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Abstract

Nanophotonic engineering provides an effective platform to manipulate thermal emission on-demand, enabling
unprecedented heat management superior to conventional bulk materials. Amongst a plethora of nanophotonic
structures, symmetries play an important role in controlling radiative heat transfer in both near-field and far-field. In
physics, broken symmetries generally increase the degree of freedom in a system, enriching the understanding of
physical mechanisms and bringing many exciting opportunities for novel applications. In this review, we discussed
the underlying physics and functionalities of nanophotonic structures with broken geometrical symmetries, engi-
neered mode symmetries, and broken reciprocity for the control of thermal emission. We overview a variety of physi-
cal phenomena and interesting applications, and provide the outlook for future development.

1 Introduction

Radiative heat transfer is a ubiquitous physical process
in our universe. Any object with a temperature above
absolute zero exchanges thermal energy with the envi-
ronment. In physics, thermal emission originates from
electromagnetic radiation induced by the thermal motion
of charged particles inside materials. Planck’s law char-
acterizes the spectral distribution of emitted power. The
second law of thermodynamics governs the irreversibility
of energy transfer in thermal emission. In conventional
systems, thermal emission tends to be broadband, inco-
herent, omnidirectional, and unpolarized, due to fluctu-
ating electromagnetic fields thermally generated inside
materials. Thanks to the rapid development of nano-
photonics, researchers demonstrated that thermal emis-
sion, similar to spontaneous emission of light, can be
engineered or manipulated with the use of artificial or
naturally occurring micro/nanostructures [1]. Narrow-
band, directional, or polarized thermal emissions are all
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proposed and experimentally demonstrated using meta-
materials [2, 3]. Fruitful achievements propel the devel-
opment of thermal photonics which improves energy
utilization efficiency and revolutionizes many energy
applications. Several review papers have comprehen-
sively overviewed the field of thermal photonics, specifi-
cally the radiative heat transfer in near-field and far-field
[2-7].

Symmetries are of fundamental importance in physics
[8]. A symmetry of a physical system is a physical feature
that remains invariant under some transformation. The
transformations may be continuous or discrete, which
give rise to the corresponding types of symmetries. Sym-
metries are mathematically described by groups. Con-
tinuous symmetries are described by Lie groups while
discrete symmetries are described by finite groups. The
continuous symmetries of a physical system are inti-
mately related to the conservation laws characterizing
that system. For example, the temporal translation sym-
metry gives rise to the conservation of energy.

Symmetries also play an important role in thermal
radiation [9, 10]. In this context, the relevant symme-
tries include the geometric and non-geometric ones.
The geometric symmetries refer to the invariance of
the system, including both the thermal emitter and
its environment, under the usual spatial transforma-
tion such as rotation, reflection, and inversion. The
non-geometric symmetries include reciprocity, energy
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conservation, and time-reversal symmetry, which are
invariance under the corresponding internal transfor-
mations of linear photonic systems [9].

These symmetries have important implications for
thermal radiation. For example, any thermal emitter is
fundamentally characterized by two key quantities: the
angular spectral absorptivity a(w, —ﬁ,ﬁ) and the angu-
lar spectral emissivity e(w,7,p) [10]. a(w, —7,p) rep-
resents the absorption coefficient for incident light at
frequency w and direction —# with a complex polariza-
tion vector p. e(a), ﬁ,ﬁ) measures the spectral emission
power per unit area at the frequency w in the direction
71 with a polarization p, normalized against a blackbody
at the same temperature as the emitter. It is known that
the existence of geometric and non-geometric sym-
metries imposes direct constraints on oe(w, —ﬁ,?) and
e(w, ﬁ,fa) Conversely, breaking these symmetries can
remove such constraints. As a simple but important
example, we note that any linear time-invariant ther-
mal emitter needs be lossy, and thus must break energy
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conservation and time-reversal symmetry [9]; however,
it can either obey or violate Lorentz reciprocity.

In this review, we will examine the important physical
consequences of symmetry breaking on thermal radia-
tion, as shown in Fig. 1, in contrast to general thermal
photonic structures or structures with high symmetry
[11-14]. We will schematically illustrate the physical
mechanisms and practical applications for each type
of reduced symmetries. The review is organized as fol-
lows: Section "Breaking geometric symmetries" reviews
metastructures with broken geometric symmetries.
In Section "Anisotropy”, we review anisotropic meta-
structures with in-plane or out-of-plane anisotropy.
In Section "Aperiodicity and randomness", we discuss
aperiodic or random structures that break translational
symmetry. These structures allow for extra freedom in
photonic design and more cost-effective and large-area
fabrications. In Section "Chirality", we examine chiral
metastructures for thermal photonic applications. We
discuss circularly polarized thermal emission, opti-
cal Rashba effect, photothermal circular dichroism,
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Fig. 1 Thermal photonics with broken symmetries. Without nanophotonic engineering (central panel), the general thermal emission exhibits
omnidirectional, incoherent, unpolarized, and reciprocal features. The spectral density of an ideal thermal emitter with unity emissivity can be
described by Planck’s law of blackbody emission. With broken geometrical symmetries (top panel), using anisotropic metastructures can tailor
emission angle and polarization; Aperiodic or randomized structures may expand the emission band; Chiral structures show differential responses
for circularly polarized thermal emission; Twist-optical metastructures are responsible for twist-angle sensitive narrow band thermal emission. With
engineered mode symmetries (left panel), Fano resonance, bound states in the continuum, and non-Hermitian at the exceptional point can be
formed as peculiar optical states. The mode symmetries play an important role in the formation of each optical state, enabling unconventional
thermal emission control such as asymmetric spectral line-shape of emissivity, ultrahigh quality factor, and the transition of emissivity near the
exceptional point, respectively. To break reciprocity (lower right panel), magneto-optical materials and spatiotemporal modulation can be exploited
for nonreciprocal thermal emission control, indicating the ability to violate Kirchhoff's law of thermal radiation




Liu et al. eLight (2022) 2:25

and thermal nonequilibrium generated spin angular
momenta. Section "Engineering mode symmetries"
reviews metastructures with engineered mode sym-
metry. In Section "Fano resonance”, we discuss Fano
resonances. In Section "Bound states in the continuum
(BIC)", we discuss bound states in the continuum. We
cover thermal applications of such modes, includ-
ing wavelength-selective and narrowband near-field
radiative heat transfer, and complete on—off switching
of thermal emission. Section "Breaking reciprocity”
reviews metastructures that break reciprocity. In Sec-
tion "Magneto-optical effect”, we discuss nonrecipro-
cal thermal effects based on magneto-optical materials,
such as violation of Kirchhoff’s law of thermal radiation,
persistent directional heat current, and photon thermal
Hall effect. In Section "Spatiotemporal modulation”, we
discuss nonreciprocal thermal effects based on space—
time modulation. Section "Summary and outlook”
briefly discusses several emerging research directions
in thermal photonics. In Section "Non-Hermicity", we
discuss non-Hermitian systems with or without parity-
time symmetry, which may exhibit exceptional points.
In Section "Twist-optics”, we discuss twist-optical
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systems, which may enable great tunability of thermal
emission.

