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Abstract

Thermal radiation is traditionally an incoherent radiative signal, where the radiated
heat is highly unpolarized, spectrally broad, and omnidirectional. The recent extensive
interests in thermal photonics focus on tailoring the temporal coherence (spectrum) and
spatial coherence (directivity) of thermal radiation. Here, we investigate the photon
spin characteristics of the radiation excited by thermal fluctuations using a symmetry-
broken metasurface. Utilizing spin-polarized angle-resolved thermal emission spec-
troscopy (SPARTES), we explicitly show when both mirror- and inversion- symme-
tries are broken, the summation of spin-angular momentum projected on wavevectors,

namely the optical helicity, can be non-vanishing even without applying a magnetic
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field. We find the photon spin and the energy-momentum dispersion of thermal ra-
diation can be effectively tailored through symmetry engineering. Our results firmly
suggest the symmetry-based strategy provides a general pathway for comprehensively

controlling the temporal, spatial, and especially spin coherence of thermal radiation.

Main

Thermal radiation describes the universal phenomenon that all objects at non-zero temper-
atures emit infrared electromagnetic energy.!’ Controlling this omnipresent radiative energy
source is of vital importance for various modern world applications,? ranging from ther-

39 radiative cooling, % to novel information-processing devices® and op-

mophotovoltaics,
tical gas sensing.™V Looking at the recent efforts on controlling thermal radiation, significant
progress has been made in tailoring its temporal coherence, i.e. spectrum, 5 and the
spatial coherence, i.e. directivity.** However, the photon spin, as another crucial char-
acteristic of electromagnetic radiation, is so far commonly ignored, due to the fact that
conventional thermal emitters show weak to zero spin-angular momentum (SAM).

Nevertheless, the photon spin, especially its intertwined characteristics with spectrum
and directivity, can bring in a brand new degree of freedom for tailoring thermal radiation.
Fundamental obstacles arise from the fact that thermal radiation is substantially determined
by the Bose-Einstein distribution of photons. The statistical behavior of thermal photons
indicates thermal radiation is commonly incoherent and spin degenerated. Surprisingly, it has
been observed that some astronomical objects in nature show observable SAM. This unique
phenomenon has drawn increasing attention as it contains exclusive information about the
universe and is regarded as a possible signature of life. However, the fundamental mechanism
of these observations is either the filtering by chiral molecules®® or the existence of a strong
magnetic field.* They are not ideal pathways for practical applications, and thus not of
general interest to the subject of thermal radiation engineering.

Besides, recent studies reveal that the thermal radiation from topological insulators“%4l



and Weyl semimetals®® exhibits circularly polarized characteristics. This is a manifesta-
tion of the microscopic mechanisms where the fluctuation-driven torque is generated under
magnetic fields. As a result, macroscopically, it is expected the circularly polarization can
be omnidirectional in the far field. In other words, the summation of SAM projected on
wavevectors, namely the optical helicity, can be non-zero in these cases. However, compli-
cated material systems or high magnetic fields are required here to break the time-reversal
symmetry. Until now, there is no direct demonstration of non-vanishing optical helicity in a
time-reversal symmetry preserved system.

To overcome this, we consider the fundamental constraints and opportunities for spin-
degeneracy removal from a symmetry point of view. We investigate here pseudo-2D systems
under time-reversal symmetry. Firstly, assuming inversion- and mirror- symmetry are both
preserved, the spin degenerates, and no circularly polarized radiation can be observed as
illustrated in Fig.1le. Secondly, by breaking the inversion symmetry, an anti-symmetric spin
characteristic can be observed.”d However, we emphasize that although circularly polarized
thermal radiation can be generated in this scenario, it only occurs in oblique directions, as
the mirror-symmetry guarantees spin degenerates in the surface normal. The anti-symmetric
spin pattern ensures the total optical helicity is zero (Fig.1f). Lastly, we show that by fur-
ther breaking the mirror-symmetry, an extra k term can exist, which releases all the con-
straints and make asymmetric spin characteristics and non-vanishing optical helicity possible
(Fig.1g).

