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ABSTRACT: Chiral oligomers in optics are photonic metamate-
rials inspired by the concept of chiral centers in chemistry. In
recent years, chiral oligomers have attracted increasing attention in
recent years due to their simple construction and unique
chiroptical response. To date, research has predominantly focused
on the photonic spin angular momentum (SAM)-dependent
chiroptical response: circular dichroism (CD). However, for
another photonic dimension parallel to the SAM, orbital angular
momentum (OAM)-dominated chiroptical response of chiral
oligomers still remains elusive. Here, we theoretically and
experimentally demonstrate the individual three-dimensional
(3D) chiral tetramers can exhibit a gigantic response to the
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photonic OAM with a maximum helical dichroism (HD) of ~23%. Meanwhile, we also reveal the origin of the HD via simulation
analysis of electric current distribution, reflected electric field, and the discrete OAM spectroscopy. Furthermore, by femtosecond
direct laser writing, 3D oligomers with tailoring geometric parameters can be flexibly fabricated in one step for varying HD
responses. Our research fills the gap of OAM-related chiroptical response of chiral oligomers, which has great implications for
chiroptical spectroscopy and photonic angular momentum engineering.
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B INTRODUCTION

Chirality is the basic property of the material world, which is
reflected in the birth and evolution of life.' > A mass of
biomolecules in living organisms are chiral, e.g., carbohy-
drates,* essential amino acids,’ and nucleic acids.’ Among
these chiral biomolecules, the common feature is the so-called
chiral center, which is a tetrahedral atom (generally a
tetravalent carbon atom) connected with four different atoms
or molecular groups.”® Chiral center is an archetype chiral
system with simple configurations and interesting character-
istics, whose handedness is determined by the order in which
the atoms are arranged. In recent years, researchers have been
keen to transfer a famous and promising concept to the realm
of optical metamaterials by drawing inspiration from
chemistry, as well as molecular and atomic physics.”” "> In
this context, chiral oligomers, one of the most flexible optical
metamaterials, have been introduced to construct the
analogues of chiral centers.'”'* These artificial chiral oligomers
are nanoantenna ensembles composed of several ligands with
varying parameters, which can be prepared by electron beam
lithography,'® colloidal lithography,'® direct laser writing
(DLW), etc.'”

Over the past decade, the chiroptical response of these
artificial chiral oligomers has attracted widespread attention. In
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2009, the optical activity of mixed pyramidal oligomers was
first observed by A. J. Mastroianni et al.'® Afterward, M.
Hentschel et al. demonstrated that chiral oligomers, similar to
molecular systems, enable encoding of their three-dimensional
arrangement to achieve unique and well-modulated spectra.'’
Recently, P. Banzer et al. designed a set of trimers composed of
heterogeneous materials to make their optical response highly
tunable, further improving the design freedom of the chiral
oligomers.”® However, all of this research consistently focused
on the photonic spin angular momentum (SAM)-dependent
circular dichroism (CD), while chiroptical response of another
vital photonic dimension, orbital angular momentum (OAM),
is ignored and not investigated.

Generally, the photonic OAM characterized by a helical
phase wavefront is inherently carried by chiral optical vortices,
which is essentially different from the SAM carried by
circularly polarized light*'™>* As an emerging photonic
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dimension, the OAM has been widely applied in metasur-
face,”*° optical communications,”” super-resolution fluores-
cence microsco 2,28‘29 optical tweezers,”’ and micro/nano-
manufacturing,”** also showing great potential in the field of
light—matter interaction.> Especially, the OAM has been used
for probing the chirality of microscopic objects by a novel
chiroptical response, referred to as helical dichroism (HD) to
distinguish it from the SAM-dependent CD.***° In 2018,
Kerber et al.””** considered the interaction of optical vortices
with a metallic Archimedean spiral structure and observed HD
phenomenon. Fang et al.”’ then used chiral metal nano-
particles to observe different spectra at different momenta.
Recently, the viability of nanoscale information multiplexing
utilizing HD is demonstrated.*’™" According to recent
advances, the concept of detecting the chirality of molecules
by HD has been validated as well.*”** Therefore, as analogs of
chiral molecules, it is of great significance to explore the helical
dichroism of artificial chiral oligomers in the OAM dimension.

