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ABSTRACT: Optical activity, demonstrating the chiral light- 20
matter interaction, has attracted tremendous attention in both  Vortex beams

fundamental theoretical research and advanced applications of
high-efliciency enantioselective sensing and next-generation
chiroptical spectroscopic techniques. However, conventional
chiroptical responses are normally limited in large assemblies of »

chiral materials by circularly polarized light, exhibiting ~ 20
extremely weak chiroptical signals in a single chiral nanostruc- 0 2 4 6 8 10 12 14 16 18 20
ture. Here, we demonstrate that an alternative chiral freedom of Topological charge |4
light—orbital angular momentum—can be utilized for generat-

ing strong helical dichroism in single chiral nanostructures. The helical dichroism by monochromatic vortex beams can
unambiguously distinguish the intrinsic chirality of nanostructures, in an excellent agreement with theoretical predictions. The
single planar-chiral nanostructure can exhibit giant helical dichroism of ~20% at the visible wavelength. The vortex-dependent
helical dichroism, expanding to single nanostructures and two-dimensional space, has implications for high-efficiency
chiroptical detection of planar-chiral nanostructures in chiral optics and nanophotonic systems.
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INTRODUCTION Optical activity is a well-known phenomenon of the
manifestation of chirality by light—matter interactions, which

has been intensely studied in the past and still attracts
7,15—18

Chirality, showing the geometric property of an object, which
does not coincide with its mirror image, is quite ubiquitous in
the physical world and has significant implications." In nature,
chiral molecules are essential to the functioning and
continuation of biological processes, such as organic sugars,
proteins, and nucleic acids.” Nowadays, various artificially

tremendous attention in the field of modern optics.
Specifically, the chiroptical response has been predominately
investigated by left- and right-handed circularly polarized light,
which lays the foundations of various chiroptical technologies

including polarization rotation and photoabsorption circular
chiral objects, created by advanced and sophisticated micro/ dichroism (CD)."*™2" Recently, the photonic OAM has also
. f

nanofabrication techniques, have demonstrated excellent been proposed to involve in CD measurements,”>>> generating

optical anié mechanical properties by mimicking natural chiroptical signals even in achiral nanostructures with spin—

structures.”  Distinguished from the geometric features, orbit interaction of light. However, the chiral light-matter

light waves naturally possesses intrinsic chiral characteristic interaction generated by only photonic OAM remains elusive,
. 7,8 : 1

by carrying angular momenta.”” For example, circularly which is at the heart of the field of vortex-dependent

polarized light, carrying spin angular momentum (SAM), has chiroptical response.
two forms of handedness and exists helical electrical vectors

along its propagating axis. Analogous to the SAM, an optical Received:  October 26, 2020
vortex with orbital angular momentum (OAM) also possesses Accepted: January 21, 2021
handedness but unlimited OAM eigenvalues with helical phase Published: January 26, 2021

wavefronts (E ~ ¢’, where E is the complex electric field
distribution, determined by the integer topological charge /,
and the azimuthal angle of ¢).”~"*
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Figure 1. Concept of distinguishing single chiral nanostructures by vortex-assisted helical dichroism. (a) Schematic of chiroptical response
on a single chiral nanostructure by photonic spin or orbital angular momentum. A single chiral nanostructure has a weak chiroptical signal of
CD, whereas its HD signal is strong with the dimensional matching of helical phase and the structure. (b) Optical images of generated vortex
beams with topological charges / = +9 and —9. (c) Optical setup utilized for measuring HD on single nanostructures. An expanded Gaussian
light beam is modulated by a phase-only spatial light modulator (SLM) for generating vortex beams. Then the vortex beam with controllable
topological charge is focused on the single planar nanostructures. The reflected light of nanostructures is collected by the same microscope
objective. The CCD and the DM shown in the figure refer to a charge-coupled device camera and a dichroic mirror, respectively. (d)
Schematic of the single right-handed (i), cross-shaped (ii), and left-handed nanostructures (iii) illuminated by tunable vortex beams at

normal incidence.

