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Controlling emission and absorption, and radiative heat transfer, is important for photonic energy con-
version and thermal management. However, the reciprocal emission and absorption and the reciprocal
radiative heat transfer in systems that satisfy the Lorentz reciprocity place fundamental constraints on a
range of photonic energy-conversion technologies and thermal management. Breaking the Lorentz reci-
procity points to important opportunities for realizing photonic energy conversion at the thermodynamic
limit and controlling radiative heat transfer at the nanoscale. In this article, we review the development
of nonreciprocal thermal photonics for energy conversion and radiative heat transfer. In Sec. II, we dis-
cuss Landsberg schemes for reaching the thermodynamic limit in a range of photonic energy-conversion
technologies, including harvesting incoming radiation, photovoltaics, harvesting outgoing radiation, ther-
mophotovoltaics, and simultaneously harvesting the sun and outer space. For nonreciprocal photonic
energy conversion, it is critical to design nonreciprocal emitters and absorbers. In Secs. [II-V, we discuss
different approaches to achieving nonreciprocal emission and absorption, including by using magnetic
response time-variant systems and optical nonlinearity, respectively. In Sec. III, we discuss achieving
nonreciprocal emission and absorption through magnetic response, including by applying an external
magnetic field to magneto-optical materials and by using the internal magnetization in magnetic Weyl
semimetals. In Sec. IV, we discuss the use of time-variant systems through time modulation for achieving
nonreciprocal emission and absorption. We highlight nonreciprocal emission and absorption in a spa-
tiotemporally modulated antenna and photonic refrigeration based on time modulation. In Sec. V, we
discuss the use of Kerr nonlinearity for breaking the Lorentz reciprocity and for achieving photonic refrig-
eration. In Sec. VI, we discuss radiative heat transfer in nonreciprocal materials. We talk about intriguing
phenomena of many-body radiative heat transfer in systems that violate the Lorentz reciprocity, includ-
ing persistent heat current at thermal equilibrium, the photon thermal Hall effect, a nonreciprocal thermal
diode, thermal magnetoresistance, and thermal routing. Finally, we provide remarks on challenges and an

outlook on future directions in the emerging field of nonreciprocal thermal photonics.
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I. INTRODUCTION

Controlling emission and absorption is important for
photonic energy-conversion technologies, such as solar
cells, radiative cooling, and thermophotovoltaics, and for
communication and thermal management. There have been
significant efforts in using photonic structures for control-
ling thermal emission and absorption [1-3], such as pho-
tonic crystals [4—7], metamaterials [8—10], metasurfaces
[11,12], and thermal antennas [13,14]. However, emission
and absorption processes are typically constrained by a
reciprocity relationship. As stated by Kirchhoff’s law of
thermal radiation [15—18], for an arbitrary emitter, at a
given angle and frequency, the spectral angular emissivity
equates to its absorptivity at the same angle and frequency.
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Such reciprocal emission and absorption place a funda-
mental constraint on the performance of a broad range
of photonic energy-conversion technologies and thermal
management.

Breaking the reciprocity relationship between emission
and absorption not only provides important opportunities
for advanced control of thermal emission and absorption
but also provides an avenue to fundamentally improve
photonic energy conversion [19—22]. It turns out that
Kirchhoff’s law of thermal radiation is not required by
the second law of thermodynamics, but it is rather due
to the Lorentz reciprocity [21,23,24], which is only valid
in nonmagnetic, time-invariant, and linear materials. Thus,
there are pathways to achieve nonreciprocal emission and
absorption by removing any of the three conditions, i.e.,
through the use of magnetic response, time-variant sys-
tems, or optical nonlinearity.
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Radiative heat transfer has drawn great recent interest.
Near-field radiative heat transfer between two objects sep-
arated by a subwavelength distance can greatly exceed
the blackbody radiation limit [25—40] due to the contribu-
tion of surface and evanescent modes. Moreover, in the
near field, the spectrum of heat transfer can be quasi-
monochromatic [41]. Near-field radiative heat transfer is
explored in various structures and materials, such as thin
films [29,42—45], metamaterials and metasurfaces [46—49],
photonic crystals [50,51], two-dimensional materials [38,
52-56], and hyperbolic materials [57,58]. Owing to its
super-Planckian and quasi-monochromatic features, near-
field radiative heat transfer has shown great potential for
applications such as thermophotovoltaics [59—66], elec-
troluminescent cooling [67—71], thermal diodes [72—82],
thermal transistors [83—85], thermal switches [40,52,54,
86—88], heat-assisted magnetic recording [89], and lithog-
raphy [90]. However, in systems made of materials that
satisfy the Lorentz reciprocity, radiative heat transfer is
reciprocal [91], significantly constraining its functional-
ity. Breaking the Lorentz reciprocity opens up intriguing
opportunities for controlling radiative heat transfer at the
nanoscale.

Here, we review the development of nonreciprocal pho-
tonic energy conversion and radiative heat transfer in
nonreciprocal materials. The review includes the follow-
ing sections. In Sec. II, we discuss the use of nonreciprocal
systems for achieving photonic energy conversion at the
thermodynamic limit. To enable energy conversion based
on nonreciprocal systems, it is critical to develop nonrecip-
rocal emitters and absorbers. In Secs. III-VI, we discuss
recent advances on nonreciprocal emission and absorp-
tion, as well as radiative heat transfer in materials that
break the Lorentz reciprocity. In Sec. III, we discuss using
the magnetic response to achieve nonreciprocal emission
and absorption. In Sec. IV, we discuss using time-variant
systems via time modulation to achieve nonreciprocal
emission and absorption. In Sec. V, we discuss using
Kerr nonlinearity to achieve nonreciprocal emission and
absorption. In Sec. VI, we discuss radiative heat transfer
in nonreciprocal materials. Finally, we discuss challenges
and provide an outlook on future directions in the emerg-
ing research field of nonreciprocal thermal photonics for
energy conversion and radiative heat transfer.

II. NONRECIPROCAL PHOTONIC ENERGY
CONVERSION

Achieving electromagnetic nonreciprocity is essential
for realizing photonic energy conversion at the thermo-
dynamic limit [19-22]. The sun, at a surface temperature
of about 6000 K, is one of the most important energy
resources for human beings. Much research is devoted
to understanding the efficiency limit for harvesting solar
energy [92-96]. For harvesting incoming radiation from a

source, such as the sun, a good reciprocal absorber must
emit radiation towards the source, due to the reciprocity
between emission and absorption. Such emission of radia-
tion towards the source cannot be reused and represents a
fundamental mechanism for energy loss.