Herein, we first demonstrated the concept of helical
dichroism of an individual 3D chiral oligomer in the photonic
OAM dimension. The 3D chiral tetramer, consisting of four
microspheres with different diameters arranged according to
the preset chirality, allowing the selective transmission of
incident optical vortices with opposite topological charges (+1,
—I). By measuring and analyzing the topological charge
reflectance spectra of left- and right-handed 3D tetramers,
mirror-symmetric HD spectra with a maximum value of ~23%
can be observed in the experiments and simulations. In
addition, we also reveal the origin of HD through a variety of
simulation analysis, including electric current distribution,
electric field distribution, and the discrete OAM spectroscopy.
Maximum signal and peak position, the two most important
features of the HD spectrum, can be flexibly tailored by
adjusting the parameters of oligomers, e.g., the ligands number
and separation distance. We believed that the finding of helical
dichroism on the 3D chiral oligomers via optical vortices will
contribute to advanced chiral spectroscopy and programmable
chiral metamaterial design.

B RESULTS AND DISCUSSION

Concept of OAM-Dependent HD Measurement Using
Optical Vortices. Chiral light waves can carry angular
momentum (AM) induced by their polarization and spatial
wavefront. As early as 1909, Poynting discovered that circularly
polarized light has either left or ri§ht circular polarization states
depending on the carrying SAM.™ Similarly, an optical vortex
characterized by a helical wavefront also possesses handedness
due to the OAM, and its phase distribution can be described as
¢, where ¢ is the azimuthal an%le and the integer [ is the
unbounded topological charge.***” Similar as circular dichro-
ism (CD), helical dichroism (HD) refers to the differential
absorption of optical vortices with opposite handedness by
chiral molecules or materials that exhibit a helical structure.
Note that the phenomenon can be observed in both reflection
and transmission experiments. As shown in the schematic
diagram in Figure 1b, taking an individual 3D chiral tetramer
for example, when the left- and right-handed optical vortices
are irradiated on it, their transmitted light intensities show
giant asymmetry, which is in sharp contrast to the symmetric
transmission in the achiral tetramer (Figure la).

It is worth mentioning that, unlike Gaussian beam, the
optical vortex with a nonzero topological charge I has a
“doughnut-shaped” light intensity profile and helical wavefront,
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Figure 1. Concept of photonic OAM-dependent HD in 3D
oligomers. Illustration of the achiral (a) and left-handed (b) individual
tetramers illuminated by opposite optical vortices (+], —I) at normal
incidence. Unlike achiral one, optical vortices exhibit asymmetric
transmission as they pass through the chiral tetramer. This
phenomenon is defined as helical dichroism (HD).

as shown in Figure 2a. When | = —1, the phase wavefront of
the beam is twisted into a helical plane. Due to the Poynting
vector is always perpendicular to the wavefront, it is no longer
parallel to the optical axis, but follows a helix trajectory. When [
= 1, the phase wavefront of the optical vortex twists in the
opposite direction to | = —1. The phase change is 27! for each
revolution around the optical axis. Meanwhile, with the
increase of I value, the distortion degree of the wavefront
expands, and the annular diameter of the optical vortex also
increases.

