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Chiral metasurfaces provide invaluable tools for controlling structured light

required for biosensing, photochemistry, holography, and quantum photo-
nics. Here we suggest and realize a universal strategy for engineering chiral
response of resonant metasurfaces via the interplay of meta-atom geometry
and lattice arrangements within all five possible planar Bravais symmetries. By
introducing chiral gradient metasurfaces, we illustrate how our approach
allows producing a predictable chiral response tunable by simple parameter
variations. We highlight that the symmetry-controlled chiral response pro-
vides an additional degree of freedom in optical signal processing, and
showcase this with simultaneous mid-IR image encoding in two fundamental
quantities, transmission and circular dichroism. Our proposed concept
represents a universal toolkit for on-demand design and control of chiral
metastructures that has potential for numerous applications in life sciences,
quantum optics and more.

Chirality is a fundamental geometric property that describes a special
type of asymmetry of an object, where it cannot be superimposed on
its mirror image'™*. Chirality plays a critical role in numerous fields,
from chemistry and biology to solid state and quantum physics™®.
One of the most effective ways to manipulate and probe chiral
systems is through the use of light, which can exhibit chiral prop-
erties, with circularly polarized (CP) plane waves being a straight-
forward example. The selective interaction of light with chiral media
manifests as difference in right and left CP light absorption (circular
dichroism (CD))*’® or phase delay (circular birefringence)™.
Employing chiral light enables the development of highly specific
and efficient characterization systems for applications such as
drug design, where the interaction between chiral molecules and
biological systems can significantly affect efficacy and safety>".
Beyond structural chirality, light can be used to probe the chiral
properties of quantum mechanical systems, including orbital
momentum®, spin, chiral wave functions, geometric phases, and
topological phenomena'. Additionally, chiral structures can be
employed in counterfeit prevention or authentication methods,

offering a high level of security through unique non-fungible optical
signatures'"®,

Enhancement and manipulation of chiral response, have been
long-term goals in photonics, with applications spanning both far-field
polarization control and augmenting the chiral light-matter interac-
tion. A natural candidate for both these challenges are metasurfaces
that already showed great prospects for light control in diverse
applications, such as replacing bulky optical components'®?,
biosensing'®', frequency conversion**%, optical computing®>*, geo-
metric phase manipulation®”, and more. Likewise, metasurfaces
proved to be an excellent tool for engineering chiral light?. In the far-
field optics, chiral metasurfaces are the backbone of meta-holograms?
and devices for polarization conversion and polarimetry” . At the
same time, they can be used for generation of superchiral near-fields**
for enhanced interaction with chiral molecules®’.

A number of strategies to achieve chiral response in metasurfaces
have been suggested so far’**°, Among these, one notable approach
involves designing chiral meta-atoms that break all the in-plane mirror
symmetries irrespective of their periodic arrangement (here, the term
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‘in-plane’ refers to the plane defined by a substrate). Breaking only the
in-plane mirror symmetries results in differences exclusively between
the transmission of right-to-left circular polarization and left-to-right
circular polarization (cross-polarized transmissions), without affecting
co-polarized transmission*°. However, this is not always sufficient, as,
for example, in metasurfaces with threefold rotational symmetry and
higher, the cross-polarized transmission contrast is zero*.. The break-
ing of out-of-plane mirror symmetry is essential for achieving differ-
ences in co-polarized transmission between RCP and LCP light (Here,
the term ‘out-of-plane’ refers to normal direction with the respect to a
substrate). It is generally achieved either by the 3D geometry of the
meta-atoms themselves*>*® or by the presence of the substrate**°-52,
Another strategy involves chiral lattices: non-chiral meta-atoms
arranged in a monoclinic lattice on a substrate® or in a twisted bi-
layered structures (moiré chiral photonic metasurfaces)**°. Further-
more, chiral response can be achieved if the metasurface is based on
bianisotropic material with its anisotropy axis inclined with respect to
the metasurface normal®. Lastly, the symmetry can also be broken
externally by using non-normal light incidence®® *°, which induces the
so-called extrinsic (or pseudo-) chirality’®. A combination of all stra-
tegies is also possible, but would result in a system with a huge number
of free parameters hard to design, optimize, and often fabricate. At the
same time, precise control of the chirality of the nanophotonics
structures remains crucial both for generation of structured light and
for reliable quantitative chiral detection® .