2 Breaking geometric symmetries

In this section, we review the physical consequences of
breaking geometric symmetries on the absorptivity and
emissivity of thermal emitters. We discuss the breaking
of geometric symmetries by introducing anisotropy, ape-
riodicity, and chirality.

2.1 Anisotropy

A conventional thermal emitter emits omnidirectional,
broadband, incoherent and unpolarized thermal radia-
tion in space. With the introduction of anisotropy to
metamaterials-based thermal emitters, one can expect
distinct thermal emission properties in different direc-
tions. Amongst a plethora of metamaterials, isotropy can
be broken along in-plane or out-of-plane directions, ena-
bling selective control of emission properties like polari-
zation, bandwidth, and coherence.

Figure 2a shows a silicon carbide nanorod optical
antenna-based thermal emitter. The structure is a one-
dimensional (1D) nanorod with a strong in-plane ani-
sotropy [15]. It possesses an approximate translational
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invariance along the nanorod axis and a mirror symme-
try perpendicular to the nanorod axis. As a result, the
structure supports TE and TM polarized modes that are
orthogonal and well-separated in frequency. The com-
bination of size-dependent Mie resonant modes and
material-dependent optical phonon responses leads to
highly efficient and wavelength-selective polarized ther-
mal emission in the mid-infrared frequency range. Such
optical antenna-based directional thermal emitters may
find applications for communications [16]. Besides polar-
ization control, such nanorod structures are also used to
realize tunable narrowband thermal emitters [17, 18].

Grating is another widely used structure that breaks
in-plane isotropy. As shown in Fig. 2b, Greffet et al. pro-
posed a SiC grating to engineer the directionality, band-
width, and coherence of thermal emission [19]. Such
coherent thermal emission originates from the delocal-
ized excitation of surface-phonon polaritons (SPhP). The
periodicity of the grating compensates for the wavevec-
tor mismatch so that the SPhP modes can couple to free
space. The in-plane anisotropy of the grating leads to
polarization-dependent thermal emission [20, 21]. Ito
et al. proposed a narrowband thermal emitter that con-
sists of a Si grating suspended on a SiC plate. Its air-gap
size-dependent emissivity clearly shows Fabry-Pérot
fringes in spectra [22]. To extend the functionality of SiC-
based gratings, Chalabi et al. proposed thermal lenses for
focusing the thermal emission to a focal line in space [23].
The carefully designed nonperiodic structures create a
space-dependent phase distribution for the scattered
waves, resulting in constructive interference between all
scattered waves at the focal line. The thermal lens may be
suitable for photothermal applications based on selective
heating nanostructures [24].

Beyond conventional anisotropic materials, hyperbolic
metamaterials (HMM) possess extremely anisotropic
permittivity tensors, exhibiting many useful properties
like negative refraction and enhancement of spontane-
ous emission [25, 26]. For thermal radiation control, Gao
et al. proposed an aligned single-walled carbon nanotube
(SWCNT) film-based HMM [27], the strong in-plane
anisotropy enables the polarization-dependent thermal
emission, see Fig. 2c. The permittivity tensor has different
signs in its diagonal components describing the direction
parallel (¢) and perpendicular (g,) to the SWCNT axis
in mid-infrared wavelengths; metal-like €, and dielectric-
like €, result in enhanced and suppressed emissivity for
different polarizations, respectively. Moreover, the film
thickness can be readily tuned by simply stacking mul-
tiple layers; this allows for the simple and cost-effective
fabrication of devices relying on macroscopically 1D
properties of aligned carbon nanotube assemblies [28].
Besides, the extremely small diameters, the excellent
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thermal conductivity, and the tolerance to high tempera-
tures enable SWCNT well-suited for applications in ther-
mal photonics [29].

Another approach to breaking the in-plane isotropy is
to combine multiple resonators or meta-atoms in a sin-
gle unit cell. The inter-particle coupling between periodic
meta-atoms array may lead to angular or polarization-
dependent but broadband or multiband responses. As
shown in Fig. 2d, Nielsen et al experimentally dem-
onstrated a broadband efficient absorber based on gap
plasmon [30]. For a single resonator, the gap plasmon
resonant wavelength is easily controlled by modifying
the diameter of meta-atoms and the gap size. For multi-
sized resonators, the absorption efficiency and resonant
wavelength are sensitive to the near-field coupling inside
a supercell. The broadband absorption is required in
thin-film based photovoltaic applications [31]. With care-
ful geometric optimization of meta-atoms, broadband
and near-perfect absorbers or thermal emitters are fea-
sible for irregular meta-arrays [13, 32, 33]. Disordered or
aperiodic metamaterials with reduced symmetry will be
reviewed in Section "Aperiodicity and randomness".

Enhancing the local electromagnetic fields is an
effective way to manipulate the properties of thermal
emission. In Fig. 2e, Wang et al reported a SiC bow-
tie nanoantenna to tune bandwidth, coherence, and
frequency of thermal emission, which is based on the
near-field SPhP coupling at the gap [34]. SPhP modes
are strongly enhanced at the tips of two adjacent trian-
gles; such a “hot spot” effect is sensitive to the gap size.
Moreover, for two modes in the middle of the spectrum,
dipole-like surface charge distribution is mainly concen-
trated at the tips of triangles, and hence the correspond-
ing emission peaks depend strongly on the gap size.

For out-of-plane anisotropic structures, as shown in
Fig. 2f, Cui et al. proposed a sawtooth anisotropic met-
amaterial slab to expand the infrared absorption band
[35]. A periodical sawtooth array is composed of metal/
dielectric pair with a sub-wavelength size and a gradu-
ally changed width. The structure is designed to achieve
non-resonant slow light trapping by engineering the dis-
persion of surface modes with TM polarization [36, 37].
Consequently, the absorption is near unity over a broad
frequency range.

2.2 Aperiodicity and randomness

Periodic configuration is probably the most widely used
configuration in meta-array-based thermal photonics.
Thanks to translational symmetry, the Bloch theorem
could greatly simplify the analysis of the system. How-
ever, many engineered structures don’t possess strict
translational symmetry, which gives extra freedom in the
design of metamaterials [38, 39]. Aperiodic multilayer
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optical coatings are one of the simplest cases in this
category.

As shown in Fig. 3a, Raman et al. proposed and
experimentally demonstrated an optical thin-film with
aperiodic multilayers for day-time radiative cooling
applications [40]. The thin film consists of seven SiO,
and HfO, alternative layers with different thicknesses,
enabling broadband control of thermal radiation. The
structure achieves broadband solar reflection and selec-
tive thermal emission in mid-infrared frequencies. The
four thin layers at the bottom enhance the reflectivity in
the solar spectrum while the three thick layers at the top
enhance the emissivity in the mid-infrared wavelength
range where the atmosphere is transparent. Aperiodic
multilayer thin films can also be designed for selective
and narrow-band thermal emitters [41-43].

