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Chiral sensing with achiral anisotropic metasurfaces
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We present a theoretical analysis for chiral sensing using achiral anisotropic metasurfaces. We derive ana-
lytically, and verify numerically, simple formulas that provide insight into the sensing mechanism and explain
how anisotropic metasurfaces offer additional degrees of freedom with respect to their isotropic counterparts.
We demonstrate how to deconvolve the unknown chirality from the background dispersion of the metasurface,
and we propose practical measurement schemes for its unambiguous determination. Last, we discuss the key
functionalities and benefits of anisotropic metasurfaces, and we provide the design principles towards broadband
operation—from near-infrared to near-ultraviolet frequencies—opening the way for highly sensitive nanoscale
chiroptical spectroscopy. Our numerical examples are focused on a metasurface design that we recently proposed,
which belongs to the wider class of achiral anisotropic metasurfaces.

DOI: 10.1103/PhysRevB.104.075412

I. INTRODUCTION

Chirality—a geometric property in which an object is
nonsuperimposable with its mirror image—is an essen-
tial condition for the structural and functional diversity of
biomolecules and many chemical compounds, which can exist
in right- and left-handed forms known as enantiomers. Their
functionality is often determined by their handedness, and
hence the ability to efficiently sense molecular chirality is
of fundamental importance for many research disciplines and
industries, such as chemical, agricultural, and pharmaceutical
[1,2].

A homogeneous natural optically active medium, e.g., a
thin film consisting of chiral molecules, is described elec-
tromagnetically by the constitutive relations D = ε0εE −
i(κ/c)H, B = μ0μH + i(κ/c)E [3], where ε, μ are the rel-
ative permittivity and permeability (ε0, μ0 are the vacuum
permittivity and permeability) and c is the vacuum speed of
light; κ is the chirality (also known as “Pasteur” [4]) pa-
rameter, which expresses the chiral molecular response and
is, in general, complex: its magnitude, |κ|, is proportional to
the sample’s density (or its concentration in a solution), and
its sign, sgn(κ ), depends on the handedness of the medium
[3]. Therefore, in order to be able to detect and distinguish
enantiomers, a chiral sensing scheme should be sensitive to
|κ| and sgn(κ ), respectively.

Among the most widely used techniques for chiral sensing
are the polarimetric techniques of optical rotatory dispersion
(ORD) and circular dichroism (CD) [1], both routinely applied
in industrial applications [2]. Unfortunately, and despite their
extensive use, the sensitivity limits of commercially avail-
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able optical spectropolarimeters are at ∼0.1-1-mdeg levels
[5], which constrains their applicability for measurements
of dilute samples (e.g., gas samples), and, particularly, of
nanometer-scale thin films, where the chiroptical signals are
typically <100 μdeg (e.g., protein monolayers).

On the other hand, nanophotonic approaches for chiral
sensing have allowed for the measurement of chiroptical sig-
nals unattainable using traditional polarimetric techniques.
Their principle of operation is based on the excitation of
superchiral near fields, that is, fields with optical chirality
density [6] higher than that of circularly polarized light,
and this approach is met in various schemes, such as prop-
agating surface plasmons [7,8], plasmonic particles [9–12],
chiral metamaterials [13–16], and, recently, achiral meta-
materials [17–19] (we refer the reader to the reviews in
Refs. [20–24] and references therein for a more detailed de-
scription of recent developments). However, almost all recent
nanophotonic approaches for chiral sensing have focused their
efforts on performing and enhancing CD measurements, i.e.,
measurements of only the imaginary part of the chirality pa-
rameter, Im(κ ). In contrast, the ability to detect Re(κ ) can
be particularly useful in cases where Im(κ ) is weak, e.g.,
at frequencies far from the chiral molecular resonances. In
addition, in most demonstrations and proposals, the employed
nanophotonic systems have their own intrinsic chiroptical re-
sponses that contribute to the total measured CD signal (e.g.,
Refs. [14,15,25]), thus requiring separate measurements with
and without the chiral inclusions to identify the chiroptical
signal from the molecular system [25].

To overcome these limitations, recently, we proposed a
metasurface design [26] that (i) results in enhanced chiroptical
signals by more than two orders of magnitude for ultrathin,
subwavelength, chiral samples over a uniform and accessi-
ble area, (ii) allows for complete measurements of the total
chirality (magnitude and sign of both its real and imaginary
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part), and (iii) offers the possibility for a crucial signal reversal
(excitation with reversed polarization) that enables chirality
measurements in an absolute manner, i.e., without the need
for sample removal. The key element that enables the above
functionalities is the use of the anisotropy of the metasurface,
rather than the superchirality of the near fields. Our proposed
design belongs to the wider class of anisotropic metasurfaces,
and therefore particularly in the context of possible future
experiments and applications, it is necessary to provide further
insight into the underlying mechanism of chiral sensing with
achiral anisotropic metasurfaces.

In this paper we extend the analytical methods introduced
in Ref. [27], for the case of isotropic metasurfaces, to the
development of a theoretical framework required to ana-
lyze the enhanced chiroptical signals attainable using achiral
anisotropic metasurfaces. We focus on our recently proposed
design [26] to discuss essential experimental aspects and de-
sign criteria for enhanced chiral sensing using, in general,
achiral anisotropic metasurfaces. In particular, we provide a
theoretical model for the description of achiral anisotropic
metasurfaces with chiral inclusions (i.e., a chiral film) that
elucidates how aspects of chiral sensing are associated with
the properties of the metasurfaces. Additionally, we show
that these classes of metasurfaces have the ability to differ-
entiate the real and imaginary parts of κ , Re(κ ) and Im(κ ),
respectively, in contrast to most current approaches that are
focused on enhancing CD signals and, as such, are expected
to be sensitive to Im(κ ) [7,13,17,18,23,25,28–32]. We de-
rive simple analytical formulas that provide insight into the
mechanism associated with different excitation conditions
(linearly vs elliptically polarized waves) and explain how
anisotropic metasurfaces can circumvent the trade-off met
in isotropic metasurfaces, in which the far-field chiroptical
response changes inversely with the transmitted power. Last,
we demonstrate how to deconvolve the unknown chirality
from the background dispersion of the metasurface, and we
propose practical measurement schemes for the unambigu-
ous determination of an unknown chirality, a crucial aspect
in the design of future experiments, and provide the de-
sign principles towards chiroptical spectroscopy over different
(broadband) spectral ranges.

