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ABSTRACT: Featuring a self-assembled helical nanostructure and external stimuli-
responsive chiral photonic band gap, cholesteric liquid crystals (CLCs) create more
opportunities in harnessing multiple degrees of freedom of light, especially the spin and
orbital angular momenta (SAM/OAM). Here, we propose and demonstrate an
innovative method for a dynamically selective and simultaneous detection of SAM and
OAM of light via two cascaded CLC superstructures with thermal controllability and
opposite chirality. By independently regulating their temperatures, on-demand selective
detection for the intended wavelength and spin eigenstate is achieved with high
efficiency and broadband tunability. The information of the desired angular momenta is
vividly identified by the reflected diffraction patterns from cascaded chiral super-
structures, while the nondetected components are preserved in the transmitted light.
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This indicates an in situ and nondestructive manner and may facilitate advanced optical manipulation, imaging, and information
(de)multiplexing. This work brings important insights into the design, construction, and application of self-assembled chiral
nanostructures, promoting multiple and active functionalities in diverse intelligent devices.
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thermal response

N ature has evolved omnipresent chirality, for instance, in
the double helix of DNA carrying genetic information
and in the beetle exoskeletons exhibiting brilliant structural
colors."”” These inspire scientists from various communities to
mimic the chirality in nature and develop chiral nanostructures
with manifold geometries for addressing diverse challenges.’™”
Among them, cholesteric liquid crystals (CLCs) are very
special and intriguing building blocks. Anisotropic liquid
crystal (LC) molecular units self-assemble into an elegant
helical organization, which establishes a bridge between
nanoscale molecules and mesoscopic structures on the
wavelength scale.”” Thanks to the involved periodicity of the
refractive index in such a helical nanostructure, the CLC forms
a one-dimensional self-organized chiral photonic structure,
giving rise to a Bragg reflection (i.e,, photonic band gap) with
strong selectivity of circular polarization.”” Polarization is a
basic degree of freedom of light. In particular, circular
polarizations are the orthogonal eigenstates associated with
the so-called spin angular momentum (SAM) of light.'® Left/
right circularly polarized (LCP/RCP) light carries an SAM of
oh, where 6 = +1/—1.

In addition to the SAM, lizght can also carry an orbital
angular momentum (OAM)"'"'* of I#, accompanied by a spiral
phase profile with the topological charge I. The tensor product
of SAM- and OAM-state spaces describes a set of nonseparable
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modes, typically as vector vortex beams (VVBs)."? They have
triggered various applications including optical manipula-
tion," "> laser manufacturing,16 sensing,17 and super-resolution
imaging.18 In the last decade, the multiplexing of multiple
degrees of freedom of light, including wavelength, polarization,
and theoretically infinite OAM states, has accelerated high-
capacity optical communications'””’ and high-dimensional
quantum informatics,”’ where the efficient demultiplexing of
independent information channels plays a crucial role.
Nevertheless, dynamically controllable and simultaneous
detection of the SAM and OAM of light is still facing
formidable challenges when using a traditional single optical
element.””~** Fortunately, owing to the natural spin selectivity
induced by its helix chirality, the cascade of CLCs with
opposite handedness is a promising candidate for the
simultaneous processing of orthogonal SAM eigenstates. Very
recently, the reflective geometric phase from CLCs has been
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revealed”®™*® and featured by broadband high efficiency, spin-

selective modulation, and spin-determined progagation, which
promotes powerful wave front engineering.”” > Moreover, the
self-organization of CLCs is highly sensitive to diverse external
stimuli, such as electric/magnetic fields,**** heat,>>™%7
light,”*™* and relative humidity.”’ If delicately designed
optical nanostructures were imprinted into CLC chiral
superstructures and their stimuli-responsive self-assembly was
fully extracted, controllably selective and simultaneous
discrimination of spin and orbital angular momenta of light
could be rationally expected.

