the wavelength of
the used blue illumination light [20]. Here n. and n, are the extraordinary and ordinary
refractive indices, respectively.

Fig. 1. Pattern-forming photo-responsive LC cell construction. (a-f) Three types of LC
cells constructed with (a, d) one substrate coated with a film of rubbed polyimide (with easy



used to generate most of the dynamic and static patterns presented in this study. Alternatively,
we also used an illumination system consisting of a LC microdisplay with 1024x768 pixels
(EMP-730, Epson) that controls transmitted light intensity on a pixel-by-pixel basis, as
described in details elsewhere [20]. The used illumination patterns were generated using
Microsoft PowerPoint. We used objective lenses of numerical aperture within 0.1-0.9 and
with magnifications ranging from 2X to 50X. To avoid modification of the controlled n(r,t)
patterns while imaging them by means of transmission-mode polarizing microscopy, we
minimized exposure of samples by reducing exposure time and intensity while using
maximum sensitivity of the Spot 14.2 Color Mosaic Camera and an optical filter that blocks
the illumination light in the blue and violet ranges of the optical spectrum, to which the DMR
is most sensitive. Cells with two DMR-coated substrates can be placed on the microscope’s
rotation stage with either substrate facing the light source (Fig. 1). The substrate through
which the normally incident light passes first will be realigned to define an easy axis
perpendicular to the linear polarization orientation (or, in general, to the major axis of the
elliptical polarization state), while the far substrate interacts with the complex polarization
field emerging after light is transmitted through the LC film containing nonuniform n(r.t). LC
cells comprising one substrate coated with rubbed polyimide or DMOAP (Fig. 1), however,
are oriented so that the illumination light pa
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Fig. 3. Analysis of dynamic Archimedes spiral patterns in optically driven nematic cells.
(a) A polar plot of the spiraling Néel wall coordinates in the r-8 cylindrical coordinate system
at a constant time, as measured experimentally for the two spiral arms (red and blue filled
circles). (b) Linear plots of r versus 8 for each arm. The linear red and blue lines in (a,b) are
fits of experimental data to an expression r = ro + A8/(2m) defining the Archimedes spiral
geometric configuration. The distance between consecutive solitons (wavelength) for a given
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Fig. 5. Summary of dynamic and static patterns in addition to the propagating
Archimedes spiral waves. (a-1) Twelve examples of different species of observed dynamic
patterns, all driven with linearly polarized white light and viewed between crossed polarizers
oriented along the image edges (Media 4, Media 5, Media 6, Media 7, Media 8, Media 9,
Media 10, Media 11, Media 12, Media 13, Media 14, and Media 15). The patterns (a-g) arise
in thinner cells of thickness d = 1-2 um while the patterns (h-I) are observed in thicker cells of
d=2-4pm.

3.2. Modeling of feedback mechanisms

To obtain insights into the underlying physics responsible for the observed dynamic patterns,
as an example, we consider an initially planar LC cell with the DMR-
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is elliptically polarized (Fig. 1), with the azimuthal orientation, Y, of the major axis of the
polarization ellipse measured relative to the orientation of the director at the second LC-DMR
interface, ng(x,y,t) = n(x,y,z = d,t); both ¢ and elipticity ¢ are dependent on the LC film






in the studies of field-driven dynamic patterns. In analogy with Ref [8], we can therefore
write a simplified torque balance equation in the following form:

& a—r%—?+wr—sin(2a) =0. (7)



3.4. Effects of surface boundary conditions and lateral confinement

To uncover the elements of geometry of our photo-responsive system that are essential to
observe dynamic patterns, in addition to the DMR-DMR photoalignment geometry discussed
above [Figs. 1(b) and 1(e)], we have also studied cells with hybrid (homeotropic-planar)
DMOAP-DMR [Figs. 1(a) and 1(d)] and planar rubbed polyimide-DMR confining surfaces
[Figs. 1(c) and 1(f)]. We find that the dynamic patterns are still observed for the majority of
incident linear polarization states, as long as the incident light is passed through the
photoresponsive substrate after first traversing through the homeotropic or polyimide-coated
confining surface and the LC film. The dynamic patterns are also robust with respect to
various types of lateral confinement of the illuminated region within the plane of the LC cell
(Fig. 7), although this lateral confinement is influencing selection of different dynamic pattern
modes in the LC cells. To test the possible role of lateral confinement, we were driving


http://www.opticsinfobase.org/oe/viewmedia.cfm?uri=oe-23-4-4591-16
http://www.opticsinfobase.org/oe/viewmedia.cfm?uri=oe-23-4-4591-17
http://www.opticsinfobase.org/oe/viewmedia.cfm?uri=oe-23-4-4591-18

4, Discussion

Although pattern formation, including Archimedes-spiral-like patterns, due to laser beams in
the experimental setting of LC Fabry-Perot interferometers is known [29], it commonly
requires a special setup design and laser powers of the order of tens of milliwatts. A



ordered structures in DMR monolayers but also by several types of optical dynamic patterns
in terms of light’s intensity, polarization state, and interference colors, all emerging from
light’s interaction with the dynamic structures of the director field in the LC film and
polarizing optical elements (polarizer and wave plate) used in conjunction with it. It is
fundamentally interesting that Archimedes spirals and other complex dynamic patterns in
organization of matter and light can emerge from a spatially uniform and constant in time
linear polarization of illumination light upon its interaction with the photoresponsive soft-
matter system comprising a thin LC film and azobenzene self-assembled monolayer.

5. Conclusion

To conclude, we have developed a light-driven dynamic pattern-forming soft matter system
that gives rise to non-equilibrium configurations and patterns in both matter and light. This
self-patterning is enabled by a strongly polarization-sensitive nonlinear optical response due
to an azobenzene-based alignment layer and a feedback mechanism through which the
polarization state is controlled by twisted birefringent LC structures, and vice versa. A large