Based on the symmetry analysis, in this work, we show an experimental realization of the
symmetry-broken metasurface with removed spin degeneracy, generating magnetic-field-free
circular-polarized thermal radiation with a degree of circular-polarization (DoCP) exceeding
0.6. To reveal the energy-momentum dispersion and the corresponding spin characteristics in
the thermal radiation, we establish a unique spin-polarized angle-resolved thermal emission
spectroscopy (SPARTES) system, overcoming the limitations of conventional thermal emis-

sion spectroscopy where the measurements are limited to the proximity of surface-normal
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Figure 1: a-d. Various aspects of thermal emission engineering. In this work, by adding the
optical spin control, we achieve comprehensive tailoring of thermal emission. e-g. Schemat-
ics demonstrating the constraints of spin degeneracy removal from symmetries. The non-
vanishing optical helicity can only be observed when both inversion- and mirror- symmetries
are broken (g)



direction. Based on a thorough characterization, we show an omnidirectional high DoCP
and spin asymmetry at a remarkable dispersionless band around 7um. Particularly, we di-
rectly observe a non-zero total optical helicity in thermal radiation, which originates from
the breaking of mirror symmetry. We emphasize this is fundamentally prohibited in pre-
vious studies, where mirror symmetry is preserved and the spin characteristics are thus
anti-symmetric in k-space. The complete symmetry breaking also provides full freedom to
introduce new symmetries when used as constitutive building blocks. As some examples, we
discuss later three representative configurations with mirror, inversion, and four-fold rota-
tional (C4) symmetries, and show that thermal radiation can be significantly altered by the
symmetries. With this symmetry-based approach, we provide a general and effective path-
way to comprehensively engineering the spectral, spatial, and spin characteristics of thermal

radiation.

Circularly Polarized Thermal Radiation

To show the non-vanishing optical helicity, we start by demonstrating the spin degeneracy
is removed in our symmetry-broken metasurface and the far-field thermal radiation is signif-
icantly circular-polarized at 7pm. A schematic of the metasurface is shown in Fig 2a, where
a rectangular array of F-shaped meta-atoms is patterned on a SiO2 dielectric layer with a
gold backplane. The measured emissivity of left-handed circular-polarized light (LCP) is
more than 4 times larger than the emissivity of right-handed circular-polarized light (RCP)
at the surface normal direction as shown in Fig 2b, which is in good agreement with our
simulation results. In Fig 2c, we show a complete characterization of the polarization state
based on Stokes parameters, where S; and Sy reveal the degree and the direction of linear
polarization, and S3 is equivalent to the DoCP. We emphasize that at the peak wavelength
of 7Tum, although the DoCP is below 0.7, the thermally-excited photons are still in highly

circularly polarized eigenstates because of the near-zero S; and S;. The polarization state



can be represented by a circular area that is centered close to the north pole of the Poincare
sphere (inset of Fig 2c). The relatively limited DoCP is actually from the limited coherence

of the thermal emission signal.

3 9
[

M|
n-nn-n-n-n|
m=nnnn-n|
m=m-n-n-n|

|
=
=
===
=
-

Stokes Parameters

6.5 7 75
Wavelength (um)

°> /5 Ausuaq Anjediyd

-100

Figure 2: a. Schematic of the symmetry-broken metasurface with F-shape meta-atoms. b.
The measured LCP (0+) and RCP (0—) emissivity (solid) of the fabricated devices, which
show good agreement with the simulation results (dashed). Inset: SEM imaging of the fab-
ricated device. c. Stokes parameters show the full polarization state. Inset: representation
of the polarization state in the Poincare sphere. d. The time-averaged electric field strength
(normalized by the field Ey of incident waves) at 7pm under LCP (left) and RCP (right)
excitations. The fields are plotted along the XY (top) and XZ (bottom) planes, respectively.
e. Evolution of the vector electric field is plotted for the boxes in d. The field is significantly
circularly polarized under LCP excitation (top), while it is more linearly polarized under
RCP excitation (bottom). f. The local optical chirality density C', normalized by Cy of the
incident LCP.

To show the microscopic mechanisms of the cicular polarization and non-vanishing optical
helicity, we investigate the near-field electromagnetic response of the metasurface. Funda-
mentally speaking, the mechanisms of spin degeneracy removal in photonic systems can be
divided into two categories. On the one hand, the Pancharatnam-Berry phase generated by
a geometric gradient can lead to spin-dependent photon behaviors.”*#? On the other hand,
T6L2T

the phenomenon can also originate from the intrinsic local chirality in the meta-atoms.