In this paper, we suggest a universal strategy for controlling
metasurface chiral response by leveraging the interplay of lattice and
meta-atom symmetries to produce a predictable chiral behavior tun-
able by simple parameters. While particular cases of such interaction
were discussed before both in theory®**” and experiment®, here we
develop a generalized framework that addresses all possible symmetry
combinations, serving as a universal toolkit for on-demand chiral
design.

We showcase this approach experimentally using chiral gradient
metasurfaces. In these structures, the rotation angle of the meta-atom
within the unit cell is continuously varied along the chip, which allows
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Fig. 1| Concept of chiral encoding using the interplay between lattice and
meta-atoms symmetries. a Artistic view of a chip hosting a chiral gradient meta-
surface and a metasurface encoding an image in circular dichroism signal in the
mid-IR spectral range. The inset shows a tilted angle SEM image of a metasurface

Circular Dichroism (CD)

to probe the full range of mutual orientations of lattice and resonator
in the chiral signal measured with polarization-resolved mid-infrared
spectroscopy (Fig. 1a). We observe robust zeros of the metasurface
chirality for resonator rotation angles consistent with the chiral
selection rules that we devise (Fig. 1b), as well as variable enhancement
of the chirality at intermediate angles stemming from the metasurface
resonant modes.

Remarkably, our approach enables seamless integration of
resonant behavior in the chiral response with the simplest reso-
nator geometries, which in turn opens the opportunities for data
encryption. We demonstrate its application for mid-IR image
encoding in two fundamental quantities, unpolarized transmis-
sion and transmission CD. Importantly, the symmetry-protected
anchor points expand the encoding range to cover a full spec-
trum of negative to positive values of CD, as schematically shown
in Fig. 1la. The choice of different combinations of lattice and
resonator symmetries determines the trade-off between the
encoding ranges, allowing for precise control over the encoded
data, while the design simplicity ensures its high spatial resolu-
tion. Furthermore, the amplitude-based encoding approach does
not require additional polarization optics for data extraction. This
highlights the strength of our general chiral design toolkit and
ensures its straightforward adaptability to a wide field of
applications.

Results

Lattice vs. resonator symmetries for chirality control

The core idea of our approach is the interplay between the 2D
arrangement of the metasurface and the orientation of symmetric
meta-atoms with respect to this arrangement. By keeping the meta-
atom shapes within simple non-chiral geometries, we can easily inte-
grate resonant behavior into our system and achieve predictable chiral
response using achiral configurations as symmetry-protected anchor
points. In this section we devise the selection rules which define the
chiral response of such metasurfaces for all possible lattice types,
Table 1.

b Combination
Lattice: Meta-atom:

2 fold symmetric
hexagonal 3 fold symmetric

rectangular (primitive)
rectangular (centered)

4 fold symmetric
5 fold symmetric

Result

achiral for B = 0, 11/4, 1/2, 31/4...

/\/

4 2
meta-atom rotation,

encoding a chiral image. b Schematic illustrating the interaction of the metasurface
lattice symmetry with the resonator symmetry leading to a locked set of resonator
rotation angles S that render the structure non-chiral.
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Table 1| Chiral selection rules

Meta-atom on substrate symmetry Monoclinic Rectangular Rectangular Square Hexagonal
(oblique) (primitive) (centered)
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Angle Bis the relative angle between meta-atom symmetry and global arrangement, s is an integer, and lem( -, - ) is the least common multiple of two integers. Gray parallelograms show unit cells of
all five Bravais lattices in 2D. Table shows 8 angles that correspond to achiral configurations, which we term “anchor points”. Note that a substrate is essential to break out-of-plane mirror symmetry.

Based on the geometrical definition of chirality?, a structure is
chiral when it has no mirror symmetry planes. Let us consider the
conditions for achieving achiral response in our lattice—that is, when at
least one mirror symmetry plane appears. For the considered struc-
tures, we can discard the out-of-plane mirror symmetry, which is
broken by default due to the presence of a substrate'®***¢°, The chiral
response is then solely dependent on the in-plane symmetries of our
structure. There are two symmetries we have to take into considera-
tion: symmetry of the meta-atoms and symmetry of the arrangement.
Without the loss of generality, we will consider meta-atoms which are
n-fold symmetric and thus have n in-plane mirror symmetry lines (such
meta-atom on a substrate has C,, point symmetry group). While a
single C,,, object is achiral, this restriction can be lifted for a 2D peri-
odic arrangement of C,, objects, which opens the opportunity for
precise chirality control that is unavailable for chiral meta-atoms.