Because of the weak chiroptical signals in natural
biomolecules, many chiral metamaterials with unusual optical
properties have been explored to yield conspicuous spin-
related optical activity for miniaturized polarizers,”**** spin-
controlled optical devices,'*® and nonlinear optics.”’ ™’
Typically, the chiroptical response originates from the intrinsic
chirality in three-dimensional structures. However, recent
experiments have also shown that planar metamaterials can
obtain chiroptical properties by their lack of in-plane mirror
symmetry (the so-called planar-chiral structures)**™** or
illuminated at oblique incidence.*>*® Although the pro-
nounced CD signal in planar metamaterials has been realized
with large amounts of chiral cells,”>*” the chiroptical response
is still extremely weak for a single planar-chiral nanostructure.
To satisfy the ever-increasing demand for ultrasensitive chiral
detection in next-generation chiroptical spectroscopy, a high-
efficiency chiroptical approach of chiral matters in small
quantities is clearly needed.

Here, we theoretically and experimentally demonstrate the
giant helical dichroism (HD) in a single chiral nanostructure
by optical vortices with photonic OAM. The vortex-dependent
HD is experimentally validated on planar-chiral Archimedean
nanospirals, consistent with numerical simulation results. The
induced HD spectroscopy is mirror-symmetric for left- and
right-handed nanospirals and has a maximum HD value of
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~20% in single planar-chiral nanostructures. The chiroptical
studies of single nanostructures via optical vortices can
potentially facilitate the advanced chiroptical spectroscopy
and programmable designs of planar-chiral nanostructures.

RESULTS AND DISCUSSION

Concept and Origin of Vortex-Dependent HD
Measurement. The chiroptical properties of nanostructures
by circularly polarized light predominately depend on two
parameters: the dielectric permittivity and the size parame-
ters.”>*” The incident circularly polarized light can be defined
by the unitary vector 6, = (x = iy)/~/2, where the sign refers
to the photon helicity that is related to its polarized states.
Chiral nanostructures can exhibit a strong Mie resonance with
a comparable or smaller size to the operating wavelength.”*’
However, a single chiral nanostructure normally demonstrates
a weak CD signal due to the large structure size compared to
the small operating wavelength (Figure la and more discussion
in section S1). Distinguished from photonic SAM, the chiral
properties of vortex beams are concealed in the winding phase
distributions, which can match the dimensions of single
structures for yielding giant HD signals.

The experimental setup is implemented for the chiroptical
detection of planar-chiral nanostructures by vortex beams, as
illustrated in Figure lc. The vortex beams with controllable

https://dx.doi.org/10.1021/acsnano.0c08941
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Figure 2. Vortex-dependent reflectance difference on single nanostructures. Measured reflectance on right-handed (a), left-handed (b), and
achiral cross-shaped (c) nanostructures by vortex beams with topological charge |+/| from 0 to 20. Solid lines show the mean value and the
shading indicates the standard deviation of multiple measurements. Insets are the corresponding scanning electron microscopy (SEM)
images. (d—f) Simulated reflectance on single planar nanostructures corresponding to (a—c), respectively. All the planar nanostructures have

identical thickness of 2 ym and line width of 420 nm.

topological charge / are generated by a phase-only spatial light
modulator (SLM) with tunable fork holograms. Then the
vortex beams propagating along the —z direction are slightly
focused on the sample with a microscopy objective (see
Experimental Section). In this scenario, the linearly polarized
vortex beams with helical phase wavefronts are illuminated on
the single nanostructures at normal incidence, avoiding any
disturbance from photonic SAM or extrinsic helicity from light
beams.”>** The donut-shape intensity profiles of high-quality
vortex beams can be caught by the charge-coupled device
(CCD) camera, as shown in Figure 1b. The intrinsically
chiroptical properties of planar nanostructures are demon-
strated by the distinct reflectance for vortex beams with
opposite topological charges (Figure 1d). The planar-chiral
nanostructures are modeled by Archimedean spirals as a
function of r = 2/7 X r,,,, X mod(6, n/2), where r and 0 are
the polar coordinate system (see Figure S1). It is worth noting
that the planar-chiral nanospirals are 4-fold rotational
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symmetry (C,) with respect to the z axis and are reciprocal
for opposite-handed nanospirals.”’ An achiral cross-shaped
nanostructure is also modeled with in-plane mirror-symmetry.
We consider an incoming vortex beam propagating in -z
direction as

L

EI(r, f) — eilzpei(—koz—wt)