We reveal that the strong intrinsic local chirality of our F-shaped plasmonic meta-atoms is



the origin of the observed circular-polarized thermal radiation in the far-field. To start with,
we calculate the electric field distribution using the finite element method (FEM). The nor-
malized electric field strength at 7pm under LCP and RCP excitations are plotted in Fig 2d.
An evident resonant enhancement can be observed for LCP excitation near the region of the
two horizontal lines of ‘F’, while the enhancement is clearly absent for RCP excitation. Ob-
viously, the spin-selective resonance is the direct reason for the LCP emissivity peak at 7pm.
For more insights, we plot in Fig 2e the temporal evolution of the electric field polarization
around the strong-field region. The electric field is predominantly circular-polarized under
LCP excitation, where it is mainly the direction of the polarization vector that is evolving
with phase. In contrast, under RCP excitation, the magnitude of polarization is oscillating,
which reveals the field is predominantly linearly polarized. We argue that the circularly
polarized near-field indicates the high absorption and thus strong emission of LCP, while the
linearly polarized near-field corresponds to weak emission of RCP. We use optical chirality
density C' as the metrics to quantitatively characterize the circular-polarized feature of the
near-field, ™ as ¢ = LE -V x E + 2_;1mB -V x B, where E and B are the time-dependent
electric and magnetic fields, and g3 and o are the permittivity and permeability of vacuum.
We emphasize that the local chirality is two orders of magnitude larger than the chirality
of the incident LCP as shown in Fig 2f. The super-chiral near-field under LCP excitation
is a manifestation of a strong LCP absorption/emission, and at the same time indicates the
intrinsic local chirality is the dominant mechanism for our observation of circular-polarized

thermal radiation.

Spin-Polarized Angle-resolved Thermal Emission Spec-
troscopy

To demonstrate the non-vanishing optical helicity and map the energy-momentum (E — k)

dispersion of thermal radiation, we establish a unique SPARTES system. The system allows
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Figure 3:  Spin-polarized angle-resolved thermal emission spectroscopy (SPARTES)

Schematic of the coordinate system. b-c. Calculated (b) and experimentally measured
(c) differential emissivity at 7 microns. The thermal radiation is predominantly LCP over
the entire hemisphere. The total optical helicity, which is proportional to the integral of
the differential emissivity in the k-space, is non-zero. It reaches more than one third of the
fundamental limits (P=39%). d-k. Simulated (top) and measured (bottom) angle-resolved
thermal radiation spectra in the energy-momentum space. The LCP emissivity (d, h), RCP
emissivity (e, 1), unpolarized emissivity (f, j), and DoCP (g, k) are plotted for comparison. A
unique spin-polarized dispersionless band and the spin asymmetry can be clearly observed.



us to characterize the spectral and polarimetric properties of thermal radiation signals at all
azimuth (¢) and deflection angles () over the entire far-field hemisphere as shown in Fig.3
a. (The detailed description of the SPARTES system and full thermal emission spectroscopy
data can be seen in supplementary section II.) In the following, we take the experimental
data along k, for our discussion (k, = 0). The measured spectra are plotted in Fig.3 g-j
and show an excellent agreement with simulations (Fig.3 c-f). A strong contrast between
the emissivity of LCP and RCP can be observed, which is a direct manifestation of the
spin degeneracy removal. Despite the LCP and RCP emissivities being asymmetric in +k&
and —k by themselves, we note that there is a clear symmetric pattern of the averaged
emissivity (o4 /2+0_/2). This is because the averaged emissivity is proportional to the total
radiative power, and the symmetric total radiation in k-space is fundamentally guaranteed
by the time-reversal symmetry in this magnetic-field-free system. The asymmetric LCP and
RCP emissivity also leads to a unique DoCP pattern, which is neither symmetric nor anti-
symmetric. Here, the DoCP is defined as (0 — o_)/(04 4+ 0_), which is +1 for LCP, -1
for RCP, and 0 for spin-degenerated radiation. We point out that this spin asymmetry in
k-space is from the complete symmetry breaking of our ‘F’ structure, where neither the 2D
inversion-symmetry nor the mirror-symmetry is preserved.

