
Intrinsic mid-IR chirality and chiral thermal
emission from twisted bilayers

Michael T. Enders1 Mitradeep Sarkar1 Evgenia Klironomou1 Michela Florinda Picardi1

Aleksandra Deeva1 Georgia T. Papadakis1,†

1ICFO — Institut de Ciencies Fotoniques,
The Barcelona Institute of Science and Technology,

08860 Castelldefels (Barcelona), Spain

The ability to detect and engineer chirality plays a defining role in understanding nature, presenting
itself in various phenomena ranging from the formation of DNA to enzymatic activities and digital
encoding. Inducing a chiral response using nanophotonic practices typically entails lithographic efforts
to create micro- and nano-structures that break mirror symmetry. Even with such configurations and
despite the ubiquitousness of thermal radiation, generating chiral light at mid-infrared frequencies
through thermal emission remains a challenge, since incandescence is by nature incoherent and
unpolarized. In contrast to lithography-based approaches, we demonstrate that unpatterned twisted
bilayers of in-plane anisotropic materials serve as a new material platform for intrinsic mid-infrared
chirality engineering. Via absorption spectroscopy as well as direct thermal emission measurements, we
report large circular dichroism and asymmetric circularly polarized thermal emission from exfoliated
twisted bilayers of α-molybdenum trioxide (α-MoO3). These findings highlight the potential of twisted
layered van der Waals materials for polarization control and advanced thermal infrared technologies.

Introduction

Chirality, the property of a geometrical object that
renders it non-super-imposable on its mirror image,
plays a crucial role across various scientific disciplines.
Ranging from the fundamental building blocks of life,
such as 21 out of the 22 proteinogenic amino acids, to
the intricate double-helix structure of DNA, chirality
is ubiquitous [1]. The inherent “handedness” of chiral
objects is particularly relevant in the functionalities
and interactions of biological molecules, ranging from
enzymatic activities to genetic encoding. In the realm
of molecular and materials science, chirality signifi-
cantly influences the optical and chemical properties
of substances [2, 3].

The mid-IR region of the electromagnetic spectrum
is particularly pertinent in studying chiral structures.
This spectral region encompasses the fundamental vi-
brational modes of molecules, which are sensitive to
chiral configurations [4], and this renders it particularly
relevant to numerous applications. In pharmaceuticals,
the differentiation of enantiomers – molecules that are
mirror images of each other – is vital, as they can
exhibit distinct biological activities and therapeutic
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effects [5, 6]. Techniques such as vibrational circular
dichroism spectroscopy exploit mid-IR light to distin-
guish between these enantiomers, providing critical in-
sights into their absolute configurations and purity [7,
8]. Importantly, at room temperatures, the black-
body spectrum of thermal radiation, representing the
maximal emission extracted from macroscopic objects,
peaks in the mid-IR region, specifically at wavelengths
near 10 µm. This makes the mid-IR range particularly
relevant for the aforementioned applications [9], by
probing chiral properties of materials through incan-
descent light. It is noteworthy, however, that while
thermal emission holds promise for cheap IR sources for
such applications and others, light generated from in-
candescence is intrinsically achiral [10]. To address this
limitation, significant lithographic efforts are necessary
to introduce a chiral degree of freedom into thermal
emission sources [11].

An object is chiral when it cannot be superimposed
with its mirror image by means of any in-plane transla-
tion and rotation [12]. This requires the object to not
possess inversion-rotation symmetry. A simple chiral
shape in two-dimensions is an L-shape since, a shown in
Fig. 1a, it cannot be superimposed onto its mirror im-
age under rotation nor translation. Based on this shape,
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planar chiral metamaterials with similarly shaped unit
cells have been demonstrated previously [13–23]. Since
the chiral response of each individual unit cell remains
small, these are often organized into a lattice to en-
hance the net chiral response. Alternatively, metama-
terials composed of arrays of three-dimensional chi-
ral structures, such as helices (Fig. 1b), can achieve
circular dichroism (CD) values close to 1. In these
materials, one handedness of light is almost entirely
suppressed [24]. Recently, it has been shown that ver-
tical stacking and twisting achiral metasurfaces can
also yield a chiral response [25]. All aforementioned
approaches, however, rely on significant high-resolution
lithography in order to structurally induce broken sym-
metries, and generally require considerable light propa-
gation within the meta-architecture in order to attain
sufficiently large CD.