II. PRINCIPLE OF OPERATION

Based on the fact that chiral matter-wave interactions re-
quire a nonvanishing pseudoscalar product between E and B,
chirality sensing with nanophotonic systems is largely based
on using two orthogonal modes of the nanophotonic system
that have parallel electric and magnetic components and are
also at the same frequency (we refer to the two modes as
electric and magnetic) [18,33,34]. The combined action of the
two modes mediates the strong near-field coupling between
the nanophotonic system and the chiral inclusion, which en-
ables enhanced far-field signals from otherwise weak chirality
values κ . Although the use of two such modes is met in several
other approaches (e.g., Refs. [7,14–24,33]), the key difference
here is that our approach for enhanced chiral sensing is based
on the anisotropic response of the metasurface, rather than the
superchirality of the generated near fields; here, the electric
mode and the magnetic mode are coupled via the chirality,

FIG. 1. Anisotropic metasurface for enhanced chiral sensing.
(a) Single unit cell and schematic of the metasurface containing six
unit cells. (b) Dispersion of TE0 and TM0 modes in the absence
of metal (α = 840 nm, nslab = 3.4, and nsub = 1.5). (c) Splitting of
TE20 and TM20 modes and tuning of their eigenfrequencies with a
periodically introduced metal of width w. Inset: Field distribution
of the electric-type (TE20) and magnetic-type (TM20) modes for
w = 140 nm. The modes used in this paper, i.e., the bright modes,
are marked with open symbols.

and anisotropy is used to further enhance the interaction [26].
This technique has not yet been experimentally adopted, and,
particularly in view of possible future experiments and ap-
plications, it is necessary to provide further insight into the
underlying sensing mechanism.

Here, we focus on design parameters for chiral sensing
in the near infrared, in particular, 1300 nm (∼230 THz),
and to implement the electric and the magnetic mode, we
start with a 100-nm-thick dielectric slab with refractive index
n = 3.4 (e.g., Si) [see Fig. 1(a)]. The thin slab supports TE
and TM modes with continuous dispersion (see, for instance,
Ref. [35]) that have components (Hx, Ey, Hz ) and (Ex, Hy, Ez ),
respectively; therefore we can utilize their dominant (paral-
lel) field components, Ey and Hy, respectively. For simplicity
we work with the dispersion branches corresponding to TE0

and TM0, the lowest-order modes [Fig. 1(b)], although any
other branch can be utilized {see Supplemental Material (SM)
[36]}. Next we introduce metallic wires of the same thickness
(100 nm) and width w that are infinite along the y axis, with
periodicity α = 840 nm [see Fig. 1(a)]; the metal is a Drude
gold (Au) of permittivity based on Johnson and Christy data
[37]. The purpose of the metallic wires is (i) to spatially
quantize the continuous TE and TM slab waveguide modes
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and provide discrete sets of resonant states and (ii) to perturb
the symmetry of the fields across each unit cell, essentially
leading to residual moments in the dominant field components
of each mode, i.e., electric (magnetic) dipole moment in the
Ey (Hy) component of the TE (TM) mode. Additionally, the
dispersion of the composite metal-dielectric system becomes
a quantized version of that of the dielectric slab, with period-
icity π = α. Because Ey and Hy belong to different modes,
to maximize their interaction with the chiral system, we use
the width, w, of the metallic wires to tune the spectral sep-
aration between the two modes, which we label TE20 and
TM20 as we use the lowest-order TE0 and TM0 branches
and we operate with the second quantized mode, i.e., at the
Brillouin zone edge with kxα/π = 2 (kx is the in-plane wave
number) [Fig. 1(b)]. Note that, due to the metal, each mode
splits into two versions, one having antinodes [Fig. 1(c) inset,
open symbols] and the other having nodes [Fig. 1(c) inset,
solid symbols] at the metal region. Among the four discretized
versions, those modes with nodes at the metal region have no
residual moments and, consequently, cannot couple to radi-
ation (commonly known as dark modes [38,39]). Therefore,
because we are concerned with exciting the metasurface with
an incident field, here we work with the discretized versions
that have antinodes at the metal regions, which are capable
of coupling to radiation (commonly known as bright modes
[39,40]). The strong near fields extend outside the dielectric
slab region enabling sufficient coupling with the chiral layer
we desire to probe, which we place on the slab. The chiral
layer has thickness 50 nm, refractive index n = 1.5 − 0.001i,
and chirality parameter κ = 10−5 (realistic chirality param-
eter value of, e.g., aqueous solutions of monosaccharides
[41,42] or biomolecules [10,19,43]). The whole system is
placed on a glass substrate of refractive index n = 1.5, and
the space on the opposite side (adjacent to the chiral layer) is
index matched with the substrate. To maximize the interaction
of the TE20 and TM20 bright modes with the chiral system, we
adjust the width of the metal w to tune the modes at a common
frequency, which for w = 140 nm is ∼230 THz [Fig. 1(c),
open symbols]. For our numerical simulations we perform
full-wave vectorial finite element method (FEM) simulations,
with the commercial software COMSOL MULTIPHYSICS [44].