Interestingly, we observe that the strong thermal emission at 7pm is from a dispersionless
energy band along k.. To reveal the thermal radiation characteristics in this dispersionless
energy band, we plotted the differential circular-polarized emissivity (o0, — o_) at 7pm on
the entire hemisphere (projected onto the k,, plane). As evidently illustrated in Fig. 2b,
the thermal radiation is highly left-handed circularly polarized in all directions. The total

optical helicity H is nonzero as,’

I= Zh (Mot — Npo—) X Z (04 —0-) (1)

k

where ny ,+ and ny ,_ are the photon numbers of LCP and RCP associated with the wavevec-



tor k. To explore the fundimental limit, we use a P parameter, defined as the optical helicity
in percentage, normalized by the optical helicity of a emitter where the thermal radiation is
perfectly LCP towards all directions. We show our design reaches P=39% of the fundamental
limit from the experimental results. This is in strong contrast with previous demonstrations,
where the spin characteristics are anti-symmetric in k-space (n,. (k) = n,_(—k)) because of
the preservation of mirror symmetry, and the optical helicity has to sum to zero. We empha-
size the breaking of mirror symmetry in the metasurface is the fundamental mechanism for

this observation of non-zero optical helicity in the radiation excited by thermal fluctuations.

Symmetry Engineering

Moreover, we show in the following the photon spin characteristics are explicitly governed
by the spatial symmetries. We emphasize that one distinctive feature of the ‘F’ structure
is the complete symmetry breaking. None of the mirror symmetry, inversion symmetry, or
rotational symmetry are present in the meta-atoms, which provides the full freedom for sym-
metry engineering. In other words, by introducing new symmetries, we find effective control
of thermal radiation can be realized in its spectral, spatial, and especially spin properties.
To show this, in Fig. 4, we present the E — k dispersion along k, (k, = 0) of the averaged
emissivity and the corresponding DoCP in three different metasurfaces with mirror, inver-
sion, and 4-fold rotational symmetries (C4), respectively. We point out some interesting
features in the obtained thermal emission spectra. Firstly, by introducing mirror-symmetry,
the DoCP becomes zero, as the symmetry along y-axis guarantees DoCP = 0 at k, = 0, re-
gardless the value of k. Secondly, we show that the DoCP in the inversion-symmetric device
becomes symmetric in the k-space, which is in strong contrast to the ‘single-F’ metasurface
where the DoCP is asymmetric. Thirdly, the C4 device also exhibits symmetric patterns,
as in 2D, the C4 symmetry contains the inversion symmetry (equivalent to C2). However,

distinctive spectral, spatial, and spin features are present as a manifestation of the additional

10



rotation symmetry. Reassuringly, all averaged emissivity plots show symmetric patterns in

k-space, which guarantees the time-reversal symmetry is always preserved in our devices.
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Figure 4: The optical images (left), averaged emissivity spectra (middle), and DoCP are
plotted for devices with mirror symmetry (a-c), inversion symmetry (d-f), and four-fold
rotational symmetry (g-i), respectively. The average emissivity is symmetric along k=0 in
all three cases, which is a manifestation of the time-reversal symmetry. The DoCP is zero
for the mirror-symmetric device, and symmetric for the inversion- and C4- devices.

Discussion

Finally, we discuss the impact and some potential applications of our results. First of all, the
observed non-vanishing optical helicity indicates omnidirectional circularly polarized thermal
emitters can be realized through metasurfaces. Our demonstrated devices can be directly

applied as a wide-angle, narrow-band circular-polarized mid-infrared light source, for ap-
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plications including optical gas sensing, illumination, and display. We highlight that the
metasurface-based device can be integrated into on-chip systems to achieve compact func-
tional devices for commercialization, while the current approach generally requires bulky
optical components like linear polarizers and waveplates. Especially, traditional waveplate
also suffers from the strong angular dependence, which makes omnidirectional circular polar-
ization inaccessible. Moreover, considering the field of near-field heat transfer, we expect our
designs can transfer net angular momentum and torque through heat, which may facilitate
the discovery of novel phenomena at the nanoscale and benefit the development of near-field
thermophotovoltaics. Additionally, the unique spectral-spatial-spin feature of the engineered
thermal emission can be exploited as high-contrast thermal beacons for astronomy applica-
tions, as the thermal emission from other natural objects is highly incoherent, especially lack
of spin textures. Finally, our symmetry-based strategy for controlling optical spin introduces
a new degree of freedom of thermal radiation engineering, providing a general approach to

comprehensively tailoring thermal radiation for future energy applications.
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