In two dimensions, there are only five distinct variants of
periodic lattices. These five 2D Bravais lattice types’® are hex-
agonal (6), square (4), centered rectangular (2), primitive rec-
tangular (2), and monoclinic (0), where the number in
parentheses indicates number of in-plane mirror symmetry lines,
m. The only arrangement that is chiral for any shape of meta-
atoms on a substrate is monoclinic lattice, which was described
theoretically and verified experimentally very recently®. How-
ever, it gives little room for an efficient chirality parametrization.

Two sets of in-plane mirror symmetry lines (m from lattice
arrangement and n from meta-atom) give us an easily parameterized
system, which is chiral for the particular relative orientations. The
relative angle of meta-atom rotation f with respect to the arrangement
lattice is the parameter of choice. By figuring out when exactly there is
at least one match between symmetry lines from m-set and n-set, we
derive the chiral selection rules, Table 1 (see Supplementary Note 1 for
the detailed derivation). For specific angles 5 the metasurface is achiral
and hence must provide null for any chiral optical response. The
angular period of these symmetry-induced zeros folds down to an
elegant and compact formula

_ n
lem(m, n)’

A @

where Icm(m, n) is the least common multiple of two integers m and n.
These symmetry induced zeros can serve as “anchors points” for any
chiral design in general, including metasurfaces with gradient design,
which is the showcase of our choice in this work. The later one is the
showcase of our choice in this work.

To characterize the chirality of our system, we use

=Ty

CDyo = TotT,

@

which can take values from -1 to 1. Here, T and 7, denote the total
transmission coefficients for the right and left circularly polarized
input light, respectively. The value defined by Eq. (2) is related to both
anisotropic dissymetry factor™”* (with a factor of 2 difference) and to
CD as defined for lossless metasurfaces**>”>. Importantly, for 2D
achiral metasurface configurations defined by Table 1, CD,, is zero and
thus can be used as a measure of chirality in our design. In general,
however, one should be careful when operating with total/co-polar-
ized CD in cases when polarization conversion is critical*****7>7*, as
there is a possibility of CD¢; # O for 2D chiral (3D achiral)
metasurfaces*°. Here, we define co-polarized CD as CD, = (Trr — T11)/
(Trr + ToL) Where Trg and Ty, are the intensity transmission coefficients
with the first and last indexes denoting the output and input
polarizations, correspondingly, and discuss the differences in more
detail in Supplementary Section S2. For simplicity, hereafter we refer
to CDy as simply “circular dichroism” or CD.

Metasurfaces with gradient chirality

The designs of our mid-IR chiral metasurfaces are based on Ge reso-
nators on CaF, substrates, which was established as a flexible platform
for light control in mid-IR>’®. To achieve strong resonances of the far-
field chirality of the structure within the mid-IR range
(1000-2000 cm™), we set the resonator height at 1070 nm. Further-
more, we focus on the two resonator symmetries: C,, (“bar”) and Cs,
(“spinner”), see the first two rows of Table 1. The lateral dimensions of
the bar resonator are 3.542 x 1.566 microns, while the spinner is con-
structed from three bars of the same size rotated by 120° with respect
to each other and sharing a common origin. The period of both square
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Fig. 2 | Simulations of circular dichroism for different lattice and resonator
symmetries. a-d Schematic of the lattice symmetries and unit cell configuration
for four type of metasurfaces: (a, b) based on C,, bar resonator and (c, d) based on
Cs, spinner resonator. e-h Corresponding calculated maps of circular dichroism
(CD) depending on the excitation wavelength and rotation angle of the resonator.
The maps demonstrate angle-equidistant zeroes governed by the interplay of the

Wavenumber, cm™ Wavenumber, cm™'

symmetries of the resonator and the lattice. Horizontal dashed lines mark the
corresponding to symmetry-protected zeroes of CD. The insets on the left of each
map shows the section of CD taken at a wavelength marked with black dashed line
in each of the (e-h). i-1 Unpolarized light transmission spectra calculated for each
type of metasurface for f=0.

and hexagonal lattices is 4.30 pm (see schematics in Supplementary
Fig. 2). These geometries exhibit well-defined and spectrally separated
resonances with different Q-factors, which showcases the general
applicability of our approach. A more detailed discussion on the
structure design is presented in Supplementary Notes 6 and 7.

