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The emissivity and absorptivity of nonreciprocal thermal emitters are not constrained by the well-known
Kirchhoff law of thermal radiation, which usually serves as the theoretical basis to characterize thermal
properties. When thermal emitters are nondiffracting, which is the case in previous studies of nonreciprocal
thermal emitters, the angular distribution of emissivity and absorptivity is mirror symmetric with respect
to the normal direction, and the nonreciprocal effect is confined to a relatively narrow angular range. In
this work, we consider nonreciprocal thermal emitters that can simultaneously couple to multiple diffrac-
tion channels. We show that the symmetry relation between absorptivity and emissivity can be broken
in such multichannel emitters. The angular range in which the nonreciprocal effect is strong can also be
significantly broadened. Such multichannel emitters can operate as one-way energy splitters. Our work
significantly broadens the flexibility of thermal-radiation control in nonreciprocal thermal-emitter design.
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I. INTRODUCTION

In recent years, there has been significant interest in
designing thermal metamaterials to control conductive,
convective, and radiative thermal transfer [1–4]. In partic-
ular, it has been noted for radiative thermal transfer that
metamaterial structures allow us to reexamine some of the
fundamental constraints [5].

For thermal radiation, one of the fundamental con-
straints is Kirchhoff’s law. Kirchhoff’s law of thermal radi-
ation states that the absorptivity (α) and emissivity (ε) of
an emitter satisfies α(ω, θ , p̂) = ε(ω, −θ , p̂∗), as indicated
in Figs. 1(a) and 1(b) [6–12]. Here, ω is the frequency;
θ and p̂ denote the angle of incidence and polarization,
respectively, for incident light in the absorption case; and
* denotes the complex conjugate. Kirchhoff’s law provides
the foundation for the design of almost all thermal emitters
that we use in engineering. However, it is not a require-
ment of the second law of thermodynamics [5,13], and,
in fact, the absorptivity and emissivity can be controlled
separately if reciprocity is broken [14–18]. Nonrecipro-
cal thermal emitters have significant promise in energy
harvesting [19,20] and thermal management.

Recently, there have been several proposals of non-
reciprocal thermal-emitter designs using magneto-optical
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materials or magnetic Weyl semimetals [11–13]. In these
structures, incident light may be absorbed or reflected but
is not diffracted, since the structures used are either sub-
wavelength gratings or flat surfaces [15–17,21,22]. As we
will illustrate in more detail here, for these structures,
while the angular spectral emissivity and absorptivity
are not equal [i.e., α(ω, θ) �= ε(ω, θ)], they are neverthe-
less constrained by α(ω, θ) = ε(ω, −θ), as illustrated in
Fig. 1(c). (Throughout the paper, for simplicity, we con-
sider only structures that preserve linear polarizations in
the reflection process. Moreover, these structures exhibit
violation of Kirchhoff’s law only in p polarization. Thus,
unless otherwise noted, all quantities that we discuss refer
to p polarization.) This equality significantly restricts the
ability to control the emissivity and absorptivity of these
emitters separately. In addition, the angular range in which
these structures exhibit a strong nonreciprocal effect is also
restricted.

Here, we propose to use a metasurface with multiple
diffraction channels [Fig. 1(d)] to remove the constraint
of α(ω, θ) = ε(ω, −θ) and create more flexibility in the
design of nonreciprocal emitters. We prove that, in the
absence of diffraction, α(ω, θ) = ε(ω, −θ) always holds,
regardless of detailed geometries of the structures. We pro-
vide a coupled-mode-theory framework for multichannel
nonreciprocal emitters and derive the necessary conditions
for the symmetry of the structure to achieve α(ω, θ) �=
ε(ω, −θ). Based on theoretical discussions, we numer-
ically demonstrate a multichannel nonreciprocal emitter
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FIG. 1. Schematic of the angular distribution of emissivity
and absorptivity in thermal emitters. (a) Reciprocal emitters
with a reflection channel. (b) Reciprocal emitters with multiple
diffraction channels. (c) Nonreciprocal emitters with a reflec-
tion channel. (d) Nonreciprocal emitters with multiple diffraction
channels.

and showcase a one-way energy-splitting functionality as
well as a broadened angular range of the nonreciprocal
effect.