In this work, we propose a method for the desired SAM and
OAM detection based on two cascaded CLC superstructures
with thermoresponsivity and opposite chirality. The SAM is
detected by spin-selective Bragg reflection, and the OAM is
identified by geometric phase modulation from a distorted-
grating-encoded chiral superstructure. Both angular momenta
are clearly distinguished by the absence/presence and the dark
fringes of reflected diffraction patterns. By independently
regulating the temperature of the two chiral superstructures,
each photonic band is shifted to include or exclude the
incident wavelength. Thus, we can achieve on-demand
selective detection corresponding to the intended wavelength
and SAM eigenstate. Notably, the nondetected component of
incident light just transmits and maintains its original SAM and
OAM characteristics, indicating an in situ and nondestructive
way. Our work supplies an efficient implement for the
controllable and simultaneous manipulation of the angular
momenta of light and extends the applications of self-
assembled chiral nanostructures.

B RESULTS AND DISCUSSION

The proposed concept of dynamically selective and simulta-
neous detection of SAM and OAM is schematically illustrated
in Figure la. It is composed of an RCP- and LCP-selective
optical element with a carefully designed structure capable of
OAM detection, symbolized by a dextral and sinistral shell,
respectively. The operating wavelength of each element is
tunable, denoted by the color of the shell. Accordingly, two
detection schemes can be designed. “Joint detection” means
the simultaneous identification of both SAMs and OAMs,
under the condition that the wavelength of the incident light
falls within the operating bands of both elements. Take the red
VVB as an example, which is the superposition of an RCP and
LCP optical vortex carrying SAMs and OAMs,">** denoted as
(6=—-1,1=+3) and (6 = +1, | = +1), respectively (Supporting
Information, Text 1). The SAM of 6 = —1 and the OAM of =
+3 are detected by the RCP-selective element, while ¢ = +1
and [ = +1 are simultaneously detected by the LCP-selective
element. On the contrary, if just one element operates at the
incident wavelength, only the corresponding SAM and OAM
information could be revealed, while the rest will be kept in the
transmitted light without distortion. This scheme is named as
“selective detection”, which is vividly presented for the case of
a green VVB in Figure la.

The RCP/LCP-selective element in the abovementioned
design can be perfectly demonstrated with right/left-handed
self-assembled chiral nanostructures. Compared with the
traditional top-down micro—nanomachining technique,*
intrinsic  self-assembly and viscoelastic properties of CLC
materials take advantage of the molecular interaction and
arrangement, and thus, the hierarchical chiral superstructures
can be constructed with a much higher efficiency and better
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Figure 1. Conceptual illustration of the dynamically selective and
simultaneous detection of the SAM and OAM of light. (a) Dextral/
sinistral shell represents the RCP/LCP-selective optical element
capable of OAM detection, whose color denotes the tunable operating
wavelength. In the scheme of joint detection, both SAMs and OAMs
are simultaneously detected. In the scheme of selective detection, one
spin eigenstate is detected, while the orthogonal one is transmitted.
The polarization distributions are depicted for incident and
transmitted light. The detected SAM and OAM data are labeled.
(b) Schematic of the right/left-handed CLC nanostructures. The blue
rods denote LC molecules, and the red dashed line indicates the
direction of the helix turn. z depicts the axis of the CLC helix, p is the
helical pitch, and a is the orientation angle of the local LC director at
the front/rear surface with respect to the x-axis. (c) Theoretically
designed a distribution of a CLC distorted grating. The color
variation from black to white indicates the orientation angle varying
from 0 to 180°.

uniformity.”*° Figure 1b schematically shows CLC helixes with
an orthogonal chirality and parallel molecule orientation at the
front and rear surfaces. For the normal incident light
propagating along the helical axis, the CLC chiral structure
forms a Bragg photonic band within the wavelength range of
nep — nep, where ny/n, is the ordinary/extraordinary refractive
index, respectively, and p is the helical pitch.” The circularly
polarized light with the same handedness as that of the chiral
nanostructure is reflected, while the opposite one is totally
transmitted. Notably, if the orientation angle of the local LC
director at the front surface is o with respect to the x-axis, the
left/right-handed CLC superstructure will endow a geometric
phase of +2a/—2a into the reflected light, respectively,”®>*
whereas the light with the opposite handedness of the CLC
will directly transmit without such geometric phase modu-
lation.*®