A. Harvesting incoming radiation

A nonreciprocal scheme is considered to harvest incom-
ing radiation at the thermodynamic limit [21]. Radiation
from a source at temperature 7y enters a circulator and
is absorbed by body 1 at a temperature of 7| = Ty.
However, radiation from body 1 is not sent back to the
source, but is routed by the circulator towards body 2
at T, [Fig. 1(a)]. Likewise, through a circulator, a body
absorbs radiation from a previous body and emits radia-
tion towards a later body. The thermal radiation emitted by
the final body at temperature T, = T¢ is sent all the way
through the circulators back to the source. A Carnot heat
engine is assumed to operate between each body and the
ambient environment at temperature 7¢c. With an infinite
number of bodieswith Ty =T1 > 1) > T3 > -+ > Too =
Tc, the efficiency for harvesting the incoming radiation
approaches the Landsberg limit [96] as npandsberg = 1 —
@4/3)(Tc/Ty) + (1/3)(TC/TH)4. For harvesting radiation
from the sun with Ty = 6000 K and in an ambient envi-
ronment with 7¢ = 300 K, the Landsberg limit amounts to
93.3%, which significantly exceeds the limiting efficiency
for harvesting incoming radiation using reciprocal systems
of 86.8% [20,93-95]. From an entropic point of view, the
Landsberg scheme [Fig. 1(a)] avoids additional entropy
generated in the bodies beyond the intrinsic entropy gener-
ation in the radiative exchange [20,97], thus leading to the
thermodynamic limit for harvesting incoming radiation.

Harvesting incoming radiation using nonreciprocal sys-
tems is considered using time-asymmetric photovoltaics in
a reflection-based setup [19]. A reciprocal solar cell needs
to emit luminescence towards the sun. Such luminescence
represents a fundamental energy-loss mechanism. Harvest-
ing such luminescence requires the use of a nonreciprocal
emitter, which features a large contrast between the emis-
sivity and absorptivity in the same direction. By using a
solar cell that behaves as a nonreciprocal emitter, its lumi-
nescence can be sent in a direction different from the sun,
and therefore, can be reharvested by another solar cell,
improving the overall efficiency [19] [Fig. 1(b)]. By using
an array of nonreciprocal solar cells, the efficiency can
approach the Landsberg limit of 93.3%, which is signifi-
cantly higher than the efficiency limit for time-symmetric
photovoltaics of 86.8% [93-95].

Recently, a simplified scheme for reaching the Lands-
berg limit was introduced by using a nonreciprocal multi-
junction solar cell based on semitransparent nonreciprocal
absorbers [Fig. 1(c)] [98]. The nonreciprocal multijunction
solar cell consists of multiple layers, where each layer
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FIG. 1.

Tc

Landsberg limit for harvesting incoming radiation and outgoing radiation. (a) Scheme for harvesting incoming radiation.

Gray circles denote circulators for radiation. (b) Time-asymmetric photovoltaics in a reflection-based setup [19]. (c) Nonreciprocal
multijunction solar cell based on semitransparent nonreciprocal absorbers [98]. (d) Scheme for harvesting outgoing thermal radiation

[20]. (e) Scheme for thermophotovoltaics [20].

behaves as a semitransparent nonreciprocal absorber [99].
Sunlight from the left irradiates on a high-band-gap solar
cell, which is a semitransparent nonreciprocal absorber.
At below-band-gap frequencies, light passes through the
absorber. At above-band-gap frequencies, the nonrecipro-
cal absorber absorbs light from the left, but emits lumi-
nescence towards the right [99]. Similarly, the transmitted
light and luminescence can be harvested using a series of
semitransparent nonreciprocal absorbers with increasingly
lower band gaps. The Landsberg limit can be approached
using an infinite number of semitransparent nonreciprocal
absorbers.

B. Harvesting outgoing radiation and
thermophotovoltaics

On the other side of the sky, outer space at 3 K is being
explored as an emerging renewable resource [20,100]. The
earth’s atmosphere is highly transparent at wavelengths
between 8 and 13 pum, which is known as the atmospheric
transparency window. There have been great advances
in passive radiative cooling to subambient temperatures,
even under direct sunlight, by sending heat through the
atmospheric transparency window to cold outer space
[101—122]. Also, there has been interest in harvesting the
outgoing thermal radiation towards outer space to produce
electricity [100,123—126].

The Landsberg scheme is introduced for harvest-
ing outgoing thermal radiation between an ambient

environment at 7y and a heat sink at T¢, as illustrated in
Fig. 1(d) [20]. Body 1 absorbs radiation from a heat sink
at temperature T¢, but the radiation of body 1 is routed
by a circulator towards body 2. Likewise, through a cir-
culator, a body absorbs radiation from a previous body
and sends its radiation towards a later body. A final body
emits its radiation all the way through the circulators to
the heat sink. A Carnot heat engine is assumed to operate
between the ambient environment and each body. Using
an infinite number of bodies with Tc =11 < T, < T3 <
-+ < T = Ty, the maximum total power generated is
a((l/3)7ﬁ, - (4/3)THT3C + T¢*), where o is the Stefan-
Boltzmann constant. Here, the circulators are assumed to
operate over broadband and over the whole 47 solid angle.
For Ty at 300 K and T¢ at 3 K, such a Landsberg scheme
generates a total power of 153.1 W/m?. Such power out-
put in the Landsberg scheme is significantly higher than the
maximum power of 55.0 W/m? generated by using recip-
rocal systems [20,100,123], highlighting the significant
potential of using nonreciprocal systems for harvesting
outgoing thermal radiation.

For harvesting incoming radiation and outgoing radia-
tion, a heat engine is operated at the cold side and the hot
side, respectively. In thermophotovoltaics, both the hot and
cold sides are accessible. It has been pointed out that by
connecting the Landsberg scheme for harvesting incom-
ing radiation [Fig. 1(a)], and that for harvesting outgoing
radiation [Fig. 1(d)], the Carnot efficiency can be achieved
with maximum power output [20] [Fig. 1(e)].

027001-3



ZHENONG ZHANG and LINXIAO ZHU

PHYS. REV. APPLIED 18, 027001 (2022)

C. Simultaneously harvesting the sun and outer space

With both the sun and outer space as resources from
the sky, there are emerging interests in simultaneously har-
vesting the sun and outer space for energy [111,122,127].
Landsberg schemes are introduced for simultaneously har-
vesting the sun and outer space [22]. First, a Landsberg
scheme for harvesting sunlight with combined radiative
cooling is considered [Fig. 2(a)] [22]. The cell is thermally
insulated from the ambient environment, and its tempera-
ture is determined by radiative heat exchange. The system
can reach a maximal efficiency of 95.9% with an optimal
cell temperature of 185 K, which significantly exceeds the
typical Landsberg limit of 93.3%. Here, the efficiency is
normalized by the solar irradiance power, and such a con-
vention is used throughout the discussion of simultaneous
energy harvesting.

Likewise, a Landsberg scheme for harvesting outgo-
ing radiation combined with solar heating is considered
[Fig. 2(b)] [22]. The cell is thermally insulated from the
ambient environment, and its temperature is determined
by radiative exchange. The system reaches a maximum
work of 400.5 W/m? and an efficiency of 25.0%, with a
cell temperature of 381.5 K.