For the quantification of the chirality, we use the CD introduced in
Eq. (2). Figure 2a-d shows the four combinations of the resonator (bar
and spinner) and lattice symmetries (square and hexagonal) that we
considered in numerical simulations. According to the selection rules
(Table 1), these combinations should yield chiral zeroes for §=sn/4
(Ca/square, Fig. 2a), B=sm/6 (Cy/hexagonal, Fig. 2b), f=sn/6 (C5,/
hexagonal, Fig. 2c) and f = sn/12 (Cs,/square, Fig. 2d). To verify this, we
calculated the maps of CD,, for infinitely periodic metasurfaces for
within O to 7/2 range excited from the top (air). These maps shown in
Fig. 2e-h demonstrate strict lack of chirality (CD = 0) for discrete sets
of B (horizontal dashed lines), fully consistent with the selection rules.
Notably, these zeros hold irrespective of the resonant modes of the
metasurface that manifest as peaks of CD at intermediate 8 values. The
sections of the maps at the wavelengths close to the respective CD
maxima shown to the left of each map indicate that CD is strictly anti-
symmetric with respect to each of the B “anchors”. Finally, Fig. 2i-1
show the unpolarized light transmission spectra of the respective
symmetry configurations calculated for f=0. The resonant modes of
the metasurface are manifested as transmission dips. These spectral
bands of low transmission also manifest the highest CD, as according
to definition in Eq. (2) the maximal values of CD are achieved at the
minima of either right-circularly polarized (RCP) or left-circularly
polarized (LCP) transmission (shown in Supplementary Fig. 7). This
also explains low values of CD outside the resonant bands of the
metasurface.

To showcase this general concept experimentally, we utilize chiral
gradient metasurfaces. Each of the fabricated metasurfaces addresses
a certain combination of the resonator and lattice symmetries.

However, instead of fabricating a discrete set of arrays for different
angles B, we implemented a slow gradient of the rotation angle of the
resonator along one of the chip coordinates. This yielded
600 x 3000 pm? sized strips of gradient metasurfaces with j varied
within O to m/2 range along the long axis of the structure as schema-
tically illustrated in Fig. 3a. Such scale results in 48 = 0.1° between the
neighboring columns.

An optical image of the fabricated metasurface featuring bar (C,,)
resonators in a square lattice is shown in Fig. 3b, with SEM insets
highlighting its structural details at multiple points along the chiral
gradient. Locking of the local value of 8 with the chip coordinate of a
gradient metasurface enables full characterization of the chiral prop-
erties of a given resonator-lattice symmetry pair through the mea-
surements of the evolution of the LCP and RCP transmission spectra
along the chip. We perform these measurements using a mid-IR
microscope (Bruker Hyperion) in transmission configuration paired
with Fourier transform infrared spectrometer as schematically illu-
strated in Fig. 1a (see “Methods” for further details). The experimental
data of CD for C,,/square metasurface are in excellent agreement with
our simulations (Fig. 3¢) in all its features, including relative amplitude
and spectral positions of the chirality peaks and, most importantly,
robust zeroes of CD for =0, 45° and 90°. We note that while the
maximum chiral response is not the main focus of our study, CD for the
proposed design reaches values larger than 0.8, which gives a dynamic
range of 1.6 within the same structure. Additional narrow spectral
features found in the experimental map in Fig. 3c are attributed to the
modes excited at non-normal light incidence, which is present in the
experiment due to finite numerical aperture of our mid-IR microscopy
system (see Supplementary Note 4 for simulations).