Quasicrystalline structures are quasi-periodic. They
have long-range order but lack translational symme-
try [44—46]. Periodic structures strongly and coherently
enhance optical interference and absorption. In contrast,
quasicrystals possess some degree of disorders, enabling
random light trapping and broadband optical absorp-
tion or thermal radiation [38, 39]. As shown in Fig. 3b,
Xavier et al. reported a quasicrystalline-structured silicon
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films-based broadband absorber [47]. The structure has
a ten-fold transversely quasicrystalline lattice. Like the
periodic structures, a quasi-periodic structure exhibits a
well-defined discrete far-field diffraction pattern. Unlike
periodic structures, however, the quasiperiodic structure
exhibits a dense Fourier spectrum and a weaker angular
dependence in its optical absorption and thermal radia-
tion properties [48]. To further enhance the averaged
absorptivity for broadband optical absorption, Mercier
et al. demonstrated infinite-symmetry 2D Fibonacci pat-
terning to improve the power conversion efficiency of
Si solar cells, whose performance outperforms photonic
quasicrystalline structures with 12-fold symmetry and
photonic crystals with a triangular lattice [49].

In Fig. 3c, the Bull’s eye grating is a standalone struc-
ture for obtaining highly directional and efficient light
emission and thermal radiation. Park et al. experimen-
tally demonstrated a bull's eye structure composed of
tungsten and molybdenum concentric grooves for real-
izing a narrow band and directional thermal beam [50].
The structure hosts thermally excited surface-plasmon
polaritons that can enhance optical absorption and ther-
mal emission at resonant wavelengths. The circular sym-
metry enables highly directional thermal emission in the
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normal direction. The highly directional thermal beam
can be applied as nanostructured incandescent light
sources [51].

Many chemically synthesized nanocomposites lack
translational symmetry and long-range order. However,
the cost-effective and scalable manufacturing process for
such nanocomposites is well-suited for large-area energy
applications. As shown in Fig. 3d, Zhu et al. synthesized
nanoprocessed silk for daytime radiative cooling [52].
Silk is a good natural material for radiative cooling: Its
nanofiber-like geometry enhances the overall reflectiv-
ity in the solar spectrum, and the vibrational modes of
amino acids increase the emissivity in the atmospheric
window. However, natural silk exhibits undesirable
absorption at ultraviolet wavelengths that preclude net
daytime cooling. To reduce ultraviolet absorption, Zhu
et al. bonded alumina nanoparticles to silk-based fabrics.
Such hierarchical microstructures have the right sizes
and large refractive index contrast to strongly scatter the
ultraviolet light. Using randomly distributed nanoparti-
cles is another practical way for scalable daytime radia-
tive cooling applications. In Fig. 3e, Zhai et al. utilized
glass-polymer hybrid metamaterials to selectively con-
trol optical reflection in the solar spectrum and thermal
radiation in mid-infrared wavelengths [53]. SiO, micro-
spheres introduce a strong forward Mie scattering near
the phonon polariton resonance. Moreover, ensembles
of randomly dispersed microspheres can be regarded as
an effective medium and the radiation wavelength-com-
parable microspheres broaden the emissive band in the
atmospheric window.

2.3 Chirality

In general, an optical structure with broken mirror sym-
metry and inversion symmetry can generate chiral effects
and exhibit different responses between left-handed and
right-handed circularly polarized lights [54, 55]. The chi-
ral response of a structure is characterized by the optical
chirality density (C), defined as [56—59],

£0 Ly 1 _,
C=—E-VXE+ —B"-V xB, (1)
2 20

Here, E and B are complex electric and magnetic fields,
the asterisk sign denotes the complex conjugate, ¢, and
Mo are permittivity and permeability in vacuum, respec-
tively. Therefore, to enhance the chiral response of a
structure, Eq. (1) implies that one needs to enhance the
out-of-phase local electric and magnetic fields near the
structure. C is related to other quantities that charac-
terize differential optical responses for left-handed and
right-handed circularly polarized (LCP and RCP) lights,
such as circular dichroism (CD) and asymmetry g-factor
[56, 57]. In thermal photonics, chiral geometries bring
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new opportunities and functionalities to circularly polar-
ized thermal emission and photothermal applications
[60—64]. Here, we emphasize that breaking mirror and
inversion symmetry is a necessary but not sufficient con-
dition for realizing chiral thermal emission. The struc-
tures need to be carefully designed to exhibit strong
chirality dependence in thermal emission [65, 66].

As shown in Fig. 4a, an all-dielectric chiral metasur-
face is designed and fabricated for narrow band absorp-
tion and numerically evaluated for circularly polarized
thermal emission [67]. Fano resonance is obtained from
the chiral geometry of meta-molecules via the coupling
between the bright dipole modes and the dark quadru-
pole modes. The chiral geometry simultaneously breaks
the in-plane mirror and inversion symmetry, which is the
key to generating differential optical responses to LCP
and RCP lights. An infrared-absorbing slab is introduced
beneath the chiral metasurface. The Fano resonance in
the combined structure has a large quality factor, which
is beneficial for a narrow-band thermal emitter with a
high degree of circular polarization (DoCP).

The optical Rashba effect is a phenomenon of spin-
orbital interaction of light that can occur when inversion
symmetry is broken. This effect manifests as a spin-
dependent split of the dispersion relation of photons and
can be used to generate circularly polarized emission [68,
69]. In Fig. 4b, the SiC metasurface with a deformed kag-
ome lattice enables thermal emissions with high DoCP
observed in the angle-resolved thermal emission spec-
trum, due to the spin-dependent split of the dispersion
relation of the radiative modes [70]. The broken inversion
symmetry removes the spin degeneracy and reciprocity
guarantees that two modes with opposite wavenumbers
have the same frequency [69]. The strength of spin split-
ting is proportional to the gradient of the space-variant
orientation angle of meta-atoms.

To visualize optical chirality at a single nanoparti-
cle level, as shown in Fig. 4c, Spaeth et al. studied chiral
plasmonic nanostructures with the combination of cir-
cular dichroism and photothermal imaging [71]. It is well-
known that plasmon-based chiral nanostructures can
enhance chiral signals like circular dichroism and asym-
metry g-factor [54, 72]. A single chiral nanostructure,
however, usually produces only very weak chiral signals
that are undetectable by conventional circular dichro-
ism spectroscopy. When light is incident on a nanopar-
ticle, the absorbed energy heats the surrounding medium
and creates a thermal lens. A heating beam (pump) with
periodically modulated circular polarization states is uti-
lized in Ref. [71], the differential absorption between two
circularly polarized lights results in the time-dependent
variation of the thermal lens surrounding the nanostruc-
ture. When another tightly focused beam is introduced
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as a probe beam, the strength of the thermal lens effect
can be detected by the optical interference phenomenon
between the reflected light and the thermal lens-induced
backscattered light. This novel photothermal imaging
technique can generate a circular dichroism image with
sufficient resolution to detect a single chiral nanoparticle
[73].