Then a Landsberg setup combining both incoming and
outgoing radiation is considered in Fig. 2(c) [22]. The cell
is in good thermal contact with the ambient environment

at 300 K. In such a scheme, the maximum work that
can be generated is 1648.2 W/m?, corresponding to an
efficiency of 102.89%. The maximum work here signifi-
cantly exceeds what is possible by harvesting the incoming
radiation or the outgoing radiation alone.

Alternatively, a Landsberg setup combining both incom-
ing and outgoing radiation is considered in Fig. 2(d) [22],
where the cell is thermally isolated from the ambient envi-
ronment and its temperature is determined by radiative
exchange. The system achieves a maximal efficiency of
97.2%, with an optimal cell temperature of 167.6 K. The
efficiency in a such scheme is also higher than the typi-
cal Landsberg limit of 93.3%. These results highlight the
great potential for simultaneously harvesting the sun and
outer space for energy.

III. NONRECIPROCAL EMISSION AND
ABSORPTION USING MAGNETIC RESPONSE

To reach the thermodynamic limit for harvesting incom-
ing radiation, harvesting outgoing radiation, thermophoto-
voltaics, and simultaneously harvesting the sun and outer
space, it is essential to break the Lorentz reciprocity. One
approach to break the Lorentz reciprocity is to use mate-
rials with an asymmetric permittivity tensor, &, or perme-
ability tensor, i, i.e., € # &' or i # i’ where T denotes
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FIG. 2. Landsberg limit for simultaneous energy harvesting. (a) Scheme for Landsberg-limit system for harvesting incoming radi-
ation combined with radiative cooling. Photovoltaic cell is thermally insulated from the ambient environment, and equilibrium
temperature is determined by radiative exchange to be 185 K [22]. (b) Scheme for Landsberg-limit system for harvesting outgo-
ing radiation combined with solar heating. Cell is thermally insulated from the ambient environment, and equilibrium temperature is
determined by radiative exchange to be 382 K [22]. (¢),(d) Schemes of a Landsberg-limit system combining both incoming radiation
and outgoing radiation [22]. (c) Case where the cell is in good thermal contact with the ambient environment at 300 K. (d) Case where
the cell is thermally insulated from the environment at 300 K, and equilibrium temperature is determined by radiative exchange to be

168 K.
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the transpose of a matrix [24,128,129]. For a magneto-
optical material in the presence of an external magnetic
field, its permittivity is described by an asymmetric ten-
sor. The asymmetric permittivity tensor in magneto-optical
materials arises from the cyclotron motion of charge
carriers subject to a magnetic field [130]. Breaking the
Lorentz reciprocity with magneto-optical materials is used
to design optical isolators and circulators, which allows
light to transmit in the forward direction but blocks it in the
reverse direction. It is noteworthy that nonreciprocal light
transmission does not violate the second law of thermody-
namics [131]. Alternatively, magnetic materials can break
the Lorentz reciprocity due to internal magnetization. One
type of candidate material is the recently discovered mag-
netic Weyl semimetals (WSMs) [132—136], which can
break the Lorentz reciprocity and time-reversal symmetry,
even in the absence of an external magnetic field, owing to
the large anomalous Hall effect associated with enhanced
Berry curvature at the Weyl nodes.

A. Nonreciprocal emission and absorption using
external magnetic field

To achieve nonreciprocal photonic energy conversion at
the thermodynamic limit, it is essential to completely break
Kirchhoff’s law of thermal radiation, i.e., to achieve unity
difference between emissivity and absorptivity at the same
angle and frequency. A principle for completely break-
ing Kirchhoff’s law is introduced for a specular thermal
emitter [137]. Figure 3(a) shows an emitter in thermal
equilibrium with two blackbodies 4 and B. At thermal
equilibrium, the net energy flow in and out of blackbody
A is zero. On one hand, for the radiation of blackbody
A emitted towards the emitter, part of it is absorbed with
absorptivity a4, and the remaining is reflected towards B
with reflectivity 74, 5. On the other hand, the radiation
towards A4 consists of the radiation of the emitter with
emissivity e4, and the radiation of blackbody B reflected
by the emitter with reflectivity rz_, 4. Energy conserva-
tion leads to ey — @y = ry_p — rg—4. Thus, to achieve
unity difference between emissivity and absorptivity, the
reflectivity needs be nonreciprocal and there needs be
unity difference between the reflectivities in two direc-
tions, i.e., |r4—p — rp—4| = 1. Nonreciprocal reflectivity
can be achieved in magneto-optical materials with exter-
nal magnetic field [138]. Based on coupled-mode theory,
completely breaking Kirchhoff’s law requires critical cou-
pling of the intrinsic decay rate, y;, and external decay
rate, y., 1.€., ¥; = Y., and having a nonreciprocity-induced
resonant frequency shift, Aw, exceeding decay rates, i.e.,
Aw > vy, [137].

A one-dimensional grating of n-InAs atop aluminum
is analyzed [Fig. 3(b)]. Direct calculation of emissiv-
ity using fluctuational electrodynamics revealed near-
complete breaking of Kirchhoff’s law of thermal radiation,

when there is a 3-T magnetic field applied in the Voigt
geometry [Fig. 3(c)]. The grating couples a nonrecipro-
cal guided mode to the far field. At § = 61.28 ° and TM
polarization, there is near-unity difference between the
emissivity and absorptivity.

To reduce the magnetic field, an emitter with higher-
quality resonance is designed that consists of an InAs film
sandwiched by a top low-loss dielectric grating and a bot-
tom aluminum layer [141]. Due to reduced decay rates,
a smaller resonance frequency shift can be sufficient to
satisfy the requirement Aw > y;.. Accordingly, a near-
complete violation of Kirchhoff’s law is shown at a smaller
magnetic field of 0.3 T [141].

B. Nonreciprocal emission and absorption using
magnetic Weyl semimetals

Achieving nonreciprocal emission and absorption using
magneto-optical materials requires an external magnetic
field. In contrast, magnetic WSMs [132—136] can break
the Lorentz reciprocity and time-reversal symmetry in the
absence of an external magnetic field, owing to a large
anomalous Hall effect associated with enhanced Berry cur-
vature at the Weyl nodes. For type-I WSMs, the vector
2b separating two Weyl cones in momentum space acts
similarly to an internal magnetic field, as illustrated in
Figs. 3(d) and 3(g). WSM-based emitters can break Kirch-
hoff’s law of thermal radiation even without a magnetic
field [139,140]. A grating of WSM is considered with
momentum separation 2b in the Voigt geometry [Fig. 3(e)]
[139]. Direct calculation shows that in TM polarization,
Kirchhoff’s law of thermal radiation can be strongly bro-
ken without a magnetic field [Fig. 3(f)]. In another study, a
dielectric grating on top of WSM is considered [Fig. 3(h)]
[140]. The absorptivities in two opposite directions show
a strong contrast, as shown by solid lines in Fig. 3(i).
As e(0) = a(—0) for a specular emitter [137], the strong
contrast between absorptivities in two opposite directions
indicates a strong violation of Kirchhoff’s law of thermal
radiation. Also, the nonreciprocal emission and absorption
is robust after accounting for Fermi-arc states [Fig. 3(i)]
[140]. In these WSM-based emitters, the nonreciprocal
emission and absorption are mediated by nonreciprocal a
surface-plasmon polariton, which is coupled to free space
through a WSM grating [139] or a low-loss dielectric grat-
ing atop a WSM layer [140]. Due to the linear dispersion
near Weyl nodes, the emissivity and absorptivity of WMS-
based structures have a strong dependence on temperature
[139,140]. Magnetic Weyl semimetals have the potential to
be used to achieve nonreciprocal emission and absorption
without a magnetic field.