Figure 4 and Supplementary Fig. 3 show the IR measurements of
the gradient metasurfaces for the remaining lattice-resonator combi-
nations showcased in numerical simulations (Fig. 2b-d), in particular,
C,/hexagonal (Fig. 4a), Cs,/hexagonal (Fig. 4b), and C;,/square
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Fig. 3 | Concept of chiral gradient metasurfaces. a Schematic illustration of the
chiral gradient metasurface with bar resonators arranged in a square lattice. The
rotation angle 3 of the resonator within the unit cell varies smoothly along the chip
coordinate. The color of the bars encodes the chiral signal characteristic for the
corresponding S. b Optical image of the fabricated chiral gradient metasurface
based on Ge resonators on CaF, substrate. The insets show the SEM images, with six

Wavenumber, cm™! Wavenumber, cm-*!

unit cells each, taken at different coordinates along the chiral gradient stripe. Gray
dashed line indicates the signal collection area that is scanned along the gradient
stripe during the measurement. ¢ Comparison of simulated chiral signal map (left)
and the experimentally measured dependence of chiral signal on the coordinate
along the chip (right).

(Fig. 4c). The results for hexagonal lattice closely reproduce the
numerical calculations and the expected chirality-canceling 8 angles.
Notably, the overall low transmission of both Cs, samples due to the
overlap of multiple resonances within the 1400-1600 cm™ range leads
to an increased noise level of the observed chiral features.

A more complex picture of CD zeros is manifested for C;,/square
structure (Fig. 4c). The pronounced mode at =1570 cm™ hosts 7 nodes
with 48 =15° as expected from the simulation (Fig. 2g). However, the
two longer wavelength modes at 1320 and 1400 cm™ demonstrate
nodes with 48=60° instead (see also experimentally measured
reflectivity maps in Supplementary Fig. 5). We attribute the suppres-
sion of the intermediate chirality zeroes to the contribution of oblique
incidence in the experiment, leading to the manifestation of extrinsic
chirality.

In contrast to the well-defined symmetry-protected anchor angles
(Table 1), the behavior of CD at the intermediate angles—particularly,
the positions and the amplitudes of maximum values—is less
straightforward. The few approaches proposed so far still ultimately
rely on numerical optimization procedures.*® For example, it is possi-
ble to estimate the transmission CD using the mode CD, a property
associated with the optical eigenmodes of the structure*****°, Methods
based on the eigenmode analysis have demonstrated their effective-
ness in the vicinity of resonances, both for single high-Q
resonances**"**¢*”778 and for broadband chiral responses achieved
through multipolar superposition engineering®. Instead, our
approach enforces a predictable behavior of the chiral response con-
trolled by a single parameter, the meta-atom rotation angle. Impor-
tantly, the C,, point symmetry of the meta-atom on a substrate
guarantees a symmetric range of CD values (apart from monoclinic
arrangement). That is, for an optimized structure design exhibiting
maximum chirality (|CD|=1), the entire CD range [-1, 1] is auto-
matically available by variation of g, while an additional constraint of
C,,, symmetry narrows down the parameter space for resonator design
optimization. This distinguishes our platform from designs relying on
inherently chiral meta-atoms, enabling adiabatic control of chirality in
diverse designs through variation of a single parameter. Importantly, it

also minimizes the changes to the optical modes of the structure,
which are inevitable for approaches that involve modifications of the
resonator shape.

One implication of the high dynamic range of CD offered by the
symmetry interaction scheme is facilitated chiral information encod-
ing. Contrary to the well-developed chiral holograms®, where the
metasurfaces are used to induce the near-field phase profile that is
then converted to a far-field image, our encoding principle is based on
direct generation of signal amplitude profile as illustrated in Fig. 5a, b.
Specifically, we encode information in two fundamental quantities—
total transmission and CD, which is possible with any resonator/lattice
combination within our general model. Each unit cell of a metasurface
acts as a single pixel in an image encoded at a chosen frequency of light
wo, which is fundamentally different from other amplitude encoding
approaches relying on interference effects of multiple elements”. The
size of the resonator is used to encode data in total transmission signal,
which is modulated due to the size-dependent spectral shift of the
resonant modes. The resonator rotation angle is used to encode data
in CD, as the detuning of § from the symmetry nodes leads to the
increase of the chirality. Similar double-parameter encoding approach
was recently used in the paper by ref. 80, where the resonator rotation
angle was used to encode the vibrational mode coupling strength.
Reference grayscale images are then mapped on the available ranges
AT and ACD so that each pixel (single unit cell) of a metasurface is
assigned a particular combination of scale and . Notably, CD is not
fully independent of the resonance shift, which leads to mutual mixing
of the resonator scale and f parameters in the encoding protocol and
limits the total range of encoding depending on the lattice and reso-
nator symmetries. This is illustrated in more detail in Supplemen-
tary Fig. 9.