In this work, we introduce a fundamentally different
approach to inducing chirality in three dimensions.
Our approach eliminates the need for complex nano-
fabrication techniques for creating chiral architectures.
Instead of relying on external structural modifica-
tions, our method leverages the intrinsic properties
of materials to break inversion-rotation symmetry (see
Fig. 1d) by stacking them in twisted bilayer config-
urations. Thus, the only requirement for inducing a
chiral response in this platform is an intrinsic in-plane
anisotropic material response. As we show via reflectiv-
ity and direct thermal emissivity measurements, this
strategy allows for the generation of chiral light through
the alignment of bilayers. Our results offer a simple and
scalable solution to inducing and controlling chirality
in the mid-IR range.

Results

Chiral objects interact differently with left- and right-
circularly polarized light, which can be observed with
CD absorption spectroscopy. This technique measures
the difference in absorption between left- and right-
circularly polarized light to detect chirality. CD can be
measured not only in chiral samples but also in achiral
samples when the combined system of the sample and
the impinging light upon it breaks mirror symmetry, of-
ten termed extrinsic chirality. For example, when light
strikes a planar structure lacking two-fold rotational
symmetry at an oblique angle, the system can exhibit
extrinsic chirality (Fig. 1c) and measurable CD, even
if the material itself is achiral [26–29]. By contrast, as
considered in this work, when two anisotropic layers
are superimposed with a twist angle between them
(Fig. 1d), mirror symmetry is broken even at normal
incidence, altering how the bilayer system interacts
with circularly polarized light. The resulting config-
uration exhibits intrinsic chirality, where the entire
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Fig. 1: Chirality. a L-shape and its mirror image.
In the bottom part, the image is rotated, highlighting
the impossibility of mapping it onto the original shape.
b A helix and its mirror image as an example of a chiral
structure in 3D. c Extrinsic chirality of light impinging
onto an anisotropic medium at an oblique angle. d Two
anisotropic materials stacked on top of each other, with
misaligned crystals axes, breaking mirror symmetry.
e Microscope image of a twisted bilayer α-MoO3 sample
(called Device 2 in the following measurements. The x-
and y-axes of the crystal are indicated for the bottom
flake. f AFM scan of the height profile of the sample
shown e. The lower plot shows the height profile along
the blue line, where thickness d1 refers to the top flake
and d2 to the bottom flake.

stack exhibits inherent handedness, since this twisting
breaks the in-plane symmetry of each individual layer.

Several van der Waals materials, like α-MoO3 [30–32]
and α-vanadium pentoxide (α-V2O5) [33], have been
recently identified to have a naturally occurring ex-
treme in-plane anisotropy in the mid-IR [34–44]. Here,
without loss of generality, we demonstrate the effect of
an intrinsic chiral response using twisted anisotropic
bilayers of α-MoO3. Due to the orthorhombic structure
of the α-MoO3 crystal [32], exfoliated flakes typically
possess a rectangular shape, as shown in Fig. 1e, where
a microscope image of a twisted bilayer is shown. We
refer to the crystal directions [100] and [001], as the
x- and y-axis (indicated in Fig. 1e), respectively. The
linear birefringence ∆n and linear dichroism ∆k of
a single flake of α-MoO3, defined as the difference in
the refractive indices and extinction coefficients along
the two in-plane crystal axes (x and y), are shown in
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Fig. 2: Molybdenum trioxide. a Linear birefrin-
gence ∆n and linear dichroism ∆k of a single α-MoO3
flake. b Transfer matrix simulation of a twisted bilayer
device composed of α-MoO3, with d1 = 0.8 µm and
d2 = 1 µm. Circular dichroism spectrum as a function
of wavelength and relative twist angle between the two
α-MoO3 layers. c Dependence of circular dichroism
on d2, while d1 = 0.8 µm at a wavelength of 12.8 µm.
The x-axis shows the total thickness of the bilayer.
White arrows indicate the total thickness for which
the structure is resonant at twist angles of 0° (bottom
ones) and 90° (top ones).

Fig. 2a. As shown, both ∆n and ∆k are resonant at
the frequency corresponding to the phonon polariton
resonance of α-MoO3 along the x-direction. Due to
weak interlayer interactions, α-MoO3 is an excellent
material to fabricate twisted stacks. An atomic force
microscopy (AFM) scan of the twisted bilayer is pre-
sented in Fig. 1f, where the height profile of both flakes
is displayed. Henceforth, the thicknesses of the top and
bottom flakes are denoted as d1 and d2, respectively.