We wish to add here that in this paper we choose to probe
the chiral inclusion using the bright version of both the electric
mode and the magnetic mode. Notwithstanding this, the dark
counterparts of the two modes, which are nonradiative, can
sustain stronger oscillations as compared with their bright
versions (dissipation is only due to material absorption), and
as such they could potentially lead to stronger chiroptical
signals. However, bright modes can be directly excited by
the interrogating beam, whereas, to use the dark modes under
external excitation, we would have to break their symmetry in
order to allow some coupling into the incident wave. To over-
come this limitation, one could adopt the approach followed
in Refs. [38–40], where a small dielectric scatterer is used to
outcouple the energy stored in the dark mode of a metasur-
face laser. Then, under this approach, controllable outcoupling
could be introduced, opening the possibility for even stronger
signals, further tunability, and alternative implementations.
However, such a possibility is far from the scope of this work,
and we will examine it in future works.

FIG. 2. Absolute values of cotransmission amplitudes and chi-
roptical signals θ (magenta lines) and η (green lines) for a chiral film
with κ = 10−5 (purely real) under (a) TM illumination and (b) TE
illumination. In (c) the equivalent signals are shown for the pure
chiral film, i.e., with the metasurface removed.

III. COMPLETE MEASUREMENT WITH TM
AND TE LINEARLY POLARIZED BEAMS

To examine the role of anisotropy in our chiral sensing
protocol, we investigate the response of the anisotropic meta-
surface under illumination with x- and y-linearly-polarized
waves. First, with κ = 0, a x- (y-)polarized incident wave
excites the TM20 (TE20) mode, which cannot couple to the
orthogonal TE20 (TM20) mode, resulting in the copolarized
scattering amplitudes txx, tyy, rxx, ryy; the subscripts in tout,inc

and rout,inc denote the output and incident E -field polariza-
tion, respectively. Next, we set κ = 10−5 and repeat the two
experiments: Illumination with an x- (y-)polarized wave again
leads to the excitation of the TM20 (TE20) mode; however, due
to chirality, the two modes can couple, giving rise to polar-
ization conversion, which is identified in the cross-polarized
scattering amplitudes tyx, ryx (txy, rxy). Note that for the cho-
sen (weak) κ = 10−5, the copolarized scattering amplitudes
(txx, tyy, rxx, ryy) remain practically unchanged. To detect the
effect of chirality on the incident wave, we analyze the polar-
ization of the transmitted wave in terms of its rotation θ and
ellipticity η.

In Fig. 2(a), we show the absolute value of the co-
transmission amplitude txx (top panel) and the retrieved
chiroptical, θ and η, signals (bottom panel) for x-linearly-
polarized illumination. Similarly, in Fig. 2(b) we show the
absolute value of the cotransmission amplitude tyy and the
retrieved chiroptical signals (bottom panel) for y-linearly-
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polarized illumination. We refer to the illumination with E ‖
x̂ (E ‖ ŷ) as TM (TE) illumination, to emphasize the fact that
this particular polarization directly couples with the TM20

(TE20) mode. It is evident that, in comparison with isotropic
systems [17–19,23,27,30], anisotropy offers an additional de-
gree of freedom in terms of the transmitted power (|txx|2
or |tyy|2) and the attainable chiroptical signals. For example,
for this particular system, one can choose between strong
chiroptical signals θTE , ηTE on a relatively weak output beam
[Fig. 2(b)] and somewhat weaker chiroptical signals θTM , ηTM

on a significantly stronger output beam [Fig. 2(a)]. For both
choices of illumination, the chiroptical signals are 30–100
times stronger than those from the chiral film alone, as shown
in Fig. 2(c) (θ = 0.14 mdeg and η = 0 at 230 THz).

A. Analysis of far-field chiroptical signals

In the examples of Figs. 2(a) and 2(b), what is being probed
by the incident wave is not the chiral inclusion alone, but
rather the composite system of the chiral inclusion with the
metasurface. Therefore, to be able to retrieve κ , the chiral-
ity parameter of the chiral inclusion, it is necessary that we
deconvolve the contributions from both subsystems. To gain
insight into how the two subsystems contribute to the total chi-
roptical signals, we start with studying the far-field response
of the composite system in terms of its effective material
parameters. Because the metasurface is electrically thin, we
can replace the entire composite system by a thin polarizable
sheet (zero thickness) and work with equivalent surface quan-
tities (sheet conductivities). Following a procedure similar to
that used with isotropic metasurfaces [27], the transmission
amplitudes can be expressed in terms of the effective surface
(sheet) conductivities as (see SM [36] for details)

txx = 1 − sxx
eesyy

mm(
1 + sxx

ee

)(
1 + syy

mm
) , (1a)

tyy = 1 − syy
eesxx

mm(
1 + syy

ee
)(

1 + sxx
mm

) , (1b)

tc = σ xx
c

2
(
1 + sxx

ee

)(
1 + sxx

mm

) + σ
yy
c

2
(
1 + syy

ee
)(

1 + syy
mm

) , (1c)

where tc ≡ txy = −tyx. In these expressions, sαα
ee = ζσαα

ee /2
and sαα

mm = σαα
mm/2ζ , with α = {x, y}, are the normalized (di-

mensionless) effective sheet conductivities corresponding to
the electric mode and the magnetic mode of the metasur-
face alone, respectively, i.e., in the absence of chirality (for
κ = 0); ζ = √

μ0μ/ε0ε is the wave impedance of the sur-
roundings. The (dimensionless) effective sheet conductivity
σαα

c of the composite system arises from the magnetoelec-
tric coupling between the two, otherwise orthogonal, modes
TM20 and TE20, which is induced by the chiral film. As such,
σαα

c contains contributions from both the chiral inclusion and
the metasurface, i.e., from κ , see, and smm. With the aid of
Eqs. (1a)–(1c) we see that the resonant response of the meta-
surface alone (captured by the effective material parameters
see, smm) is involved in all transmission amplitudes, whereas
the chirality κ of the chiral inclusion (captured by the effective
material parameter σc) appears only in the cross-polarized
transmission amplitude tc. In view of this observation, a dis-

tinct advantage of anisotropic metasurfaces becomes evident:
Because anisotropy allows for the independent control of the
sheet conductivities along the different x, y axes, we can in-
dependently tune the cotransmission and cross-transmission
amplitudes and, likewise, the chiroptical signals. This can
be achieved by designing the electric and magnetic modes
along both directions, in turn, by tuning sxx

ee , syy
ee, sxx

mm, syy
mm.