There is significant interest in nonreciprocal control
of emission and absorption. Nonreciprocal emission and
absorption are theoretically studied in different photonic
structures, including gratings [137,139—147], photonic
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Nonreciprocal emission and absorption based on magnetic response. (a) Energy balance between a thermal emitter and two

blackbodies in thermal equilibrium [137]. (b) Grating of n-InAs atop aluminum in the presence of a 3-T magnetic field in the Voigt
geometry [137]. (c) Absorptivity, o, and emissivity, e, spectra of the structure in (b) for TM polarization at & = 61.28 ° [137]. (d)
Electronic band structure of a magnetic Weyl semimetal with two Weyl nodes. Weyl nodes have opposite chirality with 2b separation
in the momentum space [139]. (e) Grating of magnetic Weyl semimetal with its electronic band structure shown in (d) [139]. (f)
Absorptivity and emissivity spectra of the structure in (e) for TM polarization at § = 80° [139]. (g) Electronic band structure of a
magnetic Weyl semimetal [140]. (h) Dielectric grating on top of magnetic Weyl semimetal with its electronic band structure shown in
(g) [140]. (i) Absorptivity spectra of the structure in (h) at & = 60° and —60°. Solid lines and dashed lines denote results without and

with consideration of the Fermi arc states, respectively [140].

crystals [148], thin films [149,150], and substrates [151].
Among them, thin films [149,150] and substrates [151] can
simplify the experimental investigation of nonreciprocal
emission and absorption owing to the ease of fabrication.
Moreover, although most studies focus on opaque emitters,
nonreciprocal emission and absorption are also studied
in semitransparent structures [99,152]. Also, a diffractive
nonreciprocal emitter is used to further break the sym-
metry between e(0) and o (—0) [143], which can provide
more flexibility in the design of nonreciprocal emitters and
absorbers. Finally, we note that, for an arbitrary thermal

emitter, universal modal radiation laws are introduced that
work regardless of reciprocity [153]. In a mode-converter
input and output mode sets, the absorptivity of any input
mode equals the emissivity into the corresponding out-
put mode, and the sum of absorptivities of any complete
set of input modes is equal to the sum of emissivities of
any complete set of output modes, which are valid, even
for nonreciprocal emitters [153]. Such universal radiation
laws place constraints on the emission and absorption pro-
cesses in nonreciprocal emitters, and thus, can be useful in
designing nonreciprocal emitters.
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IV. NONRECIPROCAL EMISSION AND
ABSORPTION IN TIME-VARIANT SYSTEMS

Time modulation provides a magnet-less alternative to
breaking the Lorentz reciprocity. Conventional nonrecipro-
cal optical components based on magneto-optical materi-
als, such as isolators and circulators, are bulky and incom-
patible with complimentary metal oxide semiconductor
(CMOS) technology. Advances in breaking reciprocity
using time modulation lead to one-way transmission of
light without using a magnetic field [154—158]. Recently,
time modulation was used to achieve nonreciprocal emis-
sion and absorption [159], photonic refrigeration [160],
and a thermal radiation pump [161—163].

A. Nonreciprocal emission and absorption using
spatiotemporal modulation

Nonreciprocal emission and absorption based on time-
variant systems are experimentally demonstrated at radio
frequencies [159]. A periodically loaded open waveguide
is designed, as shown in Figs. 4(a) and 4(b). Spatial and
temporal modulation of capacitors creates intraband tran-
sitions, leading to nonreciprocal radiation. When there is
no modulation, at the same frequency, the transmitting
and receiving radiation patterns are measured to be same.
On the other hand, when there is strong modulation, the
contrast between the transmitting and receiving radiation
patterns can reach 15 dB (~30-fold) at the same frequency
and angle [Figs. 4(c)}4(f)]. Such an approach has potential
for radio-frequency communication and could be useful
for energy harvesting and thermal management if trans-
lated to infrared frequencies. It is noteworthy that state-of-
the-art graphene modulators have an intrinsic modulation
frequency of 150 GHz [164], which is about 2 orders
of magnitude smaller than the peak frequency for ther-
mal radiation at 300 K. Thus, breaking the reciprocity
by using time modulation can be relevant for achieving
nonreciprocal thermal emission.

B. Photonic refrigeration using time modulation

It has been discovered that time modulation can be used
for photonic refrigeration [160]. A cavity supports two
modes, 1 and 2, at resonant frequencies w; and w,, respec-
tively [Fig. 5(a)], with w; < w;. In a temporal coupled-
mode model, mode 1 has a finite internal decay rate, y{,
coupled to an internal heat bath at temperature 7, and zero
external decay rate, yf = 0. On the other hand, mode 2
has zero internal decay rate, y, = 0, and a finite exter-
nal decay rate, y,, coupling to an external heat bath at
temperature 7j. In the absence of modulation, modes 1
and 2 are uncoupled; thus, there is no electromagnetic
energy transfer between the refrigerator and its surround-
ings. Modulating the cavity at a frequency of Q = w, — w;
couples the two modes, while conserving the total photon
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FIG. 4. Nonreciprocal antenna based on spatiotemporal mod-
ulation. (a),(b) Schematic and photograph of a nonrecipro-
cal antenna, respectively [159]. (c) Nonreciprocal radiation at
the fundamental frequency with a modulation frequency of
600 MHz. TX and RX denote transmitting radiation and receiv-
ing radiation, respectively [159]. Measured radiation-intensity
spectra, normalized by the maximum value in (c), at angles of
(d) 6 = 75°, (e) 80°, and (f) 85° [159].

number in the two modes. A coupled-mode-theory analy-
sis reveals a net cooling power, when (w;/w;) > (T3,/T,),
after accounting for the work input of time modulation
[Fig. 5(b)]. The COP is bounded by the Carnot bound,
which is approached when the ratio between the frequen-
cies of the two modes matches the ratio between the two
temperatures, i.e., (wy/w;) = (Ty/T.) [Fig. 5(c)].