II. SCATTERING MATRIX AND ENERGY
BALANCE IN THERMAL EMITTERS

We start by considering a general thermal emitter that is
in thermal equilibrium with its surrounding ambient condi-
tions, as shown in Fig. 2(a). We assume that the materials
in the thermal emitter are linear and time invariant. We
also assume that the bottom side of the emitter is a per-
fect mirror, so that thermal emission and absorption occur
only to the top side. We refer to a plane-wave channel
that couples to such a thermal emitter as a port. Within
each port, there are input (s+) and output waves (s−) that
are time reversals of each other. The emitter has m (≥ 1)

ports in total, as illustrated in Fig. 2(a). We define an
amplitude-reflection coefficient from port m to port m′ as

rm′m. (The amplitude-reflection coefficient is defined as
the ratio between the amplitudes of the reflected and the
incident waves.) The power reflectivity can therefore be
written as Rm′m = |rm′m|2. rm′m is the matrix element of
scattering matrix S. The absorptivity for light incident from
port m can be written as

αm = 1 −
M∑

m′=1

Rm′m, (1)

where M is the total number of ports. To determine the
emissivity, we assume that each port is coupled to a black-
body at the same temperature as the emitter. Since the
absorptivity of the blackbody is unity in the direction of
port m, the emissivity of port m can also be related to the
reflectivity as

εm = 1 −
M∑

m′=1

Rmm′ . (2)

Equations (1) and (2) are applicable for both reciprocal
and nonreciprocal thermal emitters. For reciprocal emit-
ters, since the scattering matrix is symmetric [23], one has
Rm′m = Rmm′ . Therefore, based on Eqs. (1) and (2), one
obtains Kirchhoff’s law

αm = εm. (3)

In the case where reciprocity is broken, generally Rm′m �=
Rmm′ and therefore αm �= εm.

The emissivity and absorptivity in Eqs. (1) and (2) are
expressed in the wavevector space for each discretized
plane-wave channel. To connect them with the same quan-
tities expressed in angular coordinates, one can express
the in-plane wavevector component that characterizes each
port as

kx = k0 sin θ cos φ, (4)

s1+

s1–
s2+ s2– sm+

sm– s1+

s1–
s2+ s2– sm+

sm–

a1a2

(a) (c)

s1+

s1–
s2+

s2–

(b)

a1a2

FIG. 2. (a) Schematic of a thermal emitter with multiple diffraction channels. (b) Thermal emitter with one reflection channel. a1
and a2 are two resonant modes of the emitter with opposite in-plane wavevectors. They couple to input and output waves of the same
color. (c) Periodic metasurface thermal emitter with multiple diffraction channels. a1 and a2 are two modes with opposite in-plane
wavevectors. Modes can couple to input and output waves from port 1 to m.
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and

ky = k0 sin θ sin φ, (5)

where k0 = ω0/c, with c being the speed of light in vac-
uum, θ is the polar angle, and φ is the azimuthal angle.
Therefore, we can define α(ω, kx, ky) ≡ αm, where (kx, ky)

is the wavevector corresponding to the mth port. On the
other hand, the wavevector and angular characteristics of
absorptivity can be related using the Jacobian determinant
of the transformation of Eqs. (4) and (5) as

1
k2

0
αm(ω, kx, ky)dkxdky = α(ω, θ , φ)cos θ sin θ dθdφ.

(6)

A similar relationship can be derived for emissivity. There-
fore, one can relate the absorptivity and emissivity for
different ports to the angular dependency of the absorp-
tivity and emissivity commonly used to described thermal
emitters.