The experimental setup for HD measurement of 3D
oligomers by optical vortices is illustrated in Figure 2b. The
femtosecond laser beam is regulated to linear polarization state
by a half-wave plate and a Gran-Taylor prism, and then
reflected by a plane mirror M1 and illuminated on a phase-only
spatial light modulator (SLM). Optical vortices with tunable
topological charge [ are generated by loading controllable fork
grating holograms on the SLM. The linearly polarized optical
vortex is illuminated on the individual oligomers at normal
incidence through a 100X objective lens after beam reduction
through the 4f lens system L1 and L2, avoiding any chiral
disturbance from photonic SAM or extrinsic helicity of light.
The doughnut-shaped intensity profiles of high-quality optical
vortices can be caught by the charge-coupled device (CCD)
camera (Figure 2c). After aligning the center of the individual
oligomer and the optical axis of the optical vortex through the
nano mobile platform, the distribution of the reflected light is
obtained by the CCD and the normalized reflectance was
analyzed by a computer.

As shown in Figure 2d, the design of the 3D chiral tetramer
is evolved from a combination of chiral molecules and 3D
helices, manifesting four microspheres of different diameters
arranged in a helix trajectory. Since the central carbon atom
has no material effect on the handedness of the chiral center,
there is no counterpart of it in our structure, only the four
atoms fixed at the corners of the symmetric tetrahedron are
represented by four spherical ligands. Similar construction
rules have been utilized in earlier work.”'®** The gold-plated
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Figure 2. Properties of optical vortices and HD measurement on the individual 3D oligomers. (a) Intensity profile (top), helical wavefront
(middle), and phase distributions (bottom) corresponding to the topological charge I of optical vortices. (b) Experimental setup implemented for
measuring HD on 3D oligomers. 1/2, half wave plate; PBS, polarization beam splitter; DM, dichroic mirror. (c) Optical images of optical vortices
with topological charges ! = +10 and —10. (d) The design of the 3D chiral tetramer is bioinspired from a chiral molecule and reference the
structural features of 3D helices. (e) Schematic diagram of top and front views of right-handed tetramers. The minimum distance between the edge

of two largest ligands is defined as separation distance d.

3D oligomers is fabricated by femtosecond direct laser writing
commercial photoresist SZ2080, and then coated with the ion
sputtering coater (see more details in the Methods section).
Figure 2e exhibits the vertical and forward views of the
individual 3D chiral tetramers, respectively. The spherical
ligands are tangent to the silica substrate below, and the
mapping of them coordinated on the substrate forms a square.
The diameters of spherical ligands are 1600, 2000, 2400, and
2800 nm in ascending order. The minimum distance between
the edges of the two largest ligands is defined as the separation
distance d. As a control, we also designed the achiral tetramer
consisting of four ligands in the same size, each with a diameter
of 2200 nm (the average size of the four ligands in chiral
tetramers).

Experimental and Simulated Reflectance Spectra and
HD Spectra of 3D Oligomers. On account of HD
considering the interaction of photonic OAM with chiral
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oligomers, the reflectance of varying optical vortices at a fixed
wavelength (800 nm) is measured, resulting in normalized
reflectance spectra with topological charge as an independent
variable. In the case of the same incident optical intensity
distribution, for right-handed tetramers, the reflection of the
right-handed optical vortices (+1) is stronger than that of the
left-handed ones (1) at topological charge Ill from 2 to 25, as
demonstrated in Figure 3a. When the topological charge Il is
greater than 25, the reflection values of opposite optical
vortices are equal as the left-handed tetramer can no longer
couple the beams. In contrast, for left-handed tetramers, the
reflectance spectrum is exactly inversed compared to right-
handed ones (Figure 3c). As a control group, the achiral
tetramer shows the same reflection result to left- and right-
handed optical vortices (Figure 3b). In the case of chiral trimer
(Figure S3) and pentamer (Figure S6), opposite reflectance
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Figure 3. Experimental and simulated reflectance and HD spectra on varying 3D tetramers. Measured reflectance spectra on left-handed (a), right-
handed (b), and achiral (c) tetramers by optical vortices with topological charge I from —30 to 30. Solid lines represent the mean value, and
shadings represent the standard deviation of multiple measurements. The insets on the right are scanning electron microscope (SEM) images of the
corresponding structure. (d—f) Simulated reflectance spectra corresponding to (a)—(c), respectively. (g—h) Measured (g) and simulated (h) HD
spectra of three types of tetramers. All the tetramers have identical separation distance d = 600 nm.

spectra are also observed, which proves the universality of HD
phenomenon to oligomers.