A physical structure for the refrigerator consists of a
cavity with two defects, 1 and 2, located in a distributed
Bragg reflector [Fig. 5(d)]. The permittivity for defect
2 and the permittivity for the region between these two
defects are temporally modulated at the same frequency,
2, and with the same modulation amplitude, §. A rigor-
ous coupled-wave analysis is performed, at a modulation
frequency of 1 THz and modulation amplitude of permit-
tivity as 0.5. The photon-transmission functions, ®, in the
forward and backward directions are equal in the absence
of modulation [Fig. 5(e)]. In contrast, in the presence of
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Photonic refrigeration based on time modulation. (a) Coupled-mode scheme of a photonic refrigerator operating between a

cold side, T, and a hot side, 7}, by coupling two modes at w, » using time modulation (purple arrow) [160]. (b) Net cooling power
and work input evaluated using a coupled-mode model normalized to kz 7,y versus the ratio of the frequencies of the two modes for
T, =300Kand 7, =290 K, ¥ =2y, and y = y{ = y5 [160]. (c) Coefficient of performance (COP) normalized to the Carnot bound
[160]. (d) Physical structure of a photonic refrigerator [ 160]. Heat-flux spectrum in forward and reverse directions in the structure of (d)
for (e) the unmodulated case at 7;, = 7. = 300 K and (f) the modulated case at permittivity modulation strength § = 0.5, 7, = 300 K,
and 7, = 290 K [160]. (g) COP as a function of modulation strength [160].

time modulation, the photon-transmission functions in the
two opposite directions become unequal, highlighting non-
reciprocal energy transfer [Fig. 5(f)]. It leads to a net
cooling power of 282.2 mW/m? and COP of 1.188. The
COP can exceed 1.4 by optimizing the modulation strength
[Fig. 5(g)]. Photonic refrigeration via time modulation has
the potential advantage of being much more efficient than
laser cooling [165—167], without a stringent requirement
on the quantum efficiency in electroluminescent cooling
[67,68,70,168].

V. NONRECIPROCAL EMISSION AND
ABSORPTION USING OPTICAL NONLINEARITY

The Lorentz reciprocity can be broken in nonlinear
materials, where the polarization has a nonlinear depen-
dence on the electric field. Optical nonlinearity is used to
achieve optical isolation [169—-171], although a dynamic
reciprocity exists for small-amplitude signal excitations
from two opposite directions in the presence of a large
driving signal [172].

Kerr x® nonlinearity is used for controlling ther-
mal radiation [173,174]. A three-resonator system is
considered [Fig. 6(b)] [173]. Two resonators, with res-
onant frequencies w; and ws;, are coupled to two ther-
mal reservoirs. A third resonator with resonant frequency

wy = (w3 — wy) /2 is excited by laser irradiance and placed
in a nonlinear material with x®) nonlinearity. Through a
four-wave mixing process, photons in resonators 1 and 3
are coupled through the interaction with excited photons in
resonator 2. In such a four-wave mixing process, the total
photon number is conserved, and the coupling between res-
onance mode 1 and resonance mode 3 is nonreciprocal.
The physical construction of such a scheme involves an
ITO absorber (resonator 3) and a SiC emitter (resonator 1),
with a nonlinear x® spacer in between [Fig. 6(a)]. The
two substrates support surface polaritons at disparate fre-
quencies. To enhance the nonlinear response, a strongly
localized plasmonic resonance is created by embedding
graphene nanodisks in the nonlinear material. Calculations
based on coupled-mode theory show heat is extracted from
the SiC emitter [Fig. 6(c)], even when the two substrates
are at the same temperature. The heat extracted from the
SiC emitter increases as the laser intensity increases and
can greatly exceed the radiative heat transfer driven by a
temperature difference between 300 and 0 K. It is noted
that the lossy plasmonic resonances lead to a high power
requirement of 10'2 W /m?.

Near-field refrigeration is further analyzed in a system
with low-loss dielectric resonances [Fig. 6(d)] [174]. The
system includes a SiO, emitter and an absorber consist-
ing of an AZO, a CG layer, and dielectric grating. With
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FIG. 6. Heat extraction based on Kerr nonlinearity. (a) Geometry of a system consisting of an indium tin oxide (ITO) absorber
covered by a 60-nm-thick nonlinear chalcogenide (CG) film and a SiC emitter. Square lattice of graphene nanodisks with 20-nm
radius and 60-nm periodicity is embedded in the nonlinear medium and is 10 nm away from the ITO layer. Pump light is vertically
incident on the structure [173]. (b) Schematic of three resonators at equal temperature supporting modes at w;, each with decay rate
¥, with j = {1,2,3}. Modes 1 and 3 are coupled to each other through a four-wave mixing process involving a Kerr x® medium
excited by incident light of power P from a waveguide coupled to mode 2 [173]. (c) Heat-extraction power, Hey, from the emitter and
upconverted power, Hy;,, as compared with temperature-driven radiative heat transfer between two vacuum-separated SiC plates held
at 300 K (light blue) and 1 K (dark blue) temperature differences. Graphene has a Fermi energy of 0.7 eV [173]. (d) Geometry of a
system consisting of an absorber combining aluminum zinc oxide (AZO) and a 100-nm-thick CG layer with dielectric grating and a
Si0O, emitter, separated by a vacuum gap with size d = 30 nm [174]. (e) Heat-extraction power from the SiO, emitter versus intensity,
for the SiO, emitter at 1000 and 300 K, respectively. Power absorbed in the absorber is also shown [174]. (f) Heat-extraction power

of the SiO, emitter versus emitter temperature at two intensity levels 7 = 10'° and 10'' W/m?. Absorber is at 300 K [174].

the absorber at 300 K and the emitter at 1000 K, a large
heat-extraction rate of 10> W/m? can be reached at a mod-
erate drive intensity on the order of 10° W/m? [Fig. 6(e)],
which is over 3 orders of magnitude smaller than that of the
design using lossy plasmonic resonances [Fig. 6(c)]. The
coefficient of performance can exceed unity. Moreover,
refrigeration is predicted to function down to the order of
tens of kelvin, with the absorber fixed at 300 K [Fig. 6(f)].
The study shows the significant potential of refrigera-
tion using Kerr nonlinearity. The analysis of radiative
heat transfer involving a nonlinear medium uses temporal
coupled-mode theory [173,174]. Rigorous calculations of
radiative heat transfer involving a nonlinear medium using
fluctuational electrodynamics [175] would be useful, but
challenging, for confirming the results.

VI. RADIATIVE HEAT TRANSFER IN
NONRECIPROCAL MATERIALS

Breaking Lorentz reciprocity using magnetic response
time-variant systems and optical nonlinearity provides
approaches for achieving nonreciprocal emission and
absorption, which is required for developing photonic
energy conversion and thermal management based on non-
reciprocal devices. On the other hand, there is great interest

in using nonreciprocal materials to control radiative heat
transfer, leading to a range of intriguing phenomena.