Fig. 2b shows transfer matrix simulations of CD from a
α-MoO3 twisted bilayer on top of gold substrate at nor-
mal incidence as a function of the relative twist angle
between the flakes and wavelength. For a twist angle of
approximately 36°, CD = 0.44, with d1 = 0.8 µm and
d2 = 1µm. As explained above, this effect originates
from the broken mirror symmetry upon twisting the
two bilayers with respect to each other, which induces
chirality. As expected, at a twist angle of 0° and 90°,

CD = 0, since mirror symmetry is preserved in both
cases (see Fig. 1d). Although mere twisting of the
layers ensures broken mirror symmetry, the effect is
enhanced via interference, by inducing Fabry–Pérot
resonances within the bilayer via tuning the respective
thicknesses of the two bilayers. This is shown in Fig. 2c,
where the top layer’s thickness d1 is kept constant at
1 µm, while d2 varies. The x-axis represents the total
thickness of the bilayer, d1 + d2. At a twist angle of
0° – corresponding to a uniform crystal of α-MoO3 –
the white arrows mark the total thickness at which the
structure becomes resonant. The same applies to the
white arrows at a twist angle of 90°, where the x-axis
of the top layer of α-MoO3 aligns with the y-axis of the
bottom layer. In both cases, CD vanishes, as mirror
symmetry is preserved. Importantly, maximum CD
occurs precisely at thicknesses between these two reso-
nances. This observation allows selecting the operating
wavelength and controlling its dependence on the twist
angle.

As shown in the numerical results of Fig. 2, twisted
bilayer α-MoO3 offers a significant advantage over tradi-
tional chiral meta-devices and related architectures [13–
25] by eliminating the need for high-resolution lithogra-
phy and complex fabrication processes. While several
numerical studies have recently explored twisting layers
of α-MoO3 and other materials for mid-IR and tera-
hertz chirality [45–49], no experimental result has been
reported previously. In this paper, we experimentally
demonstrate large values of CD, which can be tuned
by varying the twist angle and thickness of the two
layers. Due to the extreme anisotropy of α-MoO3, the
total thickness required for achieving large CD val-
ues remains deeply sub-wavelength. The strong CD is
not only demonstrated with absorption spectroscopy,
but also via direct thermal emission measurements,
showcasing the potential of twisted bilayer α-MoO3
as a platform for designing thermal sources of chiral
emission in the mid-IR.

We mechanically exfoliated flakes of α-MoO3 with
polydimethylsiloxane-based exfoliation and transfer
(X0 retention, DGL type from Gelpak) at 90 °C [50].
Firstly, the bottom flake was transferred onto gold-
coated (150nm) glass and consequently the top flake
was transferred onto the bottom flake at the desired
twist angle, using an optical microscope which enables
rotation and positioning of the flakes. The dielectric
permittivity of the batch of α-MoO3 (2D Semiconduc-
tors, Bridgman growth technique) used in the devices
presented in this article was extracted using FTIR spec-
troscopy, following the method described in [51]. These
permittivity values serve as the basis for our transfer
matrix simulations and Fig. 2. To measure CD, we
used an FTIR microscope in reflection mode, and in-
serted a polarizer and a waveplate in the beam path
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Fig. 3: Measurements of circular dichroism in reflection. a Schematic of the beam path of the FTIR
microscope in reflection mode. The globar light source emits unpolarized light, which is polarized using a linear
polarizer and a waveplate, after passing through the interferometer. The light, now with known ellipticity, is
focused on the sample and recollected with a 36× reflective (Cassegrain) objective. A beamsplitter positioned
before the objective directs the recollected beam to an MCT photodetector. b FTIR microscope measurements
of the CD spectrum of two twisted bilayer α-MoO3 devices (Device 1 with d1 = 0.6 µm, d2 = 1.1µm and twist
angle of 33°, Device 2 with d1 = 0.85µm, d2 = 0.8 µm and twist angle of 42°). c Corresponding transfer matrix
simulations for the two experimentally measured devices.

between the FTIR spectrometer and the microscope
(see Fig. 3a).