Based on this principle, a distorted grating is delicately
designed and imprinted in both left- and right-handed
superstructures. The director orientation « at surfaces is
depicted in Figure 1c, which guides the standing CLC helixes
to rotate continuously and periodically. The geometry of such
a distorted grating can be analogized by bending the straight
grating lines of a traditional gradient-phase grating to
concentric arcs, and the director orientation is as follows

a= %sz + (- yo)2 )

where A is the grating period and y, is the displacement of the
curvature center. Here, we pick the values of A = 100 ym and
Yo = —1.6 mm. To clarify the principle of OAM detection, the
transmission function of the left-handed CLC superstructure is
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Figure 2. Thermal-controlled chiral superstructures. (a) Molecular structures of the thermoresponsive right/left-handed chiral dopant R811/S811
and the photoalignment agent SD1. (b) Dependency of the central wavelength of the photonic band on the temperature of the left-handed CLC
detector. The blue dots with error bars are experimental results, while the gray dashed line is the fitted curve based on Keating theory. (c)
Reflectance spectrum at 35.5 °C. (d—h) Reflective polarized optical micrographs of the left-handed CLC detector at (d) 27.7 °C, (e) 28.6 °C, (f)
31.3 °C, (g) 32.6 °C, and (h) 35.5 °C, respectively. The white dashed line indicates arcuate patterns corresponding to the designed distorted
grating. The white arrows indicate the polarization direction of the polarizer and the analyzer. All scale bars are 100 ym.
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Figure 3. Joint detection of SAMs and OAMs at various wavelengths. (a) Schematic illustration of the optical setup. BS, nonpolarizing beam
splitter; RCLC/LCLC, right/left-handed CLC; and LP, linearly polarized light. Inset: the polarized optical micrograph (scale bar: 100 ym) and
theoretical director distribution of a nematic LC g-plate with q = +1; the transformed patterns after a polarizer (yellow arrow) and the polarization
distribution (black arrows) of the incident vector beam from the g-plate; the anticlockwise/clockwise red arrow indicating RCP/LCP light,
respectively; the side-view of right/left-handed CLC samples with polarization states of the incident, reflected, and transmitted light labeled,
respectively. (b, g) Simulated and experimental reflected diffraction patterns from the right- and left-handed CLC detector at (c, h) 27.7 °C, 633
nm, (d, i) 28.6 °C, 600 nm, (e, j) 31.3 °C, 580 nm, and (f, k) 35.5 °C, 550 nm. The scale bars are S mm. The illustration on the left side denotes
the blue shift of the operating wavelength along with the temperature increasing. The number of dark fringes is marked by white arrows.

deduced, for instance, under a loose approximation (lyyl > lxl, | where t; represents a typical linear phase gradience,
) contributing to the steering of the diffracted light to the

negative direction of the y-axis, t, is the quadratic phase term
2zly)l X2 y and introduces astigmatism in the incident optical vortex.*”**

I+ =+ |y_| Accordingly, the helical wave front with the topological charge

t(x, y) = exp (+i2a) = exp|+i
I is transformed to an optical field with |l intensity nulls on the
5 ) tilted profile, whose direction is associated with the sign of I
=exp[+i—ﬂ(y + |y0|)] X exp| +i ™ = t X t, Thus, the number and tilt direction of these dark fringes in the
A Aly,| converted pattern can serve as the criteria for OAM detection.

2) For the right-handed CLC, the directions of beam steering and
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tilted dark fringes are basically reversed. Therefore, simulta-
neous detection of SAMs and OAMs can be realized by
imprinting this distorted grating into cascaded CLC super-
structures with opposite chirality.