For example, note how in Eq. (1a) txx changes only with
sxx

ee , syy
mm whereas all sxx

ee , syy
mm, syy

ee, sxx
mm are involved in the cross-

polarized term tc; the additional conductivities syy
ee, sxx

mm can be
used to tune θ, η independently from the transmittance txx,
which remains unchanged. This gives an additional degree
of freedom to maximize the chiroptical signals for a cer-
tain achievable transmittance. Similarly, the same conclusions
hold for simpler systems, as in our example, where TE20 and
TM20 provide resonant conductivities along the y axis only,
and sxx

ee , sxx
mm are practically constant across the entire spectral

range of interest (see SM [36]); notice how, e.g., upon TM
illumination, txx is tuned via syy

mm, while tc is tuned via both
syy

mm and syy
ee.

To quantify the observed tunability, we proceed with ex-
pressing the chiroptical signals θ and η in terms of txx, tyy,
and tc. With the aid of the Stokes parameters we find for weak
cross-polarization conversion (tc � txx, tyy)

θTM/TE = Re

(
− tc

txx/yy

)
, (2a)

ηTM/TE = Im

(
− tc

txx/yy

)
. (2b)

Equations (2a) and (2b) illustrate how the chiroptical signals
θ, η can be in general different between the two polariza-
tions. This is in contrast to the case for isotropic metasurfaces
[27], where the chiroptical signals are the same for both
x- and y-linearly-polarized waves and inversely proportional
to the cotransmission amplitude t ≡ txx = tyy. Therefore the
ability to independently tune the cotransmission and cross-
transmission amplitudes, by choosing different excitations,
allows us to control the (enhanced) chiroptical signals, as we
demonstrate in Fig. 2. We emphasize once again that such
a capability is not feasible in isotropic metasurfaces. The
numerically calculated chiroptical signals in Fig. 2 are also
in agreement with their analytical form, as given by Eqs. (2a)
and (2b), which we verify by separately calculating the ratios
tc/txx and tc/tyy and comparing their real and imaginary parts
with θTM/TE , ηTM/TE (see SM [36]).

Last, we note here that due to the relatively weak chirality,
σ xx

c , σ
yy
c ∝ κ (see SM [36]) and, consequently, tc ∝ κ [see

Eq. (1c)]. Therefore, in view of Eqs. (2a) and (2b), the far-
field chiroptical signals θTM/TE , ηTM/TE are directly proportional
to κ , and therefore measurements of θ, η are expected to be
sensitive to both |κ| and sgn(κ ), and to both Re(κ ) and Im(κ ).
This can be easily seen if we allow κ to be dispersive, as we
do next.

B. Determination of unknown chirality

To deduce the chirality parameter κ of an unknown chiral
inclusion, in most relevant experiments [17–19,23,25,26,29–
32], chiral sensing relies on measurements in transmission
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FIG. 3. Retrieval of the chirality parameter κA of an unknown in-
clusion (incl.) A, using a reference chirality parameter κB of inclusion
B, and the chiroptical signals θT E , ηT E in transmission. Top row: nu-
merically calculated chiroptical signals θT E , ηT E for each inclusion.
Bottom row: chirality parameters κA, κB of the two inclusions (cyan
lines) and retrieved κA (black lines) of inclusion A.

only, naturally raising the question of how this can be also
implemented in the framework of anisotropic metasurfaces.
As we show next, this is possible if we use the rotation θ and
ellipticity η of the transmitted wave.

According to the results of Eqs. (2a) and (2b), θTM/TE and
ηTM/TE are the real and imaginary parts, respectively, of the
same quantity, i.e., −tc/txx/yy. Therefore we may combine the
two expressions in each of Eqs. (2a) and (2b) and solve for tc,
to obtain

tc = −(θTM/TE + iηTM/TE ) · txx/yy. (3)

With the result of Eq. (3) we are now able to unambiguously
determine an unknown chirality solely from the chiroptical
signals θ, η in transmission. To see how this is possible, let
us consider two chiral inclusions, A and B, which we probe
with our system under TM or TE illumination. The chiroptical
signals θA

TM/TE
, ηA

TM/TE
, and θB

TM/TE
, ηB

TM/TE
, obtained either from

simulations or experiments using inclusions A and B, respec-
tively, correspond to the individual transmission amplitudes tA

c
and tB

c , according to Eq. (3). Taking into account that tc ∝ κ ,
we can divide tA

c and tB
c to eliminate the common txx/yy term

and express an unknown chirality parameter, here κA, in terms
of a reference one, here κB, as

κA = κB · θA
TM/TE

+ iηA
TM/TE

θB
TM/TE

+ iηB
TM/TE

. (4)

This procedure is illustrated in Fig. 3 for TE illumination and
two inclusions A and B with chirality parameters κA and κB,
respectively, of the form [3,27,45]

κA/B(ω) = ωκ,A/Bω

ω2
0κ,A/B − ω2 + iγκ,A/Bω

. (5)