Chiral nanostructures are not only limited to in-
plane geometry with broken symmetries, Overvig et al
reported a double-layered thermal metasurface for circu-
larly polarized thermal emission control [74]. As shown
in Fig. 4d, the phase-gradient metasurface consists of two
layers of Si nanopillar meta-atoms: light gray colored Si
nanopillars at the top layer and dark gray colored nano-
pillars at the bottom layer. The chirality is introduced and
varied by different orientation angles of interlayer meta-
atoms, exhibiting the broken mirror and space-inversion
symmetries. The top layer controls the local phase and
polarization of thermal emission, and the bottom layer
controls the temporal and spatial coherence of partially
polarized thermal emission. The enhanced main lobe of

LCP emission is observed around a — 20° orientation
angle relative to the y-axis (6, = — 20°), resulting from the
geometric phase engineering in the design of both layers.
In contrast, other side lobes of emission exhibit an angu-
lar emission behavior that is similar between opposite
spins of thermal photons. Additionally, the highly direc-
tional thermal emission implies improved spatial coher-
ence, which originates from the symmetry-protected
bound states in the continuum supported at the bottom
layer [75, 76].

To systematically elucidate the impact of different bro-
ken symmetries on circularly polarized thermal emission
control, Wang et al. fabricated gold-silica-gold metas-
urfaces with F-shaped meta-units [77]. In Fig. 4e, a left-
handed circularly polarized thermal emission peak (o)
appears at 7 um, in contrast, the right-handed circularly
polarized thermal emission (07) is weak and flat in wave-
length. The difference between the two circular polariza-
tions originates from the distribution of optical density of
chirality in F-shaped nanostructures. In general, mirror
symmetry must be broken to obtain thermal emission
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with a large DoCP. Moreover, as shown in the meas-
ured angle-resolved thermal emission spectra in Fig. 4e,
an asymmetric DoCP pattern is observed in the k-space
for a structure that simultaneously breaks inversion
and mirror symmetries. On the contrary, a symmetric
DoCP pattern is observed in the k-space for a structure
that preserves inversion or fourfold rotation symmetry.
Besides circularly polarized thermal emitters, plasmon-
based chiral metasurfaces also have many applications in
chirality-based photothermal effect [64].

Beyond chirality induced by breaking geometrical sym-
metries, Khandekar et al. investigated circularly polarized
thermal emissions from coupled antennas in nonequilib-
rium [78]. As shown in Fig. 4f, two anisotropic antennas
(two bars with red and blue colors) are perpendicularly
arranged with a subwavelength-sized separation. These
two antennas are kept at different temperatures. From
the analysis of fluctuational electrodynamics, the circu-
lar polarization or the handedness of thermal emission
to the direction perpendicular to the two antennas is
switchable by reversing the temperature of two antennas,
but the total spin angular momentum of thermal emis-
sion, summed over all directions, is still zero. Further-
more, DoCP and the directionality of circularly polarized
thermal emission depend on the emission wavelength,
temperature difference, polarizabilities, and geometric
parameters of antennas. This novel mechanism may lead
to practical applications like reconfigurable circularly-
polarized light-emitting diodes [79].

3 Engineering mode symmetries

Above we have focused on the symmetry breaking of the
photonic structures. In this section, we discuss the sym-
metry breaking of the photonic modes and its conse-
quences on thermal radiation.

3.1 Fano resonance

In photonics, Fano resonance occurs when a resonant
mode is coupled to a slowly varying background [80—84].
Fano resonances manifest sharp variations in the trans-
mission, reflection, and absorption spectra, which can
be used in photonic and thermal photonic applications
[85-88]. The asymmetric line shape is due to the destruc-
tive interference between the resonant mode and the
continuous background. It can be phenomenologically
described by the Fano formula. [82]

_@+9?

Qr+1 @

here o describes the line-shape of scattering cross-sec-
tion of nanostructures near the resonance, Q=2(E-E;)/I,
E, and T denote resonant energy and width. g is the
asymmetric parameter that controls the line-shape. The
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quality factor is defined as Q=2E,/I' which is a dimen-
sionless parameter that characterizes the damping of a
resonator. Although creating Fano resonances does not
require breaking geometric symmetries, the detailed
physics of Fano interference is affected when the sym-
metry of the structure is broken, which affects the sym-
metry properties of the modes and the coupling between
distinct nanophotonic structures.

Based on two coupled resonant cavities with distinct
Q-factors, ElKabbash et al. proposed and experimentally
demonstrated Fano-resonant optical coatings (FROC) for
the hybrid thermal-electric power (HTEP) generation,
which splits the solar spectrum band for both photovol-
taics and photothermal applications [89]. The structure
of such optical coating much simplifies the design and
fabrication processes compared with other nanophotonic
structures. In Fig. 5a, resonator 1 is a lossy cavity, result-
ing in a broad absorption band in the solar spectrum. In
contrast, resonator 2 is a metal-dielectric-metal cavity
with a lossless dielectric, resulting in a narrow absorp-
tion band near the specific wavelength. The destructive
interference between two resonators generates an asym-
metric reflection peak spectrally overlapping with the
absorption band of amorphous Si and the reflected pho-
tons could be used in photovoltaic cells. Besides, FROC
exhibits strong absorption in the remainder of the solar
spectrum and suppressed absorption outside the solar
spectrum, enabling the improvement of optothermal effi-
ciency of solar absorbers [90].

Grating structures can also host Fano resonances.
Exploiting the parity symmetry of eigenmodes, Zhang
et al. analyzed and observed a Fano resonance-based
narrow band thermal emission in an Al/SiN/Al grating
structure [91]. As shown in Fig. 5b, the grating possesses
two types of eigenmodes, i.e., meta-atom size-depend-
ent metal-dielectric-metal (MDM) cavity modes, and
periodicity-dependent surface lattice modes. At normal
incidence, the even order MDM cavity modes are dark
modes with even parity, and surface lattice modes are
bright modes with odd parity. Adjusting the meta-atom
size and the periodicity, Fano resonances can be formed
by the spectral and spatial overlap of dark and bright
modes, leading to a very narrow thermal emission peak
in the normal direction, as shown in the right panel of
Fig. 5b (dashed white circle).

Fano resonances also play an important role in near-
field radiative heat transfer (NFRHT). Pérez-Rodriguez
et al. proposed a metamaterial for selectively tailor-
ing NFRHT based on polaritonic and plasmonic modes
hybridization [92]. As shown in Fig. 5¢, the symmetric
nanocavity consists of polaritonic material NaBr and
porous Bismuth on both sides with a large tempera-
ture difference. The evanescent gap-plasmon and SPhPs
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modes can greatly enhance the efficiency of radiative heat
transfer through the nano-sized gap. A Fano resonance
is observed near the spectral overlapped region of two
evanescent modes, due to the mode splitting induced by
the strong coupling between gap-plasmon modes (bright
modes) and transverse SPhPs modes (dark modes). The
asymmetric line shape shows an opening of the ther-
mal bandgap and the enhancement of energy transmis-
sion coefficient near the frequency of transverse phonon
mode (wpg), indicating the suppressed and enhanced
NFRHT inside the nanocavity respectively.