We define CD in reflection mode as:

CDref = |R⟳ −R⟲| , (1)

where R⟳/⟲ denote the reflectance of right/left-hand
circularly polarized light. Due to the lack of available
broadband quarter-wave plates in the mid-IR, we could
not directly measure the reflectance of circularly polar-
ized light. To solve this problem, we used a narrowband
waveplate that is transparent in the spectral region
of interest and introduces a known phase δ between
the x- and y-component of the electromagnetic field.
This way, we measured the reflected intensities R45◦

and R−45◦ , where linearly polarized light impinges on
the waveplate oriented at 45° and −45° with respect to
its crystal axis. It can be shown (see Supplementary
Material) that:

CDref =

∣∣∣∣R45◦ −R−45◦

sin(δ)

∣∣∣∣ . (2)

We conducted the measurements using two different
narrowband waveplates, intentionally omitting opera-
tion near δ = 0. In this way, the spectral range of each
measurement was only limited by the transparency of
the considered waveplate. We characterized the phase
δ introduced by the two waveplates: a quarter-wave

plate and a half-wave plate with operational wavelength
11.3 µm (CdSe from VM-TIM GmbH), following the
technique presented in [52] (see inset in Fig. 3). To
minimize the error introduced by the conversion shown
in Eq. 2, we chose the measurement of the waveplate
where the factor 1/ sin(δ) is smaller. This way, over
the entire spectral region presented, this factor never
exceeded 1.81 (see Supplementary Material).

The two twisted bilayer α-MoO3 devices presented in
this work have twisted areas with lateral dimensions
ranging from 10 µm to 40 µm. Device 1 consists of a
0.6 µm thick flake on top of a 1.1 µm flake twisted at
an angle of 33°. Device 2 compromises a 0.8 µm flake
on top of a 0.85 µm flake, twisted at an angle of 42°.
Both devices are transferred onto a gold-coated glass
substrate to perform CD measurements in reflection.
Fig. 3b shows FTIR measurements of CDref defined in
Eq. 1, for the two devices. We restrict our measurement
to the twisted area of the devices using the knife-edge
aperture of the FTIR microscope. Transfer matrix
simulations of CDref of the same devices are shown in
panel Fig. 3c.

In both devices, the measured CDref has a maximum
value of nearly 0.2. Whilst the simulated CDref is con-
siderably larger, the spectral position of maximum CD
perfectly matches between simulation and experiment.
The smaller value in the experimentally measured CD is
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due to the small lateral dimensions of the twisted areas,
which are in the order of magnitude of the measured
wavelength. Since transfer matrix simulations work as-
suming plane surfaces with infinite lateral dimensions,
edge effects that might appear are not considered. The
values of measured CD are significant and demonstrate
that mechanical twisting of anisotropic bi-layers can
indeed induce a strong chiral effective response with-
out any need for lithography. Below, we demonstrate
that this chiral response can manifest itself in thermal
emission measurements, thus significantly altering the
incoherent characteristics of blackbody radiation. Ac-
cording to Kirchhoff’s law of thermal radiation [53], the
circular dichroism observed in the absorption proper-
ties of twisted bilayer α-MoO3 should similarly present
itself in a direct thermal emission experiment, leading
to preferential emission of one circular polarization
over the other. This is indeed demonstrated below.

We describe the polarization state of the emitted light
by the Stokes parameters that contain all information
regarding the correlation between orthogonal compo-
nents of the electric field of light. For elliptically po-
larized light, the tip of the electric field vector traces
an ellipse, as shown in Fig. 4. The polarization ellipse
is defined in Cartesian coordinates in terms of the x
and y components of the electric field vector (E0,x and
E0,y) by the orientation angle 0 ≤ ψ ≤ π and the ellip-
ticity angle −π/4 ≤ χ ≤ π/4. The polarization ellipse
yields the following equation, p2S0

2 = S1
2 +S2

2 +S3
2,

where:

S0 = E0,x
2 + E0,y

2 = I0

S1 = E0,x
2 − E0,y

2 = Ip cos(2χ) cos(2ψ)

S2 = 2E0,xE0,y cos(δ) = Ip cos(2χ) sin(2ψ)

S3 = 2E0,xE0,y sin(δ) = Ip sin(2χ).

(3)

Here S(λ) = [S0(λ), S1(λ), S2(λ), S3(λ)] represent the
components of Stokes vector, and I0 is the total inten-
sity of light. The parameter p represents the degree
of polarization, and when no depolarization is consid-
ered, p = 1, I0 = Ip. The parameter S0 represents the
time-averaged intensity in the direction of propagation.
Parameters S1 and S2 correspond to the difference of
the intensities of the linearly polarized fields along the
x and y directions and along 45° and −45° with re-
spect to x-axis, respectively. S3 denotes the difference
between the intensities of right and left-hand circu-
larly polarized light. Hence, by definition (Eq. 1), S3

represents the CD in emission (CDem).