We emphasize here that, in contrast to our previous examples
where κ is constant, here we consider the (realistic) case
of dispersive chirality. In this example, for inclusion A we
use ωκ,A = 2π × 1 × 10−3 THz, ω0κ,A = 2π × 230 THz, and

γκ,A = 2π × 1 THz, and for inclusion B we use ωκ,B = 2π ×
1 × 10−3 THz, ω0κ,B = 2π × 225 THz, and γκ,B = 2π × 2
THz, to demonstrate that we can accurately determine the
chirality of the (unknown) chiral inclusion A, i.e., the true
value of κA, using a chiral inclusion of known chirality param-
eter (κB) and comparing their respective chiroptical signals,
obtained using transmission measurements under TE or TM
illumination. In Fig. 3 (top row) we present the chiroptical
signals θ TE , ηTE for the two, known and unknown, chiral in-
clusions. We also present in Fig. 3 (bottom row) the chirality
parameters of the two inclusions together with the (accurately)
retrieved chirality for inclusion A using the chiroptical sig-
nals, as dictated by Eq. (4). The same result can also be
recovered with TM illumination (see SM [36]). We empha-
size here that, with our example, we demonstrate the validity
of Eq. (4) in providing the entire spectral response of an
unknown chiral inclusion even for cases of unknown chiral
inclusions with high chirality values (in our example, on the
order of ∼10−3 on resonance).

The result of Eq. (4) is particularly practical for experi-
ments and applications as it allows for direct determination
of the chirality parameter κ of an unknown chiral substance
with measurements solely in transmission (and with the aid of
a calibration measurement). This eliminates the need for (i)
knowing both the reflection and transmission amplitudes and
(ii) extracting the effective conductivities in an intermediate
step. Most importantly, with this procedure we manage to
effectively deconvolve the dispersion of the metasurface from
the dispersion of the chiral inclusion and obtain the pure
spectral response κ of the chiral inclusion.

IV. COMPLETE MEASUREMENT WITH ELLIPTICALLY
POLARIZED BEAMS

The anisotropy of our system allows us to gain access
to stronger chiroptical signals by using elliptically polar-
ized incident waves, an additional functionality not feasible
in isotropic systems [26]. To demonstrate this, we start by
parametrizing the elliptically polarized incident wave as

Einc =
(

E0xx̂
E0yŷ

)
=

(
E0 cos φrot x̂

E0 sin φroteiφlag ŷ

)
, (6)

where the angle φrot is the angle between the incident wave’s
E field and the x axis and φlag tunes the phase lag between the
x and y wave components; E0 is a complex constant. By tuning
φrot and φlag we gain access to any desired polarization. Of
course, because the metasurface is anisotropic (birefringent),
any incident polarization that is not parallel or vertical to the
metal wires (equivalent to the fast or slow axis of typical
anisotropic systems) will result in θ, η signals, even for κ = 0;
therefore, for κ �= 0, the θ, η signals may contain achiral
background contributions from the metasurface itself that may
hinder accurate chirality measurements. In this case, sub-
traction of the (achiral) background contribution is required,
and this could be realized using two different approaches:
performing measurements with and without the chiral layer
(similarly to the work of Ref. [25]) or implementing a signal
reversal that allows us to isolate the signal from the chiral
inclusions. Next, we examine both approaches individually.
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FIG. 4. Enhanced chiral sensing using an elliptically polarized
incident wave. (a) Incident polarization and polarization ellipse for
selected examples. Subtraction of far-field measurements of optical
rotation and ellipticity in the presence and absence of the chiral layer,
i.e., (b) θ − θ0 and (c) η − η0, for the selected polarizations shown in
(a); κ = 10−5 (left panels), κ = 10−5i (right panels). For φrot = 80◦,
φlag = 50◦, the optical rotation signal is enhanced by a factor of more
than ∼650 compared with the respective signal of a pure chiral film
with κ = 10−5.

A. Measurements in transmission with background subtraction

In Fig. 4 we show the first possibility for a constant chiral-
ity parameter κ = 10−5. In particular, for fixed φrot = 80◦, as
we increase φlag [Fig. 4(a)] we find that the difference between
two measurements with and without the chiral layer, i.e., θ −
θ0 [where θ (θ0) is with (without) the chiral layer], increases
and becomes maximum for φlag = 50◦. For this illumination
we obtain enhanced chiroptical signals by a factor of more
than ∼650 compared with the respective signal from the pure
chiral film (∼0.14 mdeg) [Fig. 2(c)], as we show in Fig. 4(b).
Additionally, in Figs. 4(b) and 4(c) we demonstrate the ability
with such a subtraction procedure to acquire pure chiroptical
signals for the case of (purely imaginary) κ = 10−5i.

The strong enhancement of the chiroptical signals
[Figs. 4(b) and 4(c)] originates from the anisotropy of the
metasurface; under illumination with an elliptically polarized
beam, the chiroptical signals change as θ − θ0 ∼ dθ0/df and
η − η0 ∼ dη0/df, where f is the frequency [26]. Essentially,
the chiroptical signals due to the chiral inclusions are signifi-
cantly enhanced at frequency ranges where the metasurface’s
anisotropy changes abruptly (i.e., the derivatives of θ0, η0

become large). This is illustrated in the insets of Figs. 4(b)
and 4(c), where the calculated derivatives dθ0/df and dη0/df
with the chiral layer removed are proportional to θ − θ0 and
η − η0, respectively.

B. Measurements in transmission using a signal reversal:
Absolute measurements

Removing the chiral inclusion to subtract the background
signals may result in unintentional changes in the mea-
surement setup. This can possibly affect the measurement
accuracy, and therefore it would be useful to be able to
perform chirality measurements without the need for sample
removal.