We used two reference pictures—of an Australian cockatoo and
Swiss Matterhorn mountain (Fig. 5d)—to demonstrate chiral mid-IR
image encoding in the total transmission and CD signals, respectively.
As a showcase, we converted these two images into spatial maps of
resonator scale and f for metasurfaces based on C,,/square and C,,/
hexagonal combinations, which show the largest tuning range of CD
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Fig. 4 | Experimental results for custom combinations of resonator and lattice
symmetries. a C,/hexagonal, b C3,/hexagonal, ¢ C3,/rectangular. Top row: SEM
images and unit cell schematics of the fabricated chiral gradient metasurfaces.

Bottom row: experimentally measured spectral maps of chiral signal from the
corresponding gradient metasurface samples.

and transmission (see also Supplementary Fig. 7), using the procedure
described above. The image of the fabricated C,,/square sample in the
visible light (Fig. 5c) reveals the shape of the mountain, as the scat-
tering of light mostly depends on the orientation of the bars, while the
change of the size does not lead to noticeable modulation of reflec-
tivity. In the mid-IR, where the resonant modes of the bars reside, the
situation changes drastically. Fig. Se, f show the images of two C,,
resonator metasurfaces with square and hexagonal lattices recorded at
the excitation frequencies of 1384 and 1402 cm, respectively, using a
quantum cascade laser-based microscopy system (Daylight Solutions
Spero, see “Methods”). The physical size of each metasurface was
approximately 4 x 4 mm?, which was tailored to fit into 2 x 2 fields of
view of our microscope (this leads to barely noticeable stitching in the
middle of the images). Comparison of the images for two lattice
symmetries—square (Fig. 5e) and hexagonal (Fig. 5f)—highlights the
advantages and drawbacks of using each option. Lower symmetry of
square lattice leads to larger maximum amplitude of CDy, for inter-
mediate S (Fig. 2e) that improves the chiral encoding, but at the same
time limits the AT range, which influences the transmission encoding,.
Hexagonal lattice, while lacking in the maximum amplitude of chirality
(Fig. 2f), provides a better balance of the encoding ranges, leading to
good image quality in both signals. Additionally, the small angle range
required to switch the sign of chirality for the hexagonal lattice bears
the potential for dynamic encoding in active metasurfaces. This
highlights the opportunities for more flexible control of chirality
provided by custom lattice symmetries that can be tailored depending

on particular application. Strikingly, even though the lattice symme-
tries are locally broken due to variations of the rotation angle S in high-
contrast CD data (see also SEM inset in Fig. 5c), the quality of the
encoding is well-preserved in both cases.

Discussion

In summary, we have developed a universal approach to design chiral
metasurfaces based on symmetry considerations. We have established
general selection rules that define the mutual orientations of the lattice
and meta-atoms at which chiral response of metasurface vanishes.
These zero-chirality “anchors” are protected by the interplay of the
meta-atom and lattice symmetries, and they do not depend the pre-
sence of resonant optical modes. We have demonstrated this powerful
concept experimentally using mid-IR chiral gradient metasurfaces,
where the mutual orientation of a resonator and a lattice has been
varied over the chip length, displaying the periodic vanishing of chir-
ality according to the selection rules. While our results have been
obtained for dielectric metasurfaces, the approach is more broadly
applicable for plasmonic metasurfaces as well**2, Furthermore, pre-
dictable behavior of CD enforced by the interplay of symmetries
enables a unique opportunity for simultaneous information encoding
in two fundamental quantities, transmission and CD. This feature is
showcased through mid-IR image encoding, where a metasurface
unveils distinct images in these two channels, paving the way for
advanced anti-counterfeiting, camouflage, and security applications.
Our generalized chiral design toolkit opens new opportunities for
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Fig. 5 | Spatial variations of chirality for information encoding. a Mechanism of
encoding information in transmission image. Each scale of the resonator corre-
sponds to a different level of transmission signal at a target wavelength wo.