From Eqs. (1) and (2), we can obtain

∑

m

αm =
∑

m

εm. (7)

This is equivalent to

∫ 2π

0
dφ

∫ π/2

0
α(ω, θ , φ)cos θ sin θdθ

=
∫ 2π

0
dφ

∫ π/2

0
ε(ω, θ , φ)cos θ sin θdθ . (8)

Equations (7) and (8) show that the total absorption and
emission of an emitter has to be the same, as required by
energy conservation. These relationships are applicable for
both reciprocal and nonreciprocal emitters.

We now consider a special case [Fig. 2(b)] where the
structure does not have diffraction. Such a structure can be
either a flat surface or a grating structure with subwave-
length periodicity. For a plane-wave input from port 1,
there is only one plane wave in the reflected wave in port
2. From Eqs. (1) and (2), one has

α1 = 1 − R21, (9)

ε1 = 1 − R12, (10)

α2 = 1 − R12, (11)

ε2 = 1 − R21. (12)

From Eqs. (9)–(12), we obtain

α1 = ε2, (13)

and

ε1 = α2. (14)

Due to the translational symmetry of the structure, the
angle of incidence is equal to the angle of reflection. There-
fore, from Eqs. (13) and (14), we have ε(θ) = α(−θ).
Equations (13) and (14) are consistent with the conclusions
in Refs. [14,15].

III. COUPLED-MODE THEORY FOR
NONRECIPROCAL METASURFACE EMITTERS

In the previous section, we see that, for the structure
shown in Fig. 2(b), there are still strong constraints on its
absorptivity and emissivity, even if the structure is nonre-
ciprocal. Below, we will seek to design structures that are
free from such constraints, by considering the multichan-
nel thermal emitters shown in Fig. 2(c). These structures
consist of gratings or metasurfaces, with a periodicity com-
parable to or larger than the wavelength of incident light.
For such structures, an input plane wave can be reflected
into multiple diffraction channels.

We use temporal coupled-mode theory to obtain the
expression of reflection coefficients, absorptivity, and
emissivity for such multichannel thermal emitters. Due
to the periodicity, the modes in the metasurface are well
characterized by the in-plane wavevector. We assume the
modes are well separated in frequency, so that they can be
analyzed separately. We denote the amplitude of excited
mode a. With the excitation of the incoming wave, the
dynamics of the mode amplitude can be described as
[23–26]

da
dt

= (iω0 − γ i − γ r)a + kTs + , (15)

s− = Cs + + da. (16)

We normalize the components such that |a|2 represents the
energy per unit area in the mode. ω0 is the resonant angular
frequency. γ i and γ r are the decay rates due to material
loss and radiation loss, respectively. Here, the incoming
wave has the same frequency as the mode. In general, their
amplitudes are represented by

s + =

⎛

⎜⎜⎝

s1+
s2+

...
sm+

⎞

⎟⎟⎠ . (17)
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The incoming waves are coupled to the mode with the in-
coupling rate given by

k =

⎛

⎜⎜⎝

k1
k2
...

km

⎞

⎟⎟⎠ . (18)

The excited resonance modes couple with the outgoing
waves

s− =

⎛

⎜⎜⎝

s1−
s2−

...
sm−

⎞

⎟⎟⎠ , (19)

and the out-coupling rates are denoted as

d =

⎛

⎜⎜⎝

d1
d2
...

dm

⎞

⎟⎟⎠ . (20)

Square matrix C in Eq. (16) describes the background-
scattering process when the mode is absent. From Eq. (15),
one obtains the mode amplitude as

a(ω) = 1
i(ω − ω0) + γ i + γ r kTs + . (21)

Using Eqs. (16) and (21), we have

s− = Ss+ =
[

C + d
kT

i(ω − ω0) + γ i + γ r

]
s+, (22)

where S is the scattering matrix. We, therefore, can obtain
the reflectivity from port m to port m′ as

Rm′m =
∣∣∣cm′m + dm′ km

i(ω−ω0)+γ i+γ r

∣∣∣
2
.