Our system offers the possibility for absolute measure-
ments by means of a crucial signal reversal with which one
can directly isolate the (enhanced) chiroptical signal without
the need for sample removal and interference with the sys-
tem, a unique approach in metamaterial-based chiral sensing
schemes: Excitation with reversed polarization yields separate
polarization effects of opposite sign, thus enabling the iso-
lation of signals originating only from the chiral inclusion.
According to our parametrization of Eq. (6), this can be re-
alized by reversing φrot upon illumination, yielding different
chiroptical signals with opposite rotations and ellipticities that
we label as θ± and η±. By taking their mean value, i.e.,
2
θrev ≡ θ+ + θ− and 2
ηrev ≡ η+ + η−, any signal origi-
nating from the metasurface is canceled, as well as any other
potential achiral backgrounds, while the pure chiroptical sig-
nal, which is even under this polarization reversal, doubles.
Thus the importance of the signal reversal becomes apparent:
Under realistic experimental conditions, one can appropriately
tune the frequency of the probing radiation around the reso-
nance of the metasurface and apply this reversal (e.g., with
the use of polarization modulators), isolating the chiral signal
even in the presence of high-noise environments and other
achiral effects (generally, signal reversals have been crucial
for enabling sensitive measurements of circular birefringence
in conditions where traditional polarimetry fails to perform
[41,42,46]).

The average signals 
θrev and 
ηrev can be expressed as
(see SM [36] for derivation)


θrev = Re

(
−tc

c2
rottxx + s2

rottyye2iφlag

c2
rott2

xx + s2
rott2

yye2iφlag

)
, (7a)


ηrev = Im
(
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(
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∗
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rott
∗
yy

) ∣∣c2
rott

2
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2
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(
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rot|txx|2 + s2
rot|tyy|2

)2
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{
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(
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rote
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iφlagt2
yy

)∗}
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rots
2
rote
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yy(
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FIG. 5. Absolute measurement of real- and imaginary-valued
chirality parameter κ with polarization reversal of an elliptically
polarized incident wave. Top panels: Measurements for φlag = 50◦

with φrot = ±80◦, appearing to be similar for the cases of κ = 10−5

and κ = 10−5i (note that these signals are approximately three orders
of magnitude stronger than the pure chiroptical signals). Middle and
bottom panels: The independent measurements shown in the top
panels are averaged to yield different chiroptical signals 
θrev, 
ηrev

(orange lines), for κ = 10−5 (middle panels) and κ = 10−5i (bottom
panels). The analytical plots of Eqs. (7a) and (7b) for the respective
cases are also shown (black dashed lines). Dotted lines show κ = 0.

where crot = cos(φrot ), srot = sin(φrot ), and txx, tyy, tc are the
transmission amplitudes obtained with TE and TM linearly
polarized illumination. Because txx, tyy, tc do not depend on
φrot, φlag, the form of Eq. (7a) implies that there is always
a combination of φrot, φlag that can minimize and possibly
eliminate the denominator entirely, thus enhancing 
θrev, as
we demonstrate in Fig. 4. On the other hand, because the
denominator in Eq. (7b) involves sums of positive quantities,
a similar conclusion cannot be drawn directly for 
ηrev.

To illustrate these observations, in Fig. 5 we present sim-
ulations of θ and η for incident elliptical waves with φrot =
±80◦ and φlag = 50◦, which are averaged (
θrev,
ηrev) to
yield signals originating only from the chiral inclusions (we
perform the calculations for the cases of purely real-valued
and purely imaginary-valued chirality parameters, κ = 10−5

and κ = 10−5i, respectively). In Fig. 5 we also present the
analytical plots of Eqs. (7a) and (7b) (dashed lines), for which
we use txx, tyy with κ = 0 and tc with κ = 10−5, from the
simulations. Note that our results are also in agreement with
the measurements we present in Fig. 4, where the signals
originating from the chiral inclusions are obtained via a back-
ground subtraction procedure.

C. Sensitivity on polarization reversal errors

Absolute chiral sensing using the proposed signal reversal
requires the ability to precisely control the polarization state

FIG. 6. Dependence of chiroptical rotation signal on polarization
reversal errors (i.e., measurement sensitivity). (a) Averaged signal

θrev for the case of κ = 10−5 with δφ = 0. (b) Averaged signal

θrev as a function of δφ for the selected operation points marked
in (a).

of the incident beam [accurate tuning of the principal axis
of the polarization state (φrot) and the ellipticity (φlag)] for
sensitive measurements. In our scheme, to apply the polar-
ization reversal, it suffices to fix φlag and then reverse φrot as
we demonstrate in Figs. 4 and 5; that is, it is not required
to manipulate both φrot and φlag simultaneously. In practical
implementations, however, reversal imperfections may affect
the measurement precision.

To quantify such a possibility, we introduce a reversal error,
δφ, as +φrot + δφ and −φrot, and we repeat the measurements
of 
θrev of Fig. 5 [κ = 10−5 and φrot = ±80◦, φlag = 50◦].
In Fig. 6(a) we show the chiroptical rotation signal after the
application of the signal reversal, 
θrev, for δφ = 0, and in
Fig. 6(b) we show 
θrev as a function of δφ for a few selected
operation (frequency) points [as marked in Fig. 6(a)]. We
observe that the measurement’s sensitivity in the reversal error
δφ increases with signal strength, which is expected as the lat-
ter changes as ∼dθ0/df. In particular, for |δφ| ∼ 1 mdeg we
observe deviations of several millidegrees in the measured sig-
nal (depending on the operational or measurement frequency),
and these increase as we approach the frequency where the
metasurface’s anisotropy changes abruptly. Notwithstanding
this, the sensitivity limit of any polarimetric (optical) mea-
surement is ultimately defined by the photon shot noise [which
for ∼1 mW of laser radiation at ∼1310 nm (∼229 THz) is
at the sub-μdeg/

√
Hz level], and even in the case of com-

mercially available optical spectropolarimeters, polarimetric
sensitivities can reach < 100-μdeg levels. As such, signal-
reversal control is feasible with high accuracy and precision
(i.e., δφ < 0.1 mdeg), ensuring the ability to perform sensitive
absolute chiral sensing using our proposed signal reversal.