We characterized the polarization state of the emitted
radiation from twisted bilayer α-MoO3, using Stokes po-
larimetry (see Supplementary Material), by combining
a linear polarizer and a half-wave plate, as described in
Nguyen el al. [11] and Sabatke el al. [54]. We consider
five independent sets of the polarizer and waveplate

orientations to retrieve the Stokes parameters. The
half-waveplate enabled retrieving the Stokes param-
eters between 12 µm and 13.5 µm. Additionally, the
Stokes parameters were also calculated by transfer ma-
trix simulations. The presented results correspond to
absorptivity calculations A = 1−R. In particular, the
Stokes parameters were obtained as:

S0 = A↔(Φ = 0◦) +A↕(Φ = 0◦),

S1 = A↔(Φ = 0◦)−A↕(Φ = 0◦),

S2 = A↔(Φ = 45◦)−A↕(Φ = 45◦).

S3 = A⟳ −A⟲.

(4)

Fig. 4 shows the experimentally retrieved and theoreti-
cally predicted Stokes parameters, normalized by S0.
As shown, S2 and S3 have a fair agreement between
the measured and simulated spectra. In particular,
the Stokes parameter S3 = CDem = CDref. This is
evident from the measured S3 shown in Fig. 4 and the
CDref shown in Fig. 3 (Device 2 ). Similar to CDref,
the measured S3 reaches 0.2 and is approximately half
of that expected from the simulations. The same rea-
sons as discussed in relation to Fig. 3 are responsible
for this discrepancy. The parameter S1 is sensitive to
the orientation of the sample, the polarizer and the
waveplate, making its retrieval least precise. In partic-
ular, direct emissivity measurements are limited by the
small thermal emission from α-MoO3 at the measured
temperature (573 K). At this temperature, which is
not considerably higher than room-temperature, the
emitted signal from the sample is comparable in magni-
tude to the background thermal emission arising from
the instrument itself, increasing the uncertainty related
to the evaluation of the Stokes parameters.

We have characterized the polarization state of the
light emitted from the device due to incandescence.
We note that, at the wavelength for which S3 is max-
imized (λ = 12.8 µm), the degree of polarization p
measured for the device is p = 0.24, which suggests
that the emitted light is considerably depolarized. How-
ever, the non-zero values of S3 in the same wavelength
range confirm the chiro-optical characteristics of the
twisted flakes. We show the polarization ellipse for the
polarized part of the emitted light in Fig. 4c and e,
corresponding to measurements and calculations. As
shown, at λ = 12.8 µm, the dominant component is
right-handed elliptically polarized, thus validating the
chirality of the twisted flakes.

Discussion

We successfully fabricated twisted bilayer α-MoO3 de-
vices that exhibit intrinsic chirality. The fabricated
devices do not require complex nanofabrication tech-
niques and are deeply sub-wavelength. We experimen-
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Fig. 4: Circular dichroism in emission. a Schematic of the beam path of the FTIR microscope in emission
mode. The sample is placed on top of a heating stage and the emitted radiation is collected by 36× reflective
(Cassegrain) objective. After passing through a wave plate and polarizer the light enters the interferometer and
is measured by an MCT detector afterwards. b Measured normalized Stokes parameters. The black arrow
indicates the wavelength at which the polarization ellipse in c is shown. d Transfer matrix simulations of
normalized Stokes parameters and corresponding polarization ellipse in e.

tally demonstrated significantly large values of CD via
absorption measurements, providing new insights into
the optical properties and potential avenues of twisted
bilayer systems. Importantly, in addition to absorption
measurements at room temperatures, we directly mea-
sured the thermal emission from these structures and
observed circularly polarized thermal emission, further
validating their chiral nature.

Notably, the thermal emission measurements were per-
formed at a relatively low temperature of 573 K. De-
spite challenges related to conducting thermal emis-
sivity measurements at low-temperatures, such as the
low-emission signal from devices that do not surpass
few tens of microns in lateral dimensions (see Fig. 1e
and f), we were able to detect and confirm the circular
polarization state of the emitted light. This highlights
the robustness of twisted bilayer devices and their po-
tential for applications in chiral and infrared photonics
that leverage thermal radiation.

We hope that our findings open new avenues in the
exploration of twisted bilayer systems that go beyond
transport measurements and related exotic physics [35,
37, 55–57] and into the physics of thermal radiation
and far-field nanophotonics. These results lay the
groundwork for developing infrared optical devices for
light emission and polarization control in a simple,
planar, and scalable platform.
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