3.2 Bound states in the continuum (BIC)

Bound states in the continuum are localized states inside
the continuum of radiated waves, which can be regarded
as a Fano resonance with an infinite Q-factor [93, 94]. In
general, symmetry-protected BICs and accidental BICs
can respectively appear at I'-point and off-T' point with
an infinite Q-factor [80, 95-99]. Sakotic et al. numeri-
cally demonstrated Berreman modes-based BICs at epsi-
lon-near-zero (ENZ) wavelengths in SiC slab structures,

which can be used as an ultranarrow band thermal emit-
ter [100]. In physics, a bound state possesses no radiating
far-fields. For a single particle BICs, electric and magnetic
fields must be zero anywhere with a finite permittivity or
permeability, due to the continuity of the fields. Thus,
single particle BICs cannot exist in a compact structure
[94, 101]. In contrast, single particle BIC can exist when
a material with zero permittivity or permeability is intro-
duced. In particular, ENZ materials-based structures can
support single-particle quasi-BICs [101, 102]. For a sin-
gle SiC slab, at normal incidence, symmetry-protected
BICs are obtained at the ENZ frequency, i.e., longitudinal
phonon frequency of SiC(w;), which can be regarded
as a Fano resonance with near-zero linewidth [103]. The
non-zero material loss induces the conversion from BICs
to quasi-BICs [104]. As shown in Fig. 5d, at oblique inci-
dence in multilayer slabs, accidental BICs are formed by
the destructive interference between the central dielec-
tric gap-size dependent Fabry-Pérot (FP) modes and vol-
ume plasmon modes at the plasma frequency [105]. The
use of distributed Bragg reflectors (DBR) further narrows
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the thermal emission peaks. To reduce the transmittance
and enhance the emissivity, two asymmetric SiC layers
are introduced at the top and bottom layers. The result
shows a highly directional and extremely narrowband
thermal emission near the ENZ wavelength.

Symmetry-protected BICs can also emerge in dielec-
tric metasurfaces [106—108]. As shown in Fig. 5e, Tian
et al. proposed a strategy to switch optical absorption
between enhanced and suppressed states by controlling
the vertical symmetry of the refractive index surround-
ing a high-Q crystalline Si metasurface [109]. The meta-
surface consists of elliptical meta-atoms that support
Mie-resonance-based electric dipole (ED) and magnetic
dipole (MD) modes, respectively. When the in-plane
inversion symmetry is preserved, two BIC modes, ED-
BIC and MD-BIC, can be formed at I-point due to the
mismatched symmetry between BIC modes and the zero-
order diffraction [80, 97, 107]. Then, distorting elliptical
meta-atoms, two BIC modes convert to two quasi-BIC
modes with a finite but large Q-factor due to the bro-
ken in-plane inversion symmetry [107]. Two quasi-BIC
modes are orthogonal when the superstrate and substrate
have the same refractive indexes. With a non-zero mate-
rial loss, the absorption of the Si metasurface is strongly
enhanced at two wavelengths of ED- and MD-BICs.
When the superstrate and substrate have different refrac-
tive indexes, the two quasi-BIC modes can couple to each
other creating a modal gap within which the absorption
is suppressed. Controlling the vertical symmetry sur-
rounding the metasurface, one therefore achieves a com-
plete switching of optical absorption. Such an idea has
been experimentally confirmed in Ref. [110].

Based on the nonlocal property of symmetry-protected
quasi-BIC states, Overvig et al. proposed a principle and
design rules for comprehensive control of thermal emis-
sion by a hybrid metasurface [74]. For conventional opti-
cal metasurfaces, like independent scatters, a meta-unit
enables local manipulation of the wavefront, phase, and
amplitude of the coherent light. For a thermal metasur-
face, such local metasurfaces are not sufficient to con-
trol the partially coherent thermal emission. Instead, a
thermal metasurface requires simultaneously local and
nonlocal responses. As shown in Fig. 5f, an example of
thermal metasurfaces is composed of a top layer of tilted
dielectric meta-monomers with local responses and a
bottom layer of dielectric asymmetric meta-dimers with
nonlocal responses. The nonlocal layer controls the
coherence, while the local layer controls the phase. One
functionality of such hybrid metasurfaces is to generate
orbital angular momentum (OAM) of thermal light. Fig-
ure 5f shows the numerical demonstration of preferential
thermal emission with the first-order OAM. The hybrid
local-nonlocal thermal metasurfaces are promising for
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comprehensive thermal emission control including direc-
tionality, coherence, focusing, and angular momenta [74,
76].

4 Breaking reciprocity

Reciprocity is a fundamental internal symmetry of Max-
well’s equations [9]. It imposes direct constraints on basic
optical phenomena including transmission [111], reflec-
tion [112], absorption, and emission [10, 113]. In ther-
mal radiation, reciprocity implies Kirchhoff’s law that
relates the angular spectral absorptivity and emissivity of
a reciprocal emitter. Conversely, the capability of break-
ing reciprocity enables significant new opportunities for
nonreciprocal thermal emission.

4.1 Magneto-optical effect

In the process of thermal radiation, Kirchhoft’s law of
thermal radiation governs the detailed balance between
the angular spectral absorptivity («) and emissivity (e) of
a thermal emitter.

a(w, —1,p) = e(w, 1, p*) (3)

here w is the angular frequency, 7 is the direction, and
p and p* are the polarization vector and the correspond-
ing complex conjugate. Kirchhoff’s law is a consequence
of Lorentz reciprocity. Hence, Kirchhoft’s law can be vio-
lated in a nonreciprocal system. When Lorentz reciproc-
ity is broken, the absorptivity and emissivity may not be
equal at the specific frequency and direction [114]. Note
the nonreciprocal radiative exchange process doesn’t vio-
late the second law of thermodynamics. Exploiting the
nonreciprocity could greatly improve the conversion effi-
ciency in solar energy harvesting applications compared
with its reciprocal counterpart [115-117]. It is known
that for solar energy harvesting, reaching the Lands-
berg limit, which represents the ultimate efficiency limit,
requires reciprocity breaking [118].