D. Determination of unknown chirality
with measurements in transmission

In experiments it would be particularly useful to have a
calibration scheme for measurements with elliptical polariza-
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FIG. 7. Retrieval of the chirality parameter κA of an unknown
inclusion A, using a reference chirality parameter κB of inclusion
B and an elliptically polarized beam with φrot = ±80◦, φlag = 50◦.
Top row: numerically calculated chiroptical signals 
θrev, 
ηrev for
each inclusion. Bottom row: chirality parameters κA, κB of the two
chiral inclusions (cyan lines) and retrieved κA (black lines) of inclu-
sion A, using the reference values of κB and the chiroptical signals

θrev, 
ηrev.

tion, similar to the case of TM or TE illumination, where an
unknown chirality κA is determined in terms of a reference
chirality κB. Previously, the simple form of Eq. (4) was derived
on the basis that the rotation θ and ellipticity η are the real
and imaginary parts of the same complex quantity, which is
proportional to κ [see Eqs. (2a) and (2b)]. Although, under
elliptical illumination, 
θrev and 
ηrev are the real and imag-
inary parts of different complex quantities [see Eqs. (7a) and
(7b)], as we show in the SM [36], it is still possible to obtain
the unknown chirality in a similar form, as

κA = κB

θA

rev + g
ηA
rev


θB
rev + g
ηB

rev

, (8)

where g is a function of the angles φrot, φlag characterizing
the elliptical polarization and the cotransmission amplitudes
txx and tyy obtained previously with TM and TE illumina-
tion, respectively. The result of Eq. (8) generalizes Eq. (4)
for any arbitrary incident polarization. Indeed, for φrot = 0
(TM illumination) or φrot = π/2 (TE illumination), g = i and
Eq. (8) reduces to Eq. (4). As an example, in Fig. 7 we use
Eq. (8) to retrieve the unknown chirality κA in terms of the
reference chirality κB using elliptically polarized illumination
with φrot = ±80◦, φlag = 50◦. For κA, κB we use the param-
eters previously used in Fig. 3 to demonstrate the equivalent
retrieval with TE illumination.

Finally, we wish to add that, with the introduction of an
additional reference chirality κC , we can also retrieve the
unknown chirality entirely in terms of the 
θ,
η signals of
the three molecules, i.e., without the need to involve the angles
φrot, φlag and the cotransmission amplitudes txx, tyy (see SM
[36] for details).

V. BROADBAND OPERATION

The operational spectral range of our metasurface depends
on the properties of the utilized resonant modes; altering
those, one can selectively tune the metasurface’s operation
frequency to approach that, for instance, of a target substance.
For our proposed design, we can tune the operation of the
metasurface over a wide spectral range—from near-ultraviolet
(NUV) to near-infrared (NIR) frequencies—coarsely and
finely by changing the properties of the materials forming
the metasurface and its geometric characteristics, respectively.
Particularly, in Ref. [26] we have chosen specific metasurface
design parameters for operation at visible frequencies [370
THz (800 nm)], while in this paper we select design pa-
rameters for operation at near-infrared frequencies [230 THz
(1300 nm)].

Considering this general design principle, we can see how
our system can be implemented for chiroptical spectroscopy
over different spectral ranges with the capacity for wide spec-
tral coverage. For this reason, we present here two particular
designs: (i) one suitable for broadband spectral coverage in
the visible and near infrared on a single platform and (ii) one
suitable for operation at near-ultraviolet frequencies.

A. Pixelated sensor for operation in the visible and near infrared

For broadband spectral coverage in the visible and near
infrared we visualize a pixelated chiral sensor, as shown in
Fig. 8(a), where each metapixel is dedicated to the detection
of chirality at a particular spectral range, following a princi-
ple of operation similar to that of the recently demonstrated
imaging-based molecular barcoding enabled by high-Q di-
electric resonators for the detection of midinfrared molecular
fingerprints [47]. To develop such a sensor, we start by se-
lecting a design for operation at a particular frequency range,
and to span a broad spectral range, we finely tune the design
parameters to change the resonant frequencies of the TE20 and
TM20 modes assigning, thus, a new metapixel to the overall
design. By repeating this procedure we can cover practically
any desired spectral range.

As an example, in Fig. 8 we demonstrate a system for
operation at ∼770-920 nm (spanning a range of ∼70 THz).
In particular, we start with designing the system for operation
at 800 nm (374 THz), and we use a slab with refractive index
nslab =2.52 (e.g., TiO2) and thickness td = 80 nm on a glass
substrate with n = 1.45. The metallic wires are made of silver
(Ag) and are placed on one side of the dielectric slab, as
illustrated in the schematic of Fig. 8(a) [26]. The wire cross
section on the xz plane has thickness 50 nm and width 80 nm,
and the wire periodicity is α = 500 nm. For the simulation we
choose a chiral layer, which we place on the slab, of thickness
tc = 50 nm and refractive index nc = 1.33 − 10−4i, and the
entire space above the chiral layer is water with n = 1.33.
For TM excitation we obtain chiroptical rotation θ signals as
large as 6.5 mdeg peak to peak, for a transmittance of ∼10%.
As a comparison, the optical rotation signal from a transmis-
sion measurement of a 50-nm chiral layer with κ = 10−5 at
800 nm is ∼0.24 mdeg, achieving, thus, enhancements by
a factor of ∼27 [Fig. 8(b), insets]. For TE illumination or
excitation with an elliptical beam we can further enhance
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FIG. 8. Implementation for broadband operation. (a) Pixelated metasurface composed of a two-dimensional array of metaunits with
resonant frequencies tuned over a wide spectral range (here, ∼70 THz) to target, e.g., specific molecular spectral features. (b) Performance for
TM illumination. For this example the metallic wires have constant width w = 80 nm and variable periodicity α, ranging from 500 to 600 nm,
as shown.

our signals, even by an order of magnitude, as we show in
Ref. [26].