= |rm′m|2
(23)

If the loss rate of the material is neglected, the system is
energy conserving, and one can obtain [23–26]

C†C = I, (24)

d†d = k†k = 2γ r, (25)

CTd∗ = −k, (26)

Ck∗ = −d. (27)

Equations (24)–(27) hold for both reciprocal and non-
reciprocal cases. In what follows, we assume that the
material loss is small enough such that Eqs. (24)–(27)

still hold. The effects of loss are then described only in
terms of the presence of a nonzero intrinsic loss rate, γ i, in
Eqs. (21)–(23).

To describe the case where a plane wave is incident from
port m, we set sm+ to be nonzero and all other components
to be zero in Eq. (17). Based on Eq. (1), we have

αm = 1 − s†
−s−

s†
+s+

= 1 − s†
+S†Ss+
s†
+s+

= 2γ ik∗
mkm

(ω −ω0)
2 + (γ i + γ r)

2 .

(28)

In deriving Eq. (28), we use

S†S = I − 2γ ik∗kT

(ω − ω0)
2 + (γ i + γ r)

2 . (29)

Equation (29) is obtained using Eqs. (24)–(26).
Similarly, we can obtain the emissivity to port m. Com-

paring Eqs. (1) and (2), we notice that the only difference
between the two equations is that the two indices of
R are interchanged. Therefore, we can repeat the above
derivation with S replaced by ST in Eq. (28) to obtain

εm = 1 − s†
+S∗STs+

s†
+s+

= 2γ id∗
mdm

(ω − ω0)
2 + (γ i + γ r)

2 . (30)

In deriving Eq. (30), we use

S∗ST = I − 2γ id∗dT

(ω − ω0)
2 + (γ i + γ r)2

. (31)

Equation (31) is obtained using Eqs. (24), (25), and (27).
Equations (28) and (30) provide a general descrip-

tion of the radiative properties of a thermal radiator in
the coupled-mode framework. In the Appendix, we also
provide direct proof of Eqs. (28) and (30) using tempo-
ral coupled-mode theory combined with the fluctuation-
dissipation theorem [27]. We note that the above analysis
is also applicable to the case where transmission is present
[28–30], since one can describe the transmission in terms
of additional ports on the other side of the structure.

IV. SYMMETRY CONSIDERATION

In coupled-mode theory, the emissivity and absorptivity
are controlled by the in-coupling rate k and out-coupling
rates d. For reciprocal emitters, we have k = d [23], and
therefore Eqs. (28) and (30) can directly give Kirchhoff’s
law for each port. For nonreciprocal emitters, the in- and
out-coupling rates are no longer equal. They are, however,
still constrained by various symmetries. For the design of
nonreciprocal thermal radiators, it is therefore important to
discuss these symmetries.

As an illustration of the symmetry constraints, we con-
sider the structure shown in Fig. 3(a). The structure is
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FIG. 3. Emitter with T σv(x) symmetry. (a) Original system. Emitter made of magneto-optical materials is colored gray and extended
periodically in the x direction. (b) System obtained from (a) by a time-reversal operation, T . (c) System obtained from (b) by the σv(x)
operation, which is a mirror operation with respect to the y-z plane.

periodic in the x direction. β is the in-plane wavevector
that corresponds to the mode in the structure. We note that,
when the incident light from a certain port couples to the
mode at β, the emission to the same port is due to the mode
at −β. We assume that the structure consists of a gyrotropic
material with internal magnetization along the y direction.
This internal magnetization can be due to an external mag-
netic field (B) along the y direction. The permittivity of
such a gyrotropic material is then

ε(B) =
⎡

⎣
εx −iε′(B) 0

iε′(B) εx 0
0 0 εz

⎤

⎦ , (32)

where −ε′(B) = ε′(−B), such that εT(B) = ε(−B) sat-
isfies the generalized Onsager reciprocal relationship
[31–33].