A. Persistent heat current at thermal equilibrium

Heat transfer is usually driven by temperature gradi-
ent. However, in charge and mass phenomena, such as
superconductivity and superfluidity, there can exist a cur-
rent that persists without any external bias. Recently, it
has been pointed out that a persistent heat current can
exist at thermal equilibrium in many-body systems where
the Lorentz reciprocity is broken [91]. For systems con-
sisting of two bodies, the second law of thermodynamics
requires that the net radiative heat-transfer power between
the two bodies is zero at thermal equilibrium. Thus, the
minimal system to support persistent heat current involves
three bodies. A three-body system is considered that con-
sists of three n-InSb spheres forming an equilateral triangle
with an external magnetic field applied orthogonal to the
plane of the spheres [Fig. 7(a)]. A scattering approach
[176] is used to calculate radiative heat transfer between
each pair of bodies, while considering multiple scatter-
ing and nonreciprocity. With a 3-T external magnetic field
and at thermal equilibrium, the Poynting flux, driven by
thermal noise sources in the spheres and the environment,
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FIG. 7. Persistent heat current at thermal equilibrium. (a)

Schematic of a system at thermal equilibrium consisting of three
n-InSb spheres with 200-nm radius arranged in an equilateral tri-
angle. Center-to-center distance between two spheres is 500 nm.
External magnetic field is applied orthogonal to the plane of
spheres [91]. (b) Poynting flux profile in the center plane when
there is a 3-T external magnetic field and when the spheres and
environment are all at 300 K [91]. (¢),(d) Heat-transfer spectra of
S»—1 and S1_.,. Here, S;_,; denotes the power absorbed by body
J due to thermal noise sources in body i [91]. (c) Nonreciprocal
case with B = 3 T. (d) Reciprocal case with B =0 T.

shows a persistent heat current [Fig. 7(b)]. At 10.49 um,
there is a global energy flux surrounding the spheres in
the clockwise direction. With the external magnetic field,
the heat-transfer spectra between two bodies in two oppo-
site directions show strong contrast [Fig. 7(c)]. Even after
spectral integration, the contrast of heat transfer in the
two opposite directions persists. In contrast, when there
is no external magnetic field, the heat-transfer spectra in
the two opposite directions are identical to each other, as
shown in Fig. 7(d). Such a persistent heat current arises
from the fact that, when Lorentz reciprocity is obeyed, the
system supports degenerate collective counter-rotating res-
onance modes. When the Lorentz reciprocity is broken,
the degeneracy is lifted, leading to a persistent directional
heat current. It should be noted that, for the persistent heat
current to exist, the Lorentz reciprocity must be broken
[91,177].

B. Photon thermal Hall effect and anomalous photon
thermal Hall effect

A photon thermal Hall effect is predicted in a sys-
tem consisting of four n-InSb nanospheres arranged in a
square [178]. In analogy to the electronic Hall effect, in
the thermal Hall effect, a transversal temperature gradi-
ent arises in response to a longitudinal temperature bias
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FIG. 8. Photon thermal Hall effect. (a),(b) Schematic of a sys-
tem consisting of four n-InSb nanospheres arranged in a square.
Two spheres, 1 and 2, along a diagonal line are connected with
a hot thermal reservoir and a cold thermal reservoir, respectively
[178]. (a) In the absence of external magnetic field, there is no
transversal temperature difference between spheres 3 and 4. (b) In
the presence of a magnetic field applied orthogonal to the plane
of the spheres, a transversal temperature difference develops. (c)
Relative Hall temperature difference, R, versus magnetic field,
with particles of radius » = 100 nm at an equilibrium tempera-
ture of 300 K. Edge-to-edge separation distance, d),, between
spheres 1 and 2 is 37, 50r, 1007, and 2007 [178]. (d) Asymmetry
of conductances when dj, = 3r [178].

and an out-of-plane magnetic field. As shown in Fig. §(a),
spheres 1 and 2 along a diagonal line are connected with
a high-temperature reservoir and low-temperature reser-
voir, respectively, while the temperatures of the two other
spheres are determined by radiative heat exchange. In the
absence of an external magnetic field, there is no transver-
sal temperature difference between spheres 3 and 4 due
to mirror symmetry. However, in the presence of a ver-
tical magnetic field, a transversal temperature difference
between spheres 3 and 4 develops [Fig. 8(b)]. The pho-
ton thermal Hall effect is evaluated using the relative Hall
temperature difference, R = (T3 — T4)/(T1 — T»). The rel-
ative Hall temperature difference shows a nonmonotonic
dependence on the magnetic field and can reach 28% when
H = 3 T [Fig. 8(c)]. The existence of the transversal tem-
perature gradient can be understood by the fact that the
radiative conductance from sphere 3 to 1 dominates that
from sphere 3 to 2, while simultaneously the radiative con-
ductance from sphere 4 to 2 dominates that from sphere
4 to 1 [Fig. 8(d)]. The photon thermal Hall effect can
potentially be used for thermal magnetometry.
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Moreover, an anomalous photon thermal Hall effect is
introduced in a system consisting of four magnetic Weyl
semimetal nanoparticles [179], where a transversal temper-
ature gradient arises upon a longitudinal temperature bias,
even in the absence of any external magnetic field.

For the four-particle system with C4 symmetry con-
sidered in the photon thermal Hall effect [178] and the
anomalous photon thermal Hall effect [179], the existence
of the thermal Hall effect requires nonreciprocal radiative
heat transfer [177,179]. On the other hand, the photon
thermal Hall effect does not necessarily require nonre-
ciprocal radiative heat transfer and can exist in systems
with broken mirror symmetry, such as through uniaxial
birefringence [177].

C. Nonreciprocal thermal diode

A thermal diode allows heat to flow in a forward
temperature bias, but blocks heat flow in the reversed
temperature bias. Radiative thermal diodes are studied
theoretically [72—74,77—82] and experimentally [75,76].
Thermal diodes in two-body systems require temperature-
dependent optical properties for the materials and are
explored in SiC [72,74], VO, due to the metal-insulator
transition [73,75—78], semiconductors [80—82], and super-
conductors [79]. Recently, the thermal diode has been
extended to nonreciprocal many-body systems [180—182].
Such nonreciprocal thermal diodes rely on nonreciprocal
radiative heat transfer between two bodies in the presence
of other bodies and do not require temperature-dependent
optical properties.

A nonreciprocal thermal diode driven by a nonreciprocal
surface-plasmon polaritons (SPPs) is designed [180]. The
system consists of two InSb magneto-optical nanoparticles
above an InSb substrate [Fig. 9(a)]. The two nanoparti-
cles are at temperatures 77 and 7,, and the substrate is at
temperature 7. In the forward case, particle 1 is heated
to a temperature, 7,, higher than its environment, with
Ty =T, > T, = Tp. In the backward case, particle 2 is
heated with 7, = T}, > T| = T}. The net power received
by the colder particle in the forward and backward cases is
@, and @, respectively. In such a three-body system with
the same temperature between the substrate and the colder
particle, the contrast between @, and @, directly requires
nonreciprocal radiative heat transfer between the two par-
ticles. A thermal rectification coefficient is further defined
as n = [Py — &,|/ max(Py, D). Under an external mag-
netic field, the InSb substrate supports a nonreciprocal
surface-plasmon polariton, driving nonreciprocal radiative
heat transfer between the two particles. A high rectification
coefficient of about 0.9 is predicted at a magnetic field of
I T and an interparticle distance of 1 um [Fig. 9(b)].