To break reciprocity, one can use magneto-optical
materials or a dynamic time modulation. With an exter-
nal magnetic field, magneto-optical (MO) materials
possess an asymmetric permittivity tensor, enabling the
breaking of Lorentz reciprocity in a linear and passive
system. Magnetized MO materials are widely used in
communication systems for optical isolation [119, 120].
In thermal photonics, Zhu et al. pointed out that detailed
balance can be violated in nonreciprocal systems [114].
They also numerically proposed a highly doped InAs-
based grating structure operating in the reflection con-
figuration for near-complete violate the detailed balance
between o and e. Under a static external magnetic field,
InAs is a MO material at infrared frequencies with large
asymmetric off-diagonal permittivity components. With
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the use of the grating structure, the strong nonreciprocity
induces a large frequency deviation between o and e as
shown in Fig. 6a. Note the integration of absorptivity and
emissivity over all angles and polarizations must be equal,
as required by the second law of thermodynamics [121].
In other words, the detailed balance between a(w, —7, p)
and e(w, 7, p*) can be violated for a nonreciprocal ther-
mal emitter, but the integrated & and e must be balanced
for both reciprocal and nonreciprocal systems. Different
from the reflection-based nonreciprocal thermal emitters
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discussed above, Park et al. proposed a semitransparent
structure enabling the violation of Kirchhoff’s law in the
transmission configuration, leading to near-unity absorp-
tivity at the incident side and near-unity emissivity at the
transmission side [122].

As shown in Fig. 6b, Shayegan et al. reported an experi-
mental demonstration of amorphous Si grating struc-
ture loaded InAs nonreciprocal absorber or thermal
emitter [123]. This work is related to earlier theoretical
works by Zhao et al. [124], which showed that a similar
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configuration can achieve a strong violation of detailed
balance with a magnetic field that is far smaller as com-
pared with the original design of Zhu et al. [114]. Under
an external magnetic field, the magneto-optical property
of heavily doped n-InAs can be described by the Drude
model with nonzero off-diagonal permittivity values. The
Si grating is designed to support the guided-mode reso-
nance (GMR) near the ENZ wavelength of doped InAs.
The ENZ wavelength of magneto-optical materials is
attractive for the demonstration of non-reciprocal effects
due to the large ratio between off-diagonal and diagonal
permittivities [125]. The GMR structure is preferentially
coupled to p-polarized propagated modes (electric fields
in the x—y plane) whose absorption peaks strongly shift
under the applied magnetic field in Voigt configuration
(i.e., the externally applied B field is along the z-direc-
tion). The detection of the shift of the resonant peak
due to the external magnetic field in an angle-resolved
measurement provides the signature of the nonrecipro-
cal absorption. The asymmetric behavior of the resonant
peaks with respect to the angles of incidence is observed
in the absorption spectrum at B,=1.2 T. The asymmetry
originates from the asymmetry in dispersion relation of
GMR as induced by the magnetic field [126, 127].

Using the same magneto-optical material, as shown in
Fig. 6¢c, Liu et al. experimentally observed a strong viola-
tion of Kirchhoff’s law and systematically engineered the
wavelength of nonreciprocal thermal emission in nano-
structures with ultrathin highly-doped InAs films at ENZ
wavelengths [128]. The maximum violated strength of
|a-€| is larger than 0.6 at B,=1.5 T, resulting from asym-
metric radiative Berreman modes (above the light-line)
supported in the ultrathin InAs films. Berreman modes
are strongly dependent on doping concentration and
thickness of InAs thin films, enabling InAs multilayers
with gradually changed doping concentration for broad-
band nonreciprocal thermal emitters. Additionally, as
the other type of nonreciprocal modes in the structure,
surface ENZ modes below the light-line in the ultrathin
InAs films can also be excited under a grating-assisted
excitation, leading to multiband nonreciprocal thermal
emitters. Besides MO materials, the magnetic Weyl semi-
metal is another promising candidate for nonreciprocal
thermal emitters without the applied magnetic field. Its
large off-diagonal permittivity originates from the large
anomalous Hall effect [129-133]. Broadband circularly
polarized thermal light is also numerically demonstrated
in magnetic Weyl semimetals [134].

These recent developments of nonreciprocal thermal
emitters, therefore, require a deeper understanding and
proper generalization of conventional Kirchhoff’s law.
Guo, Zhao, and Fan developed such a fundamental
framework based on group theory [10]. Their work
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elucidates the general relation between the angular spec-
tral absorptivity o (w, —71,p) and emissivity e(w, 7
for any thermal emitter including nonreciprocal ones.
Here—#1 and p(# and p' ) and denote the direction and

polarization of incoming (outgoing) waves, respectively.
Their main results are as follows: First, they established a
natural generalization of the conventional Kirchhoff’s
law, termed adjoint Kirchhoff’s law, which also applies to
nonreciprocal objects. They pointed out that, given any
object, there exists a unique object, called its adjoint,
obtained by an adjoint transformation [9]. A reciprocal
object’s adjoint is itself. A nonreciprocal object’s adjoint
is a different object; these two objects form a pair that are
mutually adjoint. Adjoint Kirchhoft’s law states that: the
angular spectral absorptivity of one object equals the
angular spectral emissivity of its adjoint. Then, using this
law, they derived all the relations between absorptivity
and emissivity for an arbitrary single thermal emitter.
They pointed out that such relations are determined by
the intrinsic symmetries of the system, which are charac-
terized by a Shubnikov point group. This allows for a
complete classification of all thermal emitters based on
symmetries. Each class possesses its own set of laws that
relates the angular spectral absorptivity and emissivity.
As such, this work provides the theoretical foundation
for the design and application of all thermal emitters,
especially nonreciprocal ones. As an example, Fig. 6(d)
shows a magnetooptical grating with a compound sym-
metry T'o,(xz), where T denotes the adjoint transforma-
tion and oy, (xz) denotes the mirror operation with respect
to the xz plane. Such a nonreciprocal grating violates
Kirchhoff’s law, e.g., a(w,0,p) # e(w,0,p) for the the
p-polarized light in the yz plane with an incident angle 6.
However, it still satisfies adjoint Kirchhoff’s law, which
requires that o (w, 0, p) = e(w, —0, p).

The introduction of nonreciprocity can also generate
unconventional physical effects in the NFRHT, especially
in many-body systems [5]. Zhu et al. found a directional
persistent heat current circulating inside a nonrecipro-
cal many-body system at thermal equilibrium [135]. As
shown in Fig. 6e, the system consists of three MO nano-
spheres at the same temperature. Without magnetization,
the net heat current between body 1 and body 2 is zero,
i.e., the clockwise heat current (S,_,;) and the counter-
clockwise heat current (S;_,,) are equal, due to the Lor-
entz reciprocity. With out-of-plane magnetization, the
nonreciprocity induces a clockwise net heat current
(S3,1>S1,)- Note S, 1 =8,_,3=S5;_,,, due to the three-
fold rotation symmetry in the system. The zero net heat
flow abides by the requirement of the second law of ther-
modynamics. Such persistent heat currents also exist for
systems consisting of more bodies [136]. The directional
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persistent heat flow in the above MO many-body systems
should not be confused with thermal circulators, which
work away from thermal equilibrium [137].