Structures of the type in Fig. 3(a) have been previ-
ously studied in Refs. [15–18,22]. These studies noted
that the angular distribution of emissivity and absorptivity
exhibited the following relationship:

ε(θ) = α(−θ). (33)

In Eqs. (13) and (14) we provide a derivation of this
constraint for an emitter, assuming that the emitter has
no diffraction. Here, we provide an alternative derivation
based on symmetry that is applicable to multichannel emit-
ters with diffraction. We show that Eq. (33) holds for
emitters with T σv(x) symmetry. Here, T is an “antisym-
metry” operator that transforms ε(r) into εT(r), and σv(x)
denotes the mirror operation with respect to the y-z plane.

Figure 3(a) illustrates a structure with T σv(x) symme-
try. Below, we discuss the constraint imposed by such
a symmetry on the coupled-mode theory formalism of
Eqs. (15) and (16). In our development above, the con-
straints on the coupling constants [Eqs. (24)–(27)] are
derived assuming a lossless system first. Therefore, sim-
ilarly, here, we derive the constraint on the coupling con-
stants imposed by T σv(x) symmetry by first considering
the lossless system.

For such a lossless system, the antisymmetry operator
T is equivalent to the time-reversal operator. Consider

the process, as shown in Fig. 3(a), where an incident
plane wave excites a resonant mode in the structure with
wavevector β, through an in-coupling constant kβ. By
applying the time-reversal operation to the structure and
the process in Fig. 3(a), we arrive at Fig. 3(b). Here,
the structure becomes the complementary structure of
Fig. 3(a), with the magnetization direction flipped from
that of Fig. 3(a), and the process becomes a resonant mode
with wavevector −β exciting an outgoing plane wave with
an out-coupling constant d̃−β. Thus, we expect that

kβ = d̃−β, (34)

and a similar derivation can be used to show that

dβ = k̃−β. (35)

From the system shown in Fig. 3(b), we further apply a
mirror-reflection operation of σv(x) to arrive at the system
shown in Fig. 3(c). In Fig. 3(c), the structure including the
direction of magnetization is the same as that in Fig. 3(a),
and the process corresponds to a resonant mode at β radi-
ating into an outgoing wave with an out-coupling constant,
dβ. Therefore, we have

d̃−β = dβ, (36)

and

k̃−β = kβ. (37)

Also from Eq. (36), as well as the connection between the
decay rate γ and the out-coupling rate d, we have

γ̃ i
−β = γ i

β. (38)

Combining Eqs. (34) and (36), we obtain

kβ = dβ. (39)

Since kβ and dβ belong to the ports that are symmetric with
respect to the y-z mirror plane, based on Eqs. (28), (30),
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and (39) implies

εm = αn, (40)

where m and n are the labels for ports that are symmetric
with respect to the y-z mirror plane. Equation (40) is equiv-
alent to Eq. (33). Therefore, the emissivity and absorptivity
of structures with T σv(x) symmetry are constrained by
Eq. (33).

Combining the discussion here with the discussion on
the scattering matrix in the previous section, we see that,
to remove the constraints of Eq. (33), one must consider a
multichannel emitter without T σv(x) symmetry.

V. NUMERICAL DEMONSTRATION OF
MULTIPORT NONRECIPROCAL THERMAL

EMITTERS

As a demonstration of the conclusions obtained above,
we numerically study two cases shown in Figs. 4(a)
and 4(c). We consider the radiative property of trans-
verse magnetic waves (magnetic field in the y direction)
at a wavelength of λ = 15 μm. Both emitter designs
are metal-dielectric-metal structures. The top layer con-
tains two types of metal strips arranged periodically

with a period of � = 20 μm, and their widths are b1 =
3.08 μm and b2 = 4.93 μm. Here, � > λ and therefore
both emitters have multiple diffraction channels. The
thicknesses of the strips and the dielectric layer are
0.68 and 1.1 μm, respectively. The substrate is made of
the same material as the strips and is assumed to be
infinitely thick. The dielectric function of the dielectric
layer is εd = 10.25 + 0.052i, close to that of SiC and Si at
the wavelength of 15 μm. The metal has the same property
as that shown in Eq. (32), with εx = εz = −76.5 + 0.014i
and ε′ = 26.62, which is close to the properties of Weyl
semimetals at a wavelength of 15 μm [17,18,34–36].