To endow these detectors with tunability and controllability,
thermoresponsive CLC materials are further introduced as a
convenient, practical, reliable, and generally available tool by
mixing nematic LC E7 with a chiral dopant R811/S811
(Figure 2a).*” Based on the photosensitive azo-dye SDI1
(Figure 2a) featuring the dichroic absorption and the
photoisomerization, the dynamic photopatterning technol-
ogy"' (Supporting Information Text 2) is utilized to encode
the designed distorted grating (Figure 1lc). After the CLC
material was capillary-filled into the patterned cell, the initial
and terminal orientations of chiral helixes are directed by the
adjacent photoalignment layer on substrates. Meanwhile, LC
molecules self-assemble into the helixes induced by the
interaction of the chiral dopant, thus forming the pre-designed
chiral superstructures in a short time. Then, it is mounted on a
hot stage to measure the temperature dependency of the Bragg
reflection band. Take the left-handed CLC as an example,
whose results are plotted in Figure 2b. With the temperature
increasing from 26.7 to 35.5 °C, the central wavelength (4¢)
blue shifts from 664 to 547 nm continuously, which agrees well
with the theoretically fitted curve based on Keating theory’
(Supporting Information, Text 3 and Figure S1). Thermal
stimulation causes a stronger twist and shorter helical pitch of
self-assembled chiral superstructures, thus contributing to the
blue shift of the photonic band. The reflectance spectrum at
35.5 °C is shown in detail (Figure 2c), exhibiting a circular
photonic band between 529 and 565 nm. It is worth
mentioning that the number of helix turns within the cell
(N) should be an integer or a half integer owing to parallel
orientations at both boundaries, and hence, the pitch (p) is
restricted to discrete values by the relation p = d/N (d is the
cell gap).”" As a result, the photonic band does not shift very
smoothly but appears discrete, which exactly provides a
tolerance to the thermal fluctuation. Figure 2d—h presents
the reflective micrographs of the left-handed CLC detector at
different temperatures. Typical Grandjean textures with some
regular arcuate patterns are exhibited, consistent with the
predesigned orientation (Figure lc). During the thermal
stimulation, uniform brilliant color, which sequentially
becomes red, orange, yellow, light-green, and green, matches
well with the variant photonic band in Figure 2b. The other
right-handed CLC sample behaves similarly (Figures S2 and
S3). These indicate that via regulating the temperature, the
CLC-mediated detectors can operate at different wavelengths
within a broadband.

Figure 3a illustrates the optical setup for the function
characterization of our proposed CLC detectors. To verify the
controllability of the operating wavelength, a supercontinuum
laser is utilized as the light source and filtered at different
wavelengths (4 633, 600, 580, and 550 nm). As a
representative example of VVBs, a cylindrical vector beam
composed of (6 = —1,1=+2) and (6 = +1, | = —2), generated
by a nematic LC g-plate®” (Supporting Information Text 4), is
incident on the cascaded CLC superstructures. After
preserving the right- and left-handed CLCs on independent
temperature controllers, their photonic bands are both tuned
to overlap the incident wavelength, and thus, joint detection is
achieved. Thanks to the spin selectivity of CLC chiral
nanostructures, the SAM component is indicated simply by
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the presence or absence of the reflected diffraction patterns,
where the number and tilt direction of dark fringes evidently
reveal the carried OAM.* Figure 3c—f shows diffraction
patterns from the right-handed CLC detector at different
temperatures, indicating the SAM of ¢ —1 and the
corresponding OAM component of [ = +2, while in Figure
3h—k from the left-handed CLC detector, the converted
pattern is deflected downward with ¢ = +1 and | = —2 verified
as well. Experimental results match well with numerical
calculations of the Fresnel integral (Figure 3b,g). The
abovementioned results confirm that the joint detection of
SAMs and OAMs has been high-efficiently accomplished, and
the dynamic tunability of chiral superstructures makes it
accessible in a wide wavelength range.