In contrast with building a nonreciprocal thermal diode
with a magnetic field [180], a magnet-less nonreciprocal
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FIG. 9. Nonreciprocal thermal diodes. (a) Schematic of two
magneto-optical InSb nanoparticles placed over an InSb sub-
strate. Magnetic field is along the y axis. Two particles have
temperatures 7 and 75, and the substrate has temperature T}.
Forward case is at T} = T, > T, = T}, and the backward case
isat T, =T, > Ty =T, [180]. (b) Rectification coefficient, 7,
for thermal diode in (a) as a function of interparticle distance,
at varying magnetic fields. Particles have radii of 5 nm and
height z = 100 nm [180]. (c) Schematic of two SiC nanoparti-
cles placed over graphene, with drifting electrons along the x
axis [181]. (d) Rectification coefficient for thermal diode in (c)
as a function of velocity ratio, f, at varying chemical potentials
of graphene. Particles have radii of 5 nm, interparticle distance
of 100 nm, and height z = 25 nm [181].

thermal diode is studied where the reciprocity is bro-
ken by a drift current [181]. The system consists of two
SiC nanoparticles above a graphene layer [Fig. 9(c)]. By
creating drifting electrons with drifting velocity along
the x axis, vy = vof , in response to an in-plane elec-
tric field on graphene, the graphene conductivity can be
written as 0%(, k) = (0/(w — kevg))o (0 — kevy). Here,
vy = 10® cm/s is the Fermi velocity of graphene, f is
the velocity ratio, k, is the wavevector component of
the x axis, and o (w) is the graphene conductivity in the
absence of a drift current. By reversing the propagating
direction of the surface-plasmon polariton in graphene
via reversing k., it can be observed that the conductivity
is changed, i.e., 0%(w, k) # 0%(w,—k.). Such a nonre-
ciprocal surface-plasmon polariton drives nonreciprocal
radiative heat transfer between the two particles. A rec-
tification coefficient as high as about 0.97 is predicted at
0.06-eV chemical potential for graphene, and a velocity
ratio of /' = 0.85, as shown in Fig. 9(d). The rectification
coefficient can be further enhanced in a nonreciprocal ther-
mal diode driven by a nonreciprocal hyperbolic surface-
plasmon polariton supported in a drift-biased graphene
grating [182].
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D. Thermal magnetoresistance and thermal routing

In the phenomena of persistent heat current, photon
thermal Hall effect, and nonreciprocal thermal diodes dis-
cussed above, nonreciprocal radiative heat transfer is crit-
ical. It should be noted that the radiative heat transfer
in many-body systems consisting of materials that vio-
late Lorentz reciprocity is not necessarily nonreciprocal. In
the following, we discuss thermal magnetoresistance and
thermal routing based on nonreciprocal materials, where
nonreciprocity in radiative heat transfer is either absent
or weak. These effects involving radiative heat transfer
in nonreciprocal materials provide intriguing ways for
controlling heat flow.

In analogy to electronic giant magnetoresistance, a
giant thermal magnetoresistance is predicted in a linear
chain of magneto-optical nanoparticles [183], as shown
in Fig. 10(a). By applying a magnetic field orthogonal
to the chain, the thermal resistance between two parti-
cles can increase by over 2 times [Fig. 10(b)], which is
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FIG. 10. Giant thermal magnetoresistance and anisotropic
thermal magnetoresistance. (a) Schematic of a linear chain of
N identical InSb nanoparticles at 300 K, with an external mag-
netic field orthogonal to the chain. Radius of each nanoparticle
is 100 nm, and the edge-to-edge separation distance between two
adjacent particles is 200 nm. (b) Thermal magnetoresistance as
a function of the strength of the external magnetic field, for the
linear chain in (a) [183]. (¢) Schematic of two InSb spheres at
300 K, with magnetic field strength, H, forming an angle, 6, with
respect to the vector connecting the centers of spheres [184]. (d)
Thermal conductance between the two spheres in (c) as a func-
tion of the orientation angle of the magnetic field, for different
values of magnetic field [184].

analogous to the magnitude of strong contrast in electronic
giant magnetoresistance. Moreover, an anisotropic thermal
magnetoresistance is studied [184] in a system consisting
of two InSb spheres in the presence of an external mag-
netic field [Fig. 10(c)]. The radiative thermal conductance
is maximized when the magnetic field is aligned with the
direction of the two spheres, and the thermal conductance
becomes much smaller when the magnetic field is orthog-
onal to the vector connecting the two spheres [Fig. 10(d)].
The giant thermal magnetoresistance effect and anisotropic
thermal magnetoresistance effect could be useful for con-
trolling radiative heat flow using a magnetic field and
thermal magnetometry.

A thermal router is designed to control the direction of
heat flux by using magnetic Weyl semimetals [185]. It
consists of three same-sized nanospheres made of mag-
netic Weyl semimetals. The centers of the spheres form
an isosceles triangle [Fig. 11(a)]. Sphere 1 at the apex
has a separation vector connecting the two Weyl nodes
of 2by, which can be controlled along the z direction
by using electric, magnetic, or optical fields. The other
two spheres, 2 and 3, have fixed separation vectors of
Weyl nodes along the z direction of 2b, = 1.0 nm~! and
2b; = —1.0 nm™~', respectively. When sphere 1 has sepa-
ration vector 2b; up, the radiative heat transfer between
1 and 3 greatly exceeds that between 1 and 2, routing
heat towards sphere 3 [Fig. 11(b)]. In contrast, when the
separation vector for sphere 1 is down, heat is routed pri-
marily towards sphere 2. Such a thermal routing effect
can be understood by considering thermal emission from
a single sphere with separation vector 2b [Fig. 11(c)].
With a nonzero 2b, a sphere hosts three nondegenerate
dipole modes. The resonant frequency of the mode with
zero angular momentum along the z direction is inde-
pendent of 2b, while the resonant frequencies of the two
other counter-rotating modes depend on 2b [Fig. 11(d)].
Between two spheres, with their momentum separation
vectors aligned in the vertical direction and antiparallel to
each other, resonant-frequency matching and quasi-phase
matching are satisfied, leading to strong radiative heat
transfer. On the other hand, when the momentum separa-
tion vectors of the two spheres are parallel to each other,
quasi-phase matching is not achieved for modes with the
same resonant frequency, suppressing radiative heat trans-
fer. A thermal router based on magnetic Weyl semimetals
could be potentially useful for guiding radiative heat flow
by controlling the momentum separation of Weyl nodes in
magnetic Weyl semimetals.