I

(1)
where k, is the wavevector, @ is the frequency, and I,
describes the amplitude distributions of vortex beams with
topological charges +/. Distinguishing from circularly polar-
ization with only two states, the light can be projected on
infinite-dimensional OAM eigenstates characterized by Hilbert

factor ", which demonstrates as a digital spiral spectrum.”'
Theoretically, the vortex-assisted HD spectra obeys the mirror-
symmetric properties for left- and right-handed nanostructures
(see Section S2). The insights of vortex-dependent chiral light-
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Figure 3. Helical dichroism of planar nanostructures by vortex beams. Measured (a) and simulated (b) HD spectra on the single planar
nanostructures. Electric field distributions of right- (c) and left-handed (d) nanospirals under vortex beams with topological charges / = + 4.
White arrows indicate the Poynting vectors. The x—y planes of simulated electric fields are located at the middle of nanostructures. (e)
Electric field (top panels) and phase (bottom panels) distributions on the right-handed nanospirals by vortex beams with topological charges
! = 4+ 9. The circular arrows indicate the opposite azimuthal phase gradient generated by vortex beams.

matter interaction can also be obtained from the inversion-
symmetry electromagnetic field distributions by flipping the
chirality of OAM beams and structures simultaneously.

Experimental and Simulated HD Spectra of Planar
Nanostructures. To excite a conspicuous chiroptical
response in chiral metamaterials, we designed the single planar
nanostructures with a comparable in-plane chiral feature to the
vortex-beam size. The planar nanostructures were fabricated by
direct laser writing in a commercial photoresist SZ2080 (see
the Experimental Section for details).*”** The planar-chiral
Archimedean nanospirals have a line width of w = 420 nm, r,,,,,
=2 um, and a thickness of 1 = 2 ym. Despite the same optical
intensity profiles for incident optical vortices with topological
charge |/l from 3 to 13, the right-handed nanostructure has a
stronger reflection for +/ than —/, as shown in Figure 2a. In
contrast, the situation of reflectance spectra is exactly
interchanged for the left-handed nanostructure (Figure 2b).
For the achiral cross-shaped nanostructure, no obvious
difference is observed on the reflectance spectrum, as shown
in Figure 2c. To theoretically analyze the origin of reflectance
difference, all the numerically modeled results are simulated in
the three types of nanostructures with the same dimensions as
those of the fabricated samples by full electromagnetic finite-
difference time-domain (FDTD) method (see more details in
the Experimental section), as shown in Figure 2d—f. The line
shapes of experimental measurements are in good agreement
with numerical computed results, with differences coming from
inhomogeneous geometrical line width, surface roughness, and
the uncertainty in the optical measurements.
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To further demonstrate the chiroptical phenomena on single
nanostructures, we calculate the helical dichroism of the planar
nanostructures as

HD =2 X (L, = I,)/(I; + 1)
where the subscripts indicate the topological charge of vortex
beams.**** The achiral nanostructure has a near-zero value on
the HD spectrum (Figure 3a). For the chiral nanostructures,
the simulated HD spectrum exhibits local peaks (valleys) at the
topological charges I+/| = 4 and 9, as shown in Figure 3b. The
maximum HD signal of ~20% is achieved on the single right-
handed nanostructure at the wavelength of 800 nm, where the
spin-dependent CD signal of <0.5% is weak (see Figure S2).
Furthermore, the HD value is positive (negative) for the right-
handed (left-handed) nanospirals throughout the investigated
regime, indicating a robust chiroptical response. The physical
explanation of HD can be directly observed from the
electromagnetic field simulations, where different optical
intensity distributions are induced by vortex beams with
opposite topological charges. For the right-handed nanospirals,
there is a stronger electric field intensity by vortex beams with
topological charge / = +4 than —4 (Figure 3c). Theoretically,
the rotational symmetry of optical fields is dependent on the
C, nanostructures. However, due to the linearly polarized
states of incident vortex beams, the electric field distributions
demonstrate a 2-fold rotational symmetry, which has no
influence on the generation of HD. The strict C, symmetry of
electric field distributions can be realized by cylindrical vector
vortex beams with azimuthal or radial polarizations (see Figure