To shift the operation at lower frequencies, we increase the
periodicity of the metallic wires; by increasing the periodicity
we shift the resonant frequencies of the electric and the mag-
netic mode to lower frequencies, and by changing the cross
section of the metallic wires we can fine-tune the spectral
overlap of the two modes. To demonstrate the versatility of
our design, here we only change the periodicity α (all other
material and geometrical parameters remain unchanged). In
particular, for α = 550 nm we can lower the operation by
20 THz (at 850 nm), and for α = 600 nm we can further lower
the operation by an additional 20 THz (at 900 nm). We see
that, even for the case of solely tuning the wire periodicity,
we can cover a broad spectral range and support chiroptical
rotation θ signals as large as 4 mdeg peak to peak, for a
transmittance of ∼10%.

Given the design shown in Fig. 8(a), then, for 100–200
unit cells per metapixel, and for a range of wire periodicities
of, e.g., α = 450-700 nm, we can develop an overall design
that enables chiroptical molecular spectroscopy over a broad
spectral range (of more than 100 THz) on a sub-mm2 device.

B. Near-ultraviolet operation

Most recent nanophotonic- or metamaterial-based chiral
sensing platforms have been largely designed to operate
at infrared and visible frequencies where materials (met-
als and dielectrics) have (typically) low losses, and hence
most experimental demonstrations have been performed on
large molecules that possess chiroptical bands at visible and
infrared frequencies. However, for most (small) molecules,
strong chiral absorption features are in the ultraviolet (UV)
spectral region, and the ability to improve the performance of
chiral sensing platforms in the UV can be pivotal [32].

We present in Fig. 9 a specific design of our metasurface
platform that allows for enhanced chiroptical spectroscopy

at near-UV frequencies (∼380 nm). To achieve operation
at the desired spectral region, we modify the design of our
previous example (Fig. 8) by replacing the slab and metallic
wire material with Ta2O5 and Al, respectively, and by reduc-
ing the slab thickness to 40 nm and the wire periodicity to
260 nm; the wire cross section on the xz plane is modified
to have thickness 40 nm and width 30 nm. The 50-nm chiral
film is characterized by κ = 10−5 and n = 1.339 − 10−4i (for
water, n = 1.339 at ∼400 nm), and the glass substrate has
n = 1.47 [Fig. 9(a)]. Despite the relatively weak enhance-
ment for TM illumination [Fig. 9(b)], we find that under
elliptical illumination [Fig. 9(c)], the chiroptical rotation sig-
nal θ is enhanced by a factor of ∼165, compared with the
respective signal for measuring the chiral film without the
metasurface.

As one pursues a further increase in frequency (from the
near UV to the UV), the choice of materials for the implemen-
tation of the proposed scheme becomes a challenging task.
The reason is that in the UV several dielectrics become lossy
and, in particular, many metals lose their metallic character.
Other than that, and as we demonstrate with this example
of operation at near-UV frequencies, our proposed scheme is
general, and there is no fundamental limitation with respect to
the operational spectral range.

VI. CONCLUSIONS

In this paper we analyzed the key functionalities and ben-
efits of using anisotropic metasurfaces for metasurface-based
enhanced chiral sensing. Our approach was based on using the
chirality of the inclusion to be probed, in order to couple two
orthogonal modes of the achiral metasurface that have parallel
electric and magnetic components. As the use of two such
modes is met in several other contemporary nanophotonic-
based approaches, the key difference here is that our approach
for enhanced chiral sensing is based on the anisotropic re-
sponse of the metasurface, rather than the superchirality of the
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FIG. 9. Design for operation in the near ultraviolet (NUV). (a) Sample schematic. (b) Performance for TM illumination. (c) Performance
for illumination with an elliptical beam. For TM illumination the chiroptical signals are enhanced by a factor of 2–3 [compared with single-pass
transmission polarimetric measurements; insets in (b)], while under elliptical illumination the chiroptical rotation signal θ is enhanced by a
factor of ∼165.

generated near fields. Owing to the unique benefits offered by
anisotropy, our approach provides a platform where aspects
crucial for chiral sensing in the nanoscale can be realized:
(i) enhanced chiroptical signals by more than two orders of
magnitude for ultrathin, subwavelength, chiral samples over
a uniform and accessible area, (ii) complete measurements
of the total chirality (magnitude and sign of both its real
and imaginary parts), and (iii) measurements in an absolute
manner, i.e., without the need for sample removal, due to
the possibility of a crucial signal reversal (excitation with
reversed polarization). We derived analytically, and verified
numerically, simple formulas that provide insight into the
sensing mechanism and explain how anisotropic metasurfaces
offer additional degrees of freedom with respect to other
isotropic metasurfaces. Importantly, our theoretical approach

provides a unified description of achiral anisotropic meta-
surfaces for chiral sensing that extends beyond the specific
example systems we have used and can therefore motivate
alternative designs. We demonstrated practical measurement
schemes for the complete and unambiguous determination of
an unknown chirality, and we provided the design principles
towards broadband operation—from near-infrared to near-
ultraviolet frequencies—opening the way for highly sensitive
nanoscale chiroptical spectroscopy.
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