In order to verify the experimental results, numerical
simulations are performed by the commercial finite-difference
time-domain (FDTD) method apropos of the three types of
tetramers with different configurations (see more details in the
Methods section), as shown in Figure 3d—f. The simulation
results are in good agreement with the experimental data,
indicating that the arrangement of the oligomers can indeed

determine the transmission behavior of the OAM beams.
For the sake of quantitatively analyzing HD, we analogized

the evaluation index of asymmetric factor in CD response and
defined HD of 3D oligomers as
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R+I _ R—I
= j 9 % 100%
(Ry

HDy = — 74—
+ Ry )/2

I

(1)

The HD spectrum showed positive, negative, and approx-
imately zero HD values for right-handed, left-handed, and
achiral tetramers in the coupling region (2 < Il < 25),
respectively (Figure 3g). According to theory (Supporting
Information, section S1), the HD signals of left-handed
oligomers and right-handed oligomers should be completely
opposite. The slight asymmetry of the measured HD spectrum
is due to the incomplete mirror symmetry of the left- and right-
handed tetramers in fabrication and the uncertainty in optical
measurements. The HD signals of the right- and left-handed
tetramers are symmetrically distributed, indicating that the
chiral features of oligomers can manipulate the transmission
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Figure 4. Characterization and origin analysis of helical dichroism of individual 3D tetramers. (a—d) Symmetric surface photocurrent (b), electric
field distributions (c), and discrete OAM spectra (d) of | = —10 and I = +10 on the achiral oligomer (a). (e—h) Corresponding to the right-handed
tetramer. White arrows in (c) and (g) indicate the Poynting vectors. The simulated planes of (b) and (f) are located at half height of the minimum
ligand at 800 nm above the substrate, so the space between four ligands appears larger than it actually is. The simulated planes of (c) and (e) are

located at 2000 nm above the tetramers. Scale bars, 1 ym.

behavior of OAM beams. The HD spectrum of right-handed
tetramer peaks at |/l & 10 and converges to zero after lIl > 28.
The left-handed tetramer has a spectral line that is
approximately mirror-symmetrical to that of the right-handed
tetramer. It means that the diameter of optical vortex best
matches the size of the tetramers at |l &% 10, and we can obtain
a strongest HD signal (~23%). With the increase of
topological charge, the vortex diameter gradually expanded,
and the light—matter interaction area also shifted outward.
When the topological charge value Il > 25, the HD signal
drops to zero since the optical vortex is completely dissociated
from the chiral tetramer.

Origin of the HD Phenomenon on 3D Oligomers. HD
phenomenon is the outward manifestation of chiral light—
matter interaction. To delve into the origin of HD, a series of
numerical simulations were employed on achiral (Figure 4a)
and right-handed tetramer (Figure 4e), respectively. The
physical explanation of HD can be directly observed from the
calculated electric current distributions induced by optical
vortices with opposite topological charges, as shown in Figure
4b,f. For the achiral tetramers, although the current is twisted
under the influence of the optical vortex, this effect is
equivalent for an achiral tetramer with C, symmetry. Due to
the linear polarization of the incident optical vortex, the
current distributions demonstrate a 2-fold rotational symmetry,
which has no influence on the generation of HD. However,
when the symmetry of the structure is broken, there are
significantly incoordinate current distribution between optical
vortices with topological charge I = —10 and +10, which means
that the light—matter interactions in the two cases are
asymmetric, resulting in the difference in the intensity of
reflection.