Finally, we provide remarks on the reciprocity or non-
reciprocity for many-body radiative heat transfer. The
radiative heat transfer in many-body systems consisting of
materials that break the Lorentz reciprocity is not neces-
sarily nonreciprocal. An approach using the symmetry of a
magnetic group and the second law of thermodynamics is
introduced to determine the reciprocity or nonreciprocity
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FIG. 11. Thermal router using magnetic Weyl semimetal. (a)
Schematic of a thermal router consisting of three same-sized
magnetic Weyl semimetal nanospheres forming an isosceles tri-
angle with a leg length of 320 nm, a base length of 554 nm, and
a vertex angle of 120°. In sphere 1, the Weyl node separation,
2by, is along the z direction and can be controlled by an exter-
nal field. The Weyl node separations in spheres 2 and 3 are fixed
at 2b, = 1.0 nm~! and 2b3 = —1.0 nm~' along the z direction,
respectively [185]. (b) Thermal conductance G;_., and G
as a function of 2b; [185]. (¢) Schematic of a magnetic Weyl
semimetal sphere with a radius of 100 nm. Weyl node separa-
tion is 2b [185]. (d) Spectra of transmission coefficient from the
sphere in (c) to the environment at different values of 2b [185].

for many-body radiative heat transfer [186]. For exam-
ple, radiative heat transfer is reciprocal in a linear chain
of magneto-optical nanospheres under a uniform external
magnetic field [183] and in a cluster of identical magneto-
optical spheres with centers on a plane and with local
magnetization parallel to the plane [176,186].

On the other hand, for radiative heat transfer in a
time-invariant linear two-body system, the overall radia-
tive heat transfer between the two bodies is reciprocal,
as required by the second law of thermodynamics. How-
ever, in two-body systems involving magneto-optical or
magnetic materials, there may exist nonreciprocal radia-
tive transfer for certain channels, for example, among
different parallel wavevectors for radiative heat transfer
between two plates involving magneto-optical materials
[187,188]. It is shown that such nonreciprocal heat transfer
for different parallel wavevectors can be used in combi-
nation with a nonreciprocal photon-occupation number in
drift-current-biased graphene to achieve near-field active
cooling [189].

VII. REMARKS AND OUTLOOK

We end the review with a few remarks. Breaking
Lorentz reciprocity reveals unique opportunities for con-
trolling thermal radiation and radiative heat transfer, with
great potential for fundamentally improving a broad range
of photonic energy-conversion technologies and thermal
management. Despite great progress in nonreciprocal emit-
ters and absorbers, existing designs are largely limited by
narrow bandwidth, small angular range, and single polar-
ization. We provide here remarks on the challenges and
opportunities. First, nonreciprocal emitters and absorbers
typically operate over a narrow bandwidth [137,139—141].
Broadband reciprocal thermal emission is achieved by
using metamaterials and metasurfaces [8,190]. Dual-band
nonreciprocal emitters are designed using gratings and
multilayers [145,191]. Related strategies may be used to
achieve broadband nonreciprocal emitters. Second, non-
reciprocal emission typically takes place at rather large
angles [137,139—141]. Recently, the concept of topology
[150] is used to broaden the angular range of nonrecipro-
cal emitters. Specifically, topological phase singular pairs
are used to investigate nonreciprocal emitters by tuning
material loss and radiative loss [150], leading to nonrecip-
rocal emission at a wider angular range. Third, existing
nonreciprocal emitter designs [137,139—141] only work
for TM polarization, while the emission and absorption
at TE polarization are reciprocal. For potential application
of nonreciprocal emitters and absorbers in energy con-
version, such as solar cells [19,98], harvesting outgoing
radiation [20,22], thermophotovoltaics [20], and in ther-
mal management, achieving nonreciprocal emission and
absorption in both polarizations is desired. To approach
the Landsberg limit using semitransparent nonreciprocal
multijunction solar cells, it is indicated that one way to
harvest both polarizations of incoming sunlight is to con-
vert the TE polarization to TM polarization and harvest the
converted light in two separate sets of nonreciprocal solar
cells [98]. The polarization conversion can be achieved
by combining a polarization splitter, and subsequently,
a polarization rotator. A compact design of nonrecipro-
cal emitters for both polarizations is desirable, and more
research is needed in this direction.

Experiments on nonreciprocal thermal photonics are
lacking, regardless of the mechanisms used for breaking
the Lorentz reciprocity. First, one challenge for experi-
mentally achieving nonreciprocal emission and absorption
using magneto-optical materials is the requirement for a
relatively large magnetic field of about a few T [137,192]
or a narrow bandwidth [141]. To this end, magnetic Weyl
semimetals, such as Co3Sn;, S, [133,134], Co,MnGa [132],
Co,MnAl [135], and Mn3Sn [136], are attractive as they
can break the Lorentz reciprocity without an external
magnetic field, and thus, are promising for nonrecip-
rocal thermal photonic applications without an external
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magnetic field. In particular, magnetic Weyl semimetals,
such as Co,MnGa [132] and Co,MnAl [135] with high
Curie temperatures (726 K for Co,MnAl [193] and 690 K
for Co,MnGa [132]), and Mn3Sn [136] with a Neel tem-
perature of 430 K, could be useful for experiments at above
room temperature. Second, for nonreciprocal energy con-
version and heat transfer based on time modulation, mod-
ulation with a high bandwidth, large amplitude, and low
power consumption is needed. In particular, a modulator
integrated with graphene achieves an intrinsic modula-
tion speed of 150 GHz [164]. Such a modulation speed is
about 2 orders of magnitude smaller than the frequency
of thermal radiation at 300 K, therefore, making time
modulation relevant for achieving nonreciprocal thermal
emission. Third, for many phenomena of nonreciprocal
near-field radiative heat transfer, the characteristic feature
is typically small as a few pW/K. The recent advances
in high-precision nanocalorimetry and scanning thermal
microscopy [25,26,30-32,71,194—199] could be useful for
experimentally verifying predicted effects. Fourth, nonlin-
ear radiative heat transfer could have the potential to con-
trol heat flow. A rigorous calculation of nonlinear radiative
heat transfer based on fluctuational electrodynamics [175]
would be useful but challenging. Experiments on nonlinear
radiative heat transfer are needed to verify the predictions
of heat extraction [173,174].

With the rich phenomena and advances in both theory
and experiments, the field of nonreciprocal thermal pho-
tonics can have a big impact on fundamental advances
and technological applications. Nonreciprocal emitters and
absorbers point to fundamentally different ways of con-
trolling thermal emission and absorption by separately
controlling the two processes. Also, nonreciprocal emit-
ters and absorbers provide opportunities for applications
such as improving energy conversion in solar cells [19,
21,98], thermophotovoltaics [20], and for harvesting out-
going thermal radiation [20]; communication systems that
decouple emission and absorption [159]; and thermal man-
agement. Finally, radiative heat transfer in nonreciprocal
materials not only highlights the intriguing phenomenon
of heat flow [91,178,179] but also points to applications
such as thermal routers [185], thermal diodes [180—182],
and thermal magnetometry [178,183].
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