The photon thermal Hall effect is another related
NFRHT phenomenon initially found in nonreciprocal
many-body systems. In Fig. 6f, Ben-Abdallah proposed a
system consisting of four MO particles. The size of MO
particles is much smaller than the thermal wavelength. A
longitudinal temperature difference is applied between
body 1 and body 2. Without magnetization, only the
longitudinal heat current exists and two transverse bod-
ies have the same temperature, due to the mirror sym-
metry with respect to the xz-plane. With out-of-plane
magnetization, a temperature difference develops in the
transverse direction between body 3 and body 4 since the
mirror symmetry is broken. As an extension, Ott et al
investigated the anomalous photon thermal Hall effect
in Weyl semimetals-based many-body systems [138].
In contrast with the persistent heat current, the photon
thermal Hall effect is not a uniquely nonreciprocal effect;
it can arise in some reciprocal systems with broken-mir-
ror symmetry. However, for systems with Cy rotational
symmetry, the photon thermal Hall effect is uniquely
nonreciprocal, and there is a direct connection between
the persistent heat current and the photon thermal Hall
effect. In the near-equilibrium regime, the magnitude of
the photon thermal Hall effect is proportional to the tem-
perature derivative of the persistent heat current [139].

The concepts of adjoint symmetries and Shubnikov
groups are also important in studying NFRHT. Guo and
Fan systematically studied the constraints on reciprocal
and non-reciprocal many-body radiative heat transfer
imposed by symmetries and the second law of thermody-
namics [140]. They showed that the symmetries of such a
many-body system in general forms a Shubnikov group,
and the constraints of the Shubnikov group on the heat
transfer can be derived using a generalized reciprocity
theorem. As an application, they provided a systematic
approach to determining the existence of persistent heat
current in arbitrary many-body systems.

4.2 Spatiotemporal modulation

As a promising approach to breaking the Lorentz reci-
procity without applied magnetic fields, the spatiotem-
poral modulation method attracts significant attention
in nonreciprocal and topological photonics [142-146].
In general, spatiotemporal modulation can introduce
linear momentum [142], angular momentum [147], or
other physical quantities biasing with odd-symmetry
under time-reversal operation to break reciprocity [145,
148, 149]. Two categories of spatiotemporally modu-
lated structures for applications in thermal photonics
are discussed in this review: waveguides and resonators.
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For waveguides, based on traveling-wave modulation,
Hadad et al. experimentally demonstrated a transmis-
sion line antenna for nonreciprocal emission control at
radio frequency band [150]. As shown in Fig. 7a, under
a spatiotemporal modulation of the voltage-dependent
capacitors, an asymmetric intraband transition occurs
between dispersion bands with different harmonic
orders, resulting in the breaking of reciprocity between
absorption (T, up-conversion) and emission (R,, down-
conversion). The asymmetric transition results from the
phase-matching condition introduced by spatiotempo-
ral modulation. At 600 MHz modulation frequency, the
angle-resolved diagram shows strong nonreciprocal radi-
ation patterns with enhanced absorption and suppressed
emission. At near-infrared frequencies, Ghanekar et al.
reported nonreciprocal thermal radiation in a dynami-
cally modulated grating [151]. The modulated permittiv-
ity along the traveling wave direction introduces a shift
in both wavevector and frequency in a guided resonance
grating, leading to the broken time-reversal symmetry
and the nonreciprocity. As a result, indirect photonic
transitions between different guided resonance modes in
the grating are dependent on the propagation direction.
i.e., the phase-matching condition is fulfilled for the for-
ward mode but not for the backward mode. As shown in
Fig. 7b, S, corresponds to a forward incident wave, S,_
and S, correspond to two outgoing modes. A photonic
transition occurs when the modulation matches the fre-
quency and the wave vector for the transition S; | — S, .
However, for the backward incident wave S, , the transi-
tion S;, — S,_is forbidden due to the mismatched wave
vector. Such an indirect photonic transition enables the
violation of Kirchhoft’s law when the loss is introduced
in the grating. A complete nonreciprocal mode conver-
sion can be realized when the modulation depth meets
the critical coupling condition in the grating, resulting in
an enhanced unequal emissivity and absorptivity at the
resonance. Furthermore, a directional-dependent Rabi
splitting phenomenon can also be observed in a strongly
modulated system.

Based on time-modulated resonators, Fernandez-
Alcézar et al. proposed a Floquet-driven photonic cir-
cuit enabling highly efficient thermal rectification [152].
As shown in Fig. 7c, the thermal diode consists of three
resonators: resonator 1 is unmodulated, resonator 2 and
resonator 3 are periodically modulated with a Floquet-
driven frequency. A temperature gradient is applied
between two thermal reservoirs near two resonators, i.e.,
Tieft# Tyigne- The forward and the backward configura-
tions are defined as Tjoq > Tyigpe and Tyep < Tyigp respec-
tively. Without modulation, temperature bias-induced
thermal currents are reciprocal for both forward and
backward configurations. With periodic modulation, the
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degeneracy of the two counter-rotating modes in the
photonic circuit is removed, resulting in nonreciprocal
transmittance between two reservoirs. Such nonrecipro-
cal phenomenon originates from the interference effects
between states with different Floquet ladders (frequency
harmonics) which is realized by angular momentum bias-
ing in this 3-resonators system with rotational symmetry
[153, 154]. Controlling the spectral emissivity of thermal
reservoirs can enhance the nonreciprocal thermal emis-
sion, which may also be favorable for the design of ther-
mal circulators.

As another key application in the use of temporal
modulation for thermal emission control, Buddhiraju
et al. proposed a time-modulated resonant system-based
thermal photonic refrigerator, showing an active cool-
ing mechanism via pumping residual heat from the cold
side to the hot side [155]. As shown in Fig. 7d, a pho-
tonic refrigerator is composed of two distinct resonant
modes with different resonant frequencies w; and w,.
The temperatures at both sides are fixed at Ty, and T,,
respectively, with T} >T. In this simple model, two res-
onators have internal absorption loss rates )/1",2 and in
thermal equilibrium with the cold side at temperature

T.. The resonators also have coupling rates yy, to the hot
side at temperature T}. In the ideal case, radiative cou-
pling of mode 1 to the high-temperature side (y;) and
the internal loss of mode 2 (yZi) are both assumed to be
zero. Therefore, when the ideal system is unmodulated,
thermal emission from and absorption by the cold side
are both zero and no net cooling or heating effect exists.
When the system is modulated at a frequency Q=w,-
®;, a proportion of energy in mode 1 is up-converted to
mode 2 and emitted to the hot side (P,,,), indicating a
thermal photon-based cooling process. Simultaneously, a
proportion of mode energy in mode 2 is down-converted
to mode 1 and absorbed by the cold side (P;,), indicat-
ing a thermal photon-based heating process. Although
the rate of up- and down-conversion is equal for a sin-
gle thermal photon, the number of thermally populated
photons is unequal for both conversions which leads to
a net cooling (or heating) effect. The net cooling power
is determined as the difference between (P ,—P;,) and
the work done by the time modulation, a high thermo-
dynamic performance approaching the Carnot limit of
T./(Ty-T,) is also accessible. The proposed mechanism is
further numerically verified by using a physical structure
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like defected one-dimensional photonic crystals. While
the modulation format used in Buddihiraju’s work does
not break reciprocity, it would be of interest to explore
the consequence of reciprocity-breaking modulations for
the construction of photon heat engines.