In addition to the broadband joint detection, controllably
selective detection of the SAM and OAM can also be flexibly
achieved for single wavelengths (e.g, 633 nm). Various VVBs
are further introduced to be the targets, which are generated by
the combination of a polarizer, two different g-plates, and two
quarter-wave plates (Supporting Information, Text S and
Figure S4). For the case of cascaded CLC detectors set at 27.7
°C, joint detection is demonstrated (Figure 4a) since the

Incidence RCP Reflection LCP Reflection Transmission

(o=-1,1=-1)
i(0=+1,1=+3)|

Figure 4. Controllably selective detection of the SAM and OAM at
633 nm. The intensity profiles and SAM/OAM information of the
incident/transmitted light and the reflected diffraction patterns from
the right/left-handed CLC detectors in (a) joint detection, (b) RCP-
selective detection, and (c) LCP-selective detection. The color bar
indicates the relative optical intensity. The color of the shell denotes
the operating wavelength. The white arrows mark the dark fringes,
and the respective temperatures are labeled. All scale bars are 5 mm.

incident light falls within both photonic bands. The reflected
diffraction patterns simultaneously show the SAMs of 6 = —1
and ¢ = +1 and the OAMs of | = =3 and [ = +1. The captured
weak intensity of the finally transmitted light indicates that the
incident VVB is almost fully reflected, consistent with the
scheme of joint detection. When the temperature of the left-
handed CLC superstructure is tuned to 35.5 °C, only the right-
handed CLC detector works for another VVB with (6 = —1, 1=
—1) and (6 = +1, I = +3). As shown in Figure 4b, the RCP
component is selectively detected, with one tilted dark fringe
indicating the angular momentum information of (¢ = —1, I =
—1), while the LCP component persists, which is verified by
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the absence of the LCP reflection and the donut-shaped
intensity profile of the transmitted light. Conversely, when only
the left-handed CLC detector operates at 633 nm, (6 = +1, 1 =
+3) data are revealed in Figure 4c, while the orthogonal spin
eigenstate passes through the detectors. By independently
regulating the temperatures of the cascaded chiral super-
structures, the SAM and OAM of light can be selectively
identified, and the nondetected component can preserve in the
transmitted light for next-step information transferring. In
particular, these processes can be dynamically controlled in a
reversible way, supplying a promising strategy for in situ and
nondestructive modulation of angular momenta of light.*’

To further enhance the thermoresponsivity and extend the
tuning wavelength range, a higher concentration of chiral
dopant can be rationally adopted since the chirality and
responsivity of CLC superstructures are induced by the
interaction between the chiral molecules and nematic host.”
The optimized CLC samples are fabricated and employed for
the detection of blue light. Figure Sa displays the reflective

s
600

0400 500
Wavelength (nm)

Figure S. Blue light detection based on CLC superstructures with a
higher concentration of chiral dopant. (a) Reflective polarized optical
micrograph at 33.1 °C. The white dashed line and arrows indicate
regular arcuate patterns and crossed polarizers, respectively. The scale
bar is 100 um. (b) Reflectance spectrum. (c) Reflected diffraction
pattern at 473 nm. Dark fringes marked by white arrows indicate [ =
+4. The scale bar is S mm.

micrograph of the left-handed CLC detector at 33.1 °C. Bright
and uniform blue color is obviously observed, while periodic
arcuate patterns again verify the faithful transformation of the
designed pattern (Figure 1c). The corresponding photonic
band (457—493 nm) is centered at 475 nm as depicted by its
reflectance spectrum (Figure Sb). An optical vortex at 473 nm
with a larger topological charge is incident, and the SAM of 6 =
+1 and the OAM of [ = +4 are clearly verified by the reflected
diffraction pattern (Figure Sc). This proves a relatively wide
spectrum covering nearly the whole visible region for efficient
SAM and OAM detection.