In the structure shown in Fig. 4(a), the centers of the
strips are separated by half the period. Therefore, the struc-
ture possesses T σv(x) symmetry. As shown in Fig. 4(b),
the angular distributions of emissivity and absorptivity
are symmetric with respect to θ = 0◦, and therefore, sat-
isfies Eq. (33). In Fig. 4(c), we shift one of the strips
slightly along the x direction to break T σv(x) symmetry.
As shown in Fig. 4(d), the angular distributions of emissiv-
ity and absorptivity are no longer symmetric with respect
to θ = 0◦, and therefore the constraint of Eq. (33) is bro-
ken. We therefore provide a numerical illustration of the
symmetry constraint, as we discuss above for multichannel
nonreciprocal thermal emitters.
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FIG. 4. (a),(c) Schematic of nonreciprocal multiport emitters. (a) With T σv(x) symmetry. (c) Without T σv(x) symmetry. (b),(d)
Angular distribution of emissivity and absorptivity for structures in (a),(c) respectively. Arrow indicates the direction of Weyl node
separation, which breaks the reciprocity in the same way as an external B field.
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Compared with previously reported nonreciprocal emit-
ters [15–18,22], at the operating wavelength, the multi-
channel emitters provide a much broader angular range
where the nonreciprocal effect is prominent. Moreover,
the structures in Figs. 4(a) and 4(c) can operate as non-
reciprocal energy splitters. For example, for the case in
Fig. 4(a), incident energy at λ = 15 μm from θ = 28◦ will
be nearly completely absorbed, whereas the emission at the
same wavelength primarily goes to the directions of θ =
−60.9◦, −28◦, and 38.9◦, splitting of the incident energy.
This functionality may provide additional flexibilities in
the control of the flow of thermal radiation.

VI. CONCLUSION

We show that the angular distribution of emissivity and
absorptivity is mirror symmetric with respect to the normal
direction for nondiffracting thermal emitters and meta-
surfaces with T σv(x) symmetry. To break this symme-
try, one needs to use multiport nonreciprocal metasurface
emitters without T σv(x) symmetry. Our theory can pro-
vide guidance for designing nonreciprocal thermal emitters
and optical devices with much more angular degree of
freedom.
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APPENDIX: TEMPORAL COUPLED-MODE
THEORY AND FLUCTUATION-DISSIPATION

THEOREM

Thermal radiation from a resonator structure can be
described using the coupled-mode equation [27]:

da
dt

= (iω0 − γ i − γ r)a + kTs + +
√

2γ in, (A1)

where n is the noise source with its correlation described
by the fluctuation-dissipation theorem:

〈
n(ω)n∗(ω′)

〉 = 1
2π


(ω, T)δ(ω − ω′). (A2)

In Eq. (A2), 
(ω, T) = �ω/[exp(�ω/kBT) − 1] is the
mean thermal energy in a mode at frequency ω. We con-
sider the thermal emitter shown in Fig. 2(a) of the main
text. To compute the emission, we assume that the ambient
temperature, Tamb, is 0 K; therefore, there is no incoming
thermal radiation, s+ = 0.