The electric field distribution (Figure 4c,g) provides a more
visual way to observe the physical interpretation of HD. For an
achiral tetramer (Figure 4c), the optical vortices with opposite
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topological charges exhibit perfectly mirrored symmetric
distributions. But for the right-handed tetramer (Figure 4g),
distinct electric field distributions have been observed at 2000
nm above the tetramer between optical vortices with
topological charges [ = +10 and —10. By observing the relative
electric field intensity for [ = —10 and I = +10, it is found that
compared with | = —10, the reflection intensity of optical
vortex with topological charge I = +10 is significantly stronger,
which is consistent with the measured reflection spectrum. Due
to the inherent symmetry of HD, we infer that the left-handed
oligomer demonstrates the inversion-symmetric intensity
distributions (Figure S2).

From another perspective, the HD phenomenon is the result
of the conversion in power weights of the incident optical
vortex. Generally, the azimuthal angular electric field
distribution E(p,p) can be regarded as the composition of

countless orthogonal basis with ratio l//I(p) in the Hilbert space,
where p is the distance from the center phase singularity, and p
is the azimuth angle. Therefore, the corresponding OAM
spectrum l;/,(p) can be described as

1 + _
y(p) = N E(p, )™ do

()
According to this theory, simulated discrete OAM spectra of
achiral and right-handed tetramers can be obtained respec-
tively by importing electric field distribution data into
mathematical software MATLAB for further processing
(Figure 4d,h). More details can be found in the Supporting
Information, section S2. Obviously, for a couple of optical
vortices with opposite topological charges | = —10 and +10, the
discrete OAM spectrum is axially symmetric at zero, indicating
that the achiral oligomers interact equally with the two types of
optical vortices. On the other hand, due to the differential
electric field modulation by the right-handed tetramer, the two
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Figure S. HD spectra of 3D oligomers with varying parameters. (a) HD spectra of the right-handed tetramer with incremental separation distance d
ranging from 200 to 1200 nm. (b) Maximum HD values (red dots) and corresponding topological charge il (blue dots) for different separation
distance d. (c, d) Measured HD spectra on trimer (c) and pentamer (d), respectively. The golden dotted line shows the peak position of HD

spectrum of the tetramer. The separation distances are all 600 nm.

sides of the discrete OAM spectrum show great asymmetry,
and some power weights appear at the new topological charges.
Consequently, the symmetric breaking of discrete OAM
spectra can be regard as another explanation for the origin of
HD.

Tailoring HD of 3D Oligomers with Varying Param-
eters. Because of the simple construction of the oligomer, we
can easily tailor its HD by tuning the geometric parameters. In
particular, multiple oligomers can even be assembled as chiral
building blocks for yielding a strong chiroptical response.*’™>*
Hence, it is meaningful to analyze the dependence of HD on a
specific parameter, in order to design more complex optical
metamaterials for optical communication, imaging, and
sensing.

The principle of this parameter-tailored experiments is the
univariate control method, i.e., independently tuning one
parameter while keeping others unchanged. The dependence
can be obtained by observing the changes of HD peaks. As
shown in Figure Sa, we measured HD spectra of the tetramers
with the same configuration but varying separation distance d
from 200 to 1200 nm at a step of 200 nm to figure out the
spacing dependence of HD of 3D tetramers. The peak position
of HD spectrum of tetramer with larger separation distance will
shift to a larger topological charge value. In our measurements,
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the maximum HD signal is obtained when d = 600 nm (Figure
Sb). When separation distance d < 600 nm, the maximum peak
value increases for larger d. When d > 600 nm, the maximum
peak value decreases with the increase of d. As a result, we can
easily engineer the HD spectra of chiral oligomers by adjusting
d to achieve a robust chiroptical response.