B CONCLUSIONS

In conclusion, an innovative technique for dynamically
selective and simultaneous detection of the SAM and OAM
of light is proposed and demonstrated with the collaboration of
left- and right-handed thermoresponsive CLC superstructures.
Thanks to the spin-determined geometric phase modulation
from self-assembled helical nanostructures, the SAM is verified
simply by the presence or absence of reflected diffraction
patterns, while the OAM is indicated by tilted dark fringes.
Based on the thermally tunable photonic band, joint detection
of both SAMs and OAMSs and selective detection for the
intended spin eigenstate are achieved with the merits of
controllable wavelength, high efficiency, and good flexibility.
Moreover, the preservation of the SAM and OAM information
in the transmitted light makes it practical in in situ and
nondestructive light processing. Actually, dual-band detection
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of angular momenta of light is also attainable. Such low-cost
and easy-fabricated detectors verify the independent and
controllable wave front engineering, which can hardly be
fulfilled using a conventional single static optical element. In
addition to thermoresponsive CLCs demonstrated here,
diverse stimuli-responsive chiral nanostructures can also be
utilized to implement the proposed scheme. Particularly, light-
driven handedness invertible CLCs>>™>> can manipulate
orthogonal spin eigenstates, before and after chirality inversion.
This work discloses the unprecedented capabilities of self-
assembled chiral nanostructures on the stimuli-responsive
assembly and interaction with light (especially, the new chiral
freedom of light, OAM). The proposed open-ended strategy
brings important insights into the architectonics and
functionalities of soft chiral nanostructures and might benefit
cutting-edge applications in optical manipulation, communi-
cations, and diverse intelligent devices beyond optics.

B EXPERIMENTAL SECTION

Materials. For the experiment shown in Figures 2—4, the
thermoresponsive left-handed CLC was prepared by mixing
the nematic LC E7 (HCCH, China) with 25.75 wt % left-
handed chiral dopant S811 (HCCH, China), while the right-
handed CLC was doped with right-handed chiral dopant R811
(HCCH, China). For the experiment shown in Figure S, the
concentration of the chiral dopant was adjusted to 31.25 wt %.
Nematic E7 was also used to fabricate different g-plates.

Sample Fabrication. Indium tin oxide glass substrates
were ultrasonically bathed and UV—ozone-cleaned. To form
the photoalignment layer, the alignment agent SD1 (Dai-
Nippon Ink and Chemicals, Japan) was dissolved in
dimethylformamide at a concentration of 0.3 wt %, spin-
coated on the substrate, and cured at 100 °C for 10 min. Two
pieces of substrates were separated using 7 pm spacers and
sealed with epoxy glue to form a cell. The empty cell was
placed at the image plane of a digital micromirror device-based
dynamic photopatterning system, and a multistep partly
overlapping exposure process’ was performed to accomplish
the designed director distributions of the distorted grating or
the g-plate (Supporting Information, Text 2). The thermor-
esponsive CLC material or nematic LC E7 was infiltrated into
the corresponding patterned cell at 80 °C and gradually cooled
to room temperature, forming a self-assembled CLC distorted
grating or an electrically tunable g-plate, respectively.

Characterizations. The CLC samples were mounted on
independent temperature controllers (ET-TY11S5, Etool
Technology, China). All micrographs of CLC samples were
recorded in the reflective mode of an optical microscope
(Nikon 50i POL, Japan) with a crossed polarizer and analyzer.
The reflectance spectra were measured with a halogen light
source (iDH2000H-HP, ideaoptics, China) and a spectrometer
(PG2000-Pro, ideaoptics, China). A supercontinuum fiber
laser (SuperK EVO, NKT Photonics, Denmark) filtered at
different monochromatic wavelengths using a multichannel
acousto-optic tunable filter (SuperK SELECT, NKT Pho-
tonics, Denmark) was used for broadband optical character-
izations. The reflected diffraction patterns from cascaded CLC
detectors illuminated on a screen at a distance of 90 cm and
were captured using a digital camera (EOS M, Canon, Japan),
while the intensity profiles of the incident/transmitted VVBs
were captured using a charge-coupled device (CCD) camera
(BGS—SP620, Ophir-Spiricon). A 1 kHz square-wave AC
signal output using a function generator (33500B, Keysight
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Technologies Inc.) was applied to the nematic LC g-plate to
maintain the half-wave condition for the incident wavelength,
that is, 2.50, 2.83, 3.00, and 3.19 V for 633, 600, 580, and 550
nm, respectively.
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