b Mechanism of encoding information in chirality through changing the rotation
angle B of the resonator within a unit cell. ¢ Optical image of the metasurface
encoding two different images in transmission signal and chiral signal. The inset
shows the SEM image of the metasurface area encoding 6 x 6 pixels of the original

image. d Reference images. Top: a photo of an Australian cockatoo for encoding in
transmission signal. Bottom: photo of Swiss Matterhorn mountain for chiral
encoding (adapted from a public domain image (CCO0), originally available at Pix-
abay https://pixabay.com/photos/matterhorn-switzerland-zermatt-1301802/).

e Transmission (top row) and chiral signal (bottom row) images recorded from the
encoding metasurface with square lattice design. f Respective images recorded
from metasurface with hexagonal lattice design.

control of structured light in the dynamic field of chiral photonics, with
possible applications in polarimetry, optical computing, sensing,
chemistry, and quantum photonics.

Methods

Metasurface fabrication

Germanium (Ge) metasurfaces were fabricated on calcium difluoride
(CaF,) substrates. First, the material stack was prepared by subsequent
sputtering of a 5 nm silicon oxide (SiO,) adhesion layer and a 1070 nm
Ge layer on top of a 1 mm thick CaF, chip. The inverted metasurface
pattern was written using electron beam lithography (Raith
EPBG500+) on a spin-coated single-layer PMMA (PMMA 495k AS8)
positive tone resist. After the development, the pattern was directly

transferred to the Ge film using a fluorine-based dry plasma etching
process (Alcatel AMS 200 SE).

Infrared spectroscopy

We obtained the infrared (IR) transmission spectra using a Bruker
Vertex 80v FT-spectrometer with an attached IR Microscope (HYPER-
ION 3000) equipped with a liquid nitrogen cooled MCT detector. The
metasurfaces were excited from the air side using a ZnSe lens with the
focal length of 25 mm mildly focusing circularly polarized IR light on
the sample surface. Transmitted light was collected with another
25 mm lens equipped with an additional iris placed at its back focal
plane. Closing the iris allowed for limiting the numerical aperture of
the system down to approximately 0.06 and thus suppressing the
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unwanted signal from oblique excitation angles. We measured trans-
mission spectra for both RCP and LCP generated using a broadband
quarter-wave plate (model XCN13 from G& H, 5-8 um). Signal collec-
tion area was limited to a thin stripe by a double-blade aperture placed
in the conjugate image plane of the IR microscope. This collection area
was then scanned along the gradient stripe (as in Fig. 3b) to obtain the
wavenumber vs angle maps. The sample chamber was constantly
purged with dry air to provide consistently low level of humidity.

Infrared images

The images of metasurface encoding the data in transmission and
chiral signals were collected with a quantum cascade laser based
imaging microscope (Daylight SPERO-QT-Z) featuring a 480 x 480
pixel microbolometer array. Separate LCP and RCP transmission ima-
ges were collected by introducing a broadband quarter-wave plate
(2.5-7.0 um from B.Halle) into the collimated incident beam. The
measurements were performed with a sample uniformly illuminated
with a monochromatic (full width at half maximum <0.1cm™) laser
source at the encoding wavelength. LCP and RCP images were nor-
malized to the corresponding transmission image of a bare CaF, sub-
strate. The images shown in the manuscript were stitched together
from four fields of view of the microscope each covering a
2 x2 mm? area.

Numerical simulations

We obtained transmission and CD using the Frequency Domain Solver
in CST Studio Suite with circularly polarized light excitation. In the
simulations, we set the dielectric permittivity of germanium to
£ce=17.45+10.1668 with imaginary part added to account for the
effective losses due to grained structure of thermally evaporated
amorphous Ge. The level of losses was chosen based on fitting the
spectral shape and position of the resonances. The dielectric permit-
tivity of calcium fluoride was &c,, =1.87. By design, the resonator with
C,, symmetry had 1566 nm width, 3542 nm length, and 1070 nm
height, arranged in a lattice with a period of 4.24 pm. The schematics
and dimensions of C,, and Cs, resonators are illustrated in Supple-
mentary Fig. 2.

Data availability

The data supporting the findings of this study are available within the
Article and its Supplementary Information files and in the Zenodo data-
base under accession code https://doi.org/10.5281/zenodo.15524649.
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