In addition, the impact of another crucial parameter, the
ligands number, has also been researched. Figure Sc,d illustrate
the experimental HD spectra of the trimers and pentamers. In
the premise of the same separation distance, a higher ligands
number leads to a larger overall size, and the peak position of
HD spectrum right-shifts correspondingly with the increase of
the size of 3D oligomers. As a result, compared with the peak
position of the tetramer, the peak of the trimer is shifted to the
left while the pentamer is shifted to the right. On the other
hand, we found that the peaks for trimers and pentamers were
only around 13% compared to 23% for tetramers. In contrast
to the regular change of the peak position, the peak size does
not have a good trend of change, which does not hinder the
promotion of the concept of chiral center in the field of optical

metamaterials.
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B CONCLUSIONS

In summary, we have demonstrated the OAM-dependent HD
of individual 3D oligomers via optical vortices with varying
topological charges. These simple-constructed chiral tetrameric
metamaterials can yield a gigantic HD signal up to ~23%.
Moreover, by simulation analysis of electric current distribu-
tion, electric field distribution, and the discrete OAM
spectroscopy, the origin of the HD phenomenon on the 3D
oligomers was revealed. In addition, we engineer the separation
distance and the ligands number of the 3D oligomers for
obtaining various HD spectra. Based on these results, we
expect that individual 3D oligomers can be used as basic
building blocks to construct multiple chiral center metamate-
rials which mimics biological macromolecules. Our work
validates the application of bioinspired chiral oligomers for
photonic OAM manipulation, providing a novel pattern for the
design of complex optical metamaterials.

B METHODS

Manufacturing of the 3D Oligomers. The main material
for manufacturing 3D oligomers is a commercially available
zirconium—silicon hybrid sol—gel (SZ2080, IESLFORTH,
Greece). Thanks to its negligible shrinkage, we were able to
produce oligomers consistent with the design. Before direct
laser writing, it is necessary to perform prebaking process on a
thermal platform at 100 °C for 30 min to make sure the solvent
in the material has evaporated. The femtosecond laser with a
central wavelength of 800 nm is generated by a Ti: Sapphire
ultrafine oscillator (Chameleon Vision-S, Coherent, Inc., U.S.)
and focuses on the sample through a 60X oil-immersed
objective lens (NA 1.35, Olympus, JPN) for photo-
polymerization. In order to avoid the influence of the refractive
index change of photoresist on the focus position of the beam
after polymerization, a top-down scanning strategy was
adopted. After that, the polymer material was developed in
absolute ethanol for 30 min until all the unpolymerized portion
was washed away. At last, we use ion sputter coater (108
AUTO sputter coater, Cressington, U.K.) to deposit ~10 nm
gold on the prefabs.

Experimental Setup for Measurement and Character-
ization. The phase-only SLM (Pluto NIR-2, Holoeye
Photonics AG, GER) has 1920 X 1080 pixels, able to modulate
high quality optical vortices. A 100X dry objective lens (NA =
0.9, Olympus, GER) were used in the HD detection. Different
types of 3D oligomers are individually aligned with the axes of
normal incident optical vortices by a nanoscale 3D piezo-
electric platform (ES45, Physik Instrumente, U.K.). The
reflected intensity was caught by a CCD camera (MV-
SUA133GM-T, MindVision, CHN) with the acquisition time
of 30 ms. Scanning electron microscopy (SEM) images of the
oligomers were acquired by a secondary-electron scanning
electron microscope (EVO18, ZEISS, GER).

Numerical Simulation. All the numerical simulations were
performed on a commercial finite difference time-domain-
based software (FDTD Solutions, Lumerical Solutions, Inc.,
CAN). In the simulation, the interior refractive index of the 3D
oligomers was set to be 1.52 and the refractive index of the
outer gold shell referenced the refractive index of gold at
wavelength of 800 nm published by Edward Palik. Perfectly
matched layer boundaries were employed for the X, Y, and Z
direction. The wavelength of the optical vortices was fixed at
800 nm, consistent with the one in the experiment. The
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electric current distribution and electric field distribution at the
location of interest was recorded by a frequency domain power
monitor. The commercial mathematical software (MATLAB,
MathWorks, U.S.) is used to normalize the simulation results
and analyze the data.
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