Here we make several remarks. First, Lorentz reciproc-
ity can also be broken by optical nonlinearity [156—158].
Thermal radiation from nonlinear medium has been
recently investigated [159-162]. However, the existing
literature has not discussed the nonreciprocal effects
of thermal radiation induced by nonlinearity. A rigor-
ous analysis of these effects requires the formalism of
nonlinear fluctuational electrodynamics [159], which
is still under active development. It would be of interest
to explore the consequences of nonlinearity for the con-
struction of nonreciprocal thermal emitters.

Second, it is known that phase-change materials can
be used to the effect of thermal rectification, which is
also sometimes referred to as the effect of thermal diode
[163-166]. However, this effect is fundamentally different
from the nonreciprocal effects as discussed above: The
thermal rectification effect is based on the temperature-
dependent dielectric properties of the materials; it does
not break Lorentz reciprocity. Consequently, Kirchhoft’s
law stays valid; the angular spectral absorptivity and
emissivity of a phase-change medium are equal, provided
that these two quantities are measured under the same
conditions (same temperatures, surrounding bodies,
etc.).

5 Summary and outlook

In summary, we overviewed engineered nanophotonic
structures with broken symmetries in thermal photonics,
mainly concentrating on the control of thermal emission.
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Distinct from conventional materials and nanophotonic
structures with high symmetries, broken geometrical
symmetries including anisotropy, aperiodicity, random-
ness, and chirality are firstly discussed, highlighting the
geometrical asymmetry-induced control of thermal
emission and other thermal effects. Then, with engi-
neered mode symmetries, peculiar nanophotonic states
including Fano resonance and bound states in the con-
tinuum are also feasible for thermal emission control,
enabling such as narrowband emission and complete
switching of thermal emission. Lastly, by exploiting the
magneto-optical effect and spatiotemporal modulation,
the nonreciprocal thermal emission can violate Kirch-
hoft’s law. For future development, introducing more
compound broken symmetries [10] and exploring the
asymmetries in light-matter interactions [165] may bring
new research opportunities. Additionally, we briefly dis-
cussed a few emerging directions: non-Hermitian system
and twist-optics.

5.1 Non-Hermicity

In open quantum systems, the introduction of non-Her-
miticity may bring profound results besides broadening
resonances and decaying eigenstates [167, 168]. In par-
ticular, when a non-Hermitian system possesses a parity-
time (PT) symmetry, real eigenvalues can appear in the
non-Hermitian system and two or more eigenmodes can
coalesce at an exceptional point [169]. Recently, various
interesting applications are based on phase transition
in non-Hermitian photonic systems at their exceptional
points [167, 168, 170], including enhanced mode split-
ting [171, 172], topological energy transfer [173], and
PT-symmetric lasing [174]. For thermal photonics, all
thermal emitters are non-Hermitian systems, due to their
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Fig. 8 Non-Hermitian systems and Twist-optics for thermal emission control. a Gap-dependence of non-Hermitian thermal emitters, indicating
the phase transition between PT-symmetric and PT-broken states. b Two SiC gratings with a twisted angle for narrowband thermal emission with a
wide tunable wavelength range. Figures adapted from: a, ref [175]; b, ref. [189]




Liu et al. eLight (2022) 2:25

energy exchange with the environment. In Fig. 8a, Doiron
et al. proposed and experimentally demonstrated non-
Hermitian selective thermal emitters which exhibit the
phase transition from passive PT-symmetric to broken
PT-symmetric phase [175]. Using semiconductor—metal
(Si-W) based thermal emitters, the coupling strength
between a lossless Si resonator and a lossy W resona-
tor is controlled by the spacer thickness. In the strong
coupling regime (thin spacer), the two thermal emission
branches show relatively broad emission peaks with small
Q-factors. In the weak coupling regime (thick spacer),
the two emission branches merge at the exceptional point
resulting in a narrow emission peak with an enlarged
Q-factor. Such non-Hermitian systems with passive
PT-symmetry provide a novel approach to engineering
selective thermal emitters. Additionally, with the com-
bination of nonreciprocity and non-Hermicity, Liu et al
proposed a MO-ENZ slab-based nonreciprocal thermal
emitter [176]. When the loss is introduced in ENZ slabs,
BICs and the corresponding topological phase singularity
pairs (TPSPs) are separated due to the dispersion surface
shifting along the imaginary axis. TPSPs possess topo-
logical robustness due to the topological charge conser-
vation of BICs. When nonreciprocity is also introduced,
asymmetric TPSPs occur in the angular space, leading to
a near-complete violation of Kirchhoft’s law of thermal
radiation.

5.2 Twist-optics

Twistronics is an emerging research area that exhibits
superior performance in manipulating optoelectronic
properties. For 2D layered materials, the introduction of
interlayer twist angle reconfigures the space group and
electronic wave functions, more importantly, the break-
ing inversion and mirror symmetries lead to many inter-
esting physical phenomena such as highly tunable optical
nonlinearity [177-179], ferroelectricity [180, 181], and
interlayer excitons [182]. As a photonic analog of twisted
2D layered materials, twisted anisotropic slabs and pho-
tonic crystals also provide new platforms to flexibly tune
dispersion relation [183], engineered diffraction [184,
185], wavepacket localization [186, 187], and photonic
flatbands [188]. Similarly, twisted photonic structures
enable a highly desirable tunability in thermal photon-
ics. As shown in Fig. 8b, Guo et al. numerically proposed
a bilayer grating-based narrow thermal emitter with a
wide tunable wavelength range [189] thanks to the twist
sensitivity. The narrowband and polarization-dependent
thermal emission results from the guided-mode reso-
nance in the SiC grating. The emission peak positions are
dependent on the period of the grating. A thin vacuum
gap between the grating and tungsten surface determines
the critical coupling condition of thermal emission.
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Moiré fringes with an enlarged period are formed when
a twisted interlayer angle appears between two grat-
ings. Note that the effective grating period is extremely
sensitive to the twisted angle, leading to a wide tunable
wavelength range which is promising for multiplexed
non-dispersive infrared (NDIR) gas sensing applications.
Twisted layered structures also enable large tunability
in the near-field radiative transfer process. Peng et al
numerically proposed two twisted ferromagnetic insula-
tor slabs for the control of the near-field thermal trans-
fer coefficient, which can be used as a near-field thermal
switch [190]. A large and nonmonotonic thermal switch
ratio results from nonreciprocal surface magnon-polari-
tons modes and twist-induced anisotropy in magnetized
ferromagnetic insulators.
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