s3).
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Figure 4. Chiroptical characterization of planar-chiral nanostructures with varying thickness. (a) Schematic of the single right-handed
nanospirals with thickness h illuminated by OAM beams with topological charge / = + 4. Insets show the electric field distributions of OAM
beams. (b) Simulated time-averaged OAM flux distributions at varied transversal planes along propagation direction -z in (a). The
transversal plane (z = 0 gm) locates at the top surface of the right-handed nanostructure (h = 2 gm). The color scale indicates the magnitude
of the OAM flux, with red (blue) indicating a positive (negative) value. Scale bars in (a, b) are 1 ym. (c) OAM flux spectra as a function of z
position in the right-handed nanospirals (solid lines) and free space (dashed lines). (d) Measured HD spectra of the right-handed
nanospirals with different thickness. All the nanostructures have the same planar-chiral features.

More chiral nanostructures—for example, changing their
rotational symmetry from C; to Cs—reveals the inherent
robustness of HD response associated with their planar
chirality (see Figure S4). Thanks to the odd-parity helicity,
we also conclude that the HD sign of left-handed nanospirals is
reversed, demonstrating the inversion-symmetric intensity
distributions (Figure 3d). It is worth to note that the original
counterclockwise or clockwise Poynting vectors in vortex
beams are converted to identical chirality after interacting with
chiral nanostructures (see Figure SS). To investigate the
OAM-mode transformation on planar nanostructures, we also
decomposed the OAM modes of electric fields to generate the
discrete OAM spectra (see Figure S6). The OAM modes of
light can be converted by the planar-chiral nanostructures,
reminiscent of recently reported generation of OAM beams by
chiral structures.**™** Figure 3e shows that the vortex beams,
carrying larger topological charges / = + 9, can interact with
the end of spiral lobes to induce the maximum HD signal
Intriguingly, distinguishing from the quasi-plane wave in CD
measurements, the azimuthal phase distributions of vortex
beams are obviously modulated by the chiral nanostructures,
leading to varied OAM modes. It is also worth noting that CD
spectroscopy of chiral metamaterials typically demands a
lattice-constant factor comparable to the operating wavelength
of interest for instigating plasmonic resonances,”’ whereas the
vortex beams can directly interact with a single nanostructure
to yield a pronounced HD signal (see Figure S7).

Optical Chirality Flux Demonstration of Nanostruc-
tures with Varying Thickness. To obtain pronounced
chiroptical responses, chiral light is typically imbued in 3D
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materials, where the enantiomers twist with helical pitch of the
light wave, in terms of rotation and propagating distance.*’
Although there generally is a smaller chiroptical signal in
planar-chiral structures than 3D helical structures,”” the HD
response can still be enhanced by tuning the geometric
parameters of planar-chiral structures. In particular, multiple
planar structures can even be assembled to chiral buildin

blocks for yielding a strong chiroptical response.””*** To
provide insight into the thickness dependency of chiroptical
response, we have investigated the time-averaged OAM flux in
nanospirals along the propagation direction, as shown in
Figure 4a. In free space, the OAM flux is bounded by the
conservation law of optical chirality (see section §5).>17%
After interacting with chiral nanostructures, the transversal
OAM flux demonstrates disordered distributions for incident
vortex beams (Figure 4b). The mirror symmetry of OAM flux
for vortex beams with opposite topological charges / = + 4 is
broken in the chiral systems (see Figure S8). The transmitted
OAM fluxes have been normalized to that of vortex beam with
topological char§e ! = +4. Analogous to the SAM fluxes in
nanostructures,”” the transmitted OAM fluxes are decreased
after interacting with nanostructures, indicating a dissipation of
chirality (Figure 4c). The quantity of chiroptical dissipation is
dependent on the propagating length, leading to a tunable HD
response by varying the thickness of nanostructures.

Figure 4d shows the experimentally measured HD spectra of
right-handed nanospirals with varying thicknesses from 0.8 to
24 um at a step of 0.4 ym. By tailoring the thickness of
nanostructures, a robust chiroptical response is achieved on the
HD spectra, further confirmed by the simulated results (see
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Figure S9). As a result, we can also readily control the HD
spectra of planar nanostructures by tuning their OAM fluxes.
Note that the dielectric nanostructures used in our experiments
are lossless with a refractive index of 1.51. The optical activity
in the form of helical dichroism absorption can also be realized
by using lossy materials (see Figure S10). Such a versatile
chiroptical detection makes HD spectroscopy essential for
detecting chiral materials in small quantities, yielding a high-
sensitivity vortex-assisted chiroptical response even on the
single nanostructures.

CONCLUSIONS

In summary, we have demonstrated the experimental
observation and theoretical analysis of chiroptical manifes-
tation on single planar nanostructures by OAM of light. The
chiroptical signals in the form of HD can unambiguously
distinguish the chirality of single planar-chiral nanostructures.
The fully electromagnetic wave computational model confirms
the mirror-symmetry chiroptical spectra between planar
nanostructures with opposite handedness, revealing the
relationship between geometric structures and optical activity.
On the basis of these results, we expect that the high-sensitivity
HD measurements can detect the optical activity of chiral
matters in small quantities, which can significantly decrease the
requirements of production efficiency. Additionally, the
researches of chiroptical response in metamaterials, expanding
to single nanostructures, can explore the chiral light-matter
interactions by vortex beams, potentially applied in chiral
quantum optics and next-generation chiroptical spectroscopy.

EXPERIMENTAL SECTION

Sample Preparation. The dielectric nanostructures used in our
experiment were fabricated by direct laser writing in a commercially
available zirconium—silicon hybrid sol—gel material (S22080, IESL-
FORTH). Compared with other photoresists, the shrinkage of
§72080 was negligible during structural processing. Before laser
engineering, the prebaking process was set to a thermal platform at
100 °C for 45 min to evaporate the solvent in the material. After
photopolymerization, the polymer material was developed in 1-
propanol for 30 min until all the unpolymerized part was washed
away.

Experimental Setup. A mode-locked Ti:sapphire ultrafast
oscillator (Chameleon Vision-S, Coherent, Inc.) was used as the
femtosecond laser source. The central wavelength of laser was 800
nm, with a pulse width of 75 fs and a repetition rate of 80 MHz. The
phase-only reflective liquid-crystal SLM (Pluto NIR-2, Holoeye
Photonics AG) has 1920 X 1080 pixels, with pixel pitch of 8 um,
on which computer-generated holograms with 256 gray levels can be
displayed. A 60X oil-immersed objective lens (NA = 1.35, Olympus)
and a general 100X dry objective lens (NA = 0.9, Olympus) were
used in direct-laser-writing process and chiroptical detection,
respectively. The sample was mounted on a 3D-piezo-nanostage
(E54S, Physik Instrumente) with nanoscale resolution and a 200 ym
X 200 pm X 200 pum traveling range to precisely tune the locations of
nanostructures under optical microscopy. The white light in
microscopy was used for observing the precise position of
nanostructures, which was switched off in reflectance measurements.
The tailored vortex beams with various topological charge were
focused on the nanowires at the normal incidence by the microscope
objective.

Detection of Planar Nanostructures. The right-handed, left-
handed, and achiral planar nanowires are precisely positioned for
aligning to the generated vortex beam by the 3D-piezo-nanostage,
respectively. After positioning the single nanostructure to the beam
axes of optical vortices, the reflected intensity was caught by a CCD
(MindVision HD-SUA133GM-T camera, image area: 1280 X 1024

pixels) with the acquisition time of 30 ms. For a single planar-chiral
nanostructure, all optical images were gathered in 10 min for
calculating its reflectance. The laser power of incident vortex beams
was 0.5 mW for achieving clarified optical images on the CCD. The
SEM images of nanostructures were taken by a secondary electron
scanning electron microscope (ZEISS EVO18) with an accelerating
voltage of 10 keV after depositing ~10 nm gold on the sample.

Numerical Simulation. The numerical simulations were
performed using a commercial finite difference time-domain-based
software (Lumerical FDTD Solutions, Inc.). In the simulation, the
refractive index of metamaterial was set to be 1.51. Perfectly matched
layer boundaries were employed for the X, Y, and Z directions. The
incident electrical field distribution of linearly polarized vortex beams
is defined as

C r2 o NA
w(r, @) = —ﬁlll' - eXP[——Z] exp(p)x

Wy

@)

where C is a normalized constant, @, = 2.0S is the beam waist based
on the experimental system, and (r, ¢) is the polar coordinate system.
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