The ensemble-averaged outgoing power of port m is
described as

〈
Pe

m(t)
〉 = 〈

sm−(t)s∗
m−(t)

〉 = d∗
mdm

〈
a(t)a∗(t)

〉
,

= d∗
mdm

∫ +∞

0
dω′

∫ +∞

0

〈
a(ω)a∗(ω′)

〉
exp[i(ω′ − ω)t]dω,

= d∗
mdm

∫ +∞

0
dω′

∫ +∞

0

[ √
2γ i

i(ω − ω0) + γ i + γ r

√
2γ i

−i(ω′ − ω0) + γ i + γ r

〈
n(ω)n∗(ω′)

〉
]

exp[i(ω′ − ω)t]dω,

=
∫ +∞

0

1
2π


(ω, T)
2γ id∗

mdm

(ω − ω0)
2 + (γ i + γ r)

2 dω. (A3)

The emitted power spectrum in port m is therefore

Pe
m(ω) = 2γ id∗

mdm

(ω − ω0)
2 + (γ i + γ r)

2

1
2π


(ω, T). (A4)

The spectral power density emitted from a blackbody at ω

is [27]

PBB(ω) = 1
2π


(ω, T). (A5)

We therefore can obtain the emissivity for port m as

εm = Pe
m(ω)

PBB(ω)
= 2γ id∗

mdm

(ω − ω0)
2 + (γ i + γ r)

2 . (A6)

We therefore prove Eq. (30).
For the absorption process, we again consider the ther-

mal emitter shown in Fig. 2(a) of the main text. We assume
an ambient temperature of Tamb > 0 K and assume that the
thermal emitter is at 0 K. Therefore, the contribution of the
intrinsic noise source is zero. We consider the case when
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port m has input from the ambient conditions, which can
be treated as a blackbody,

da
dt

= (iω0 − γ i − γ r)a + kTs + , (A7)

where sm+ = namb and
〈
namb(ω)namb

∗(ω′)
〉 = 1

2π

(ω, T)

δ(ω − ω′), and the rest component of s+ is zero. Therefore,

a(ω) = kmnamb(ω)

i(ω − ω0) + γ i + γ r . (A8)

The dissipated power can be obtained directly by
〈
Pa

m(t)
〉 = 2γ i 〈a(t)a∗(t)

〉
,

= 2γ i
∫ +∞

0
dω′

∫ +∞

0

〈
a(ω)a∗(ω′)

〉

× exp[i(ω′ − ω)t]dω,

=
∫ +∞

0

1
2π


(ω, Tamb)
2γ ik∗

mkm

(ω − ω0)
2 + (γ i + γ r)

2 dω.

(A9)

Therefore, the absorbed power spectrum in port m can be
obtained as

Pa
m(ω) = 1

2π

(ω, Tamb)

2γ ik∗
mkm

(ω − ω0)
2 + (γ i + γ r)

2 . (A10)

We therefore can obtain the absorptivity for port m as

αm = Pa
m(ω)

PBB(ω)
= 2γ ik∗

mkm

(ω − ω0)
2 + (γ i + γ r)

2 . (A11)

We thus prove Eq. (28).

[1] Y. Li, W. Li, T. Han, X. Zheng, J. Li, B. Li, S. Fan,
and C.-W. Qiu, Transforming heat transfer with thermal
metamaterials and devices, Nat. Rev. Mater. 6, 488 (2021).

[2] S. R. Sklan and B. Li, Thermal metamaterials: Functions
and prospects, Natl. Sci. Rev. 5, 138 (2018).

[3] J.-P. Huang, Theoretical Thermotics: Transformation Ther-
motics and Extended Theories for Thermal Metamaterials
(Springer, Singapore, 2020).

[4] D. G. Baranov, Y. Xiao, I. A. Nechepurenko, A. Krasnok,
A. Alù, and M. A. Kats, Nanophotonic engineering of far-
field thermal emitters, Nat. Mater. 18, 920 (2019).

[5] S. Fan, Thermal photonics and energy applications, Joule 1,
264 (2017).

[6] G. Kirchhoff, Ueber das Verhältniss zwischen dem Emis-
sionsvermögen und dem Absorptionsvermögen der Körper
für Wärme und Licht, Ann. Phys. (Berl.) 185, 275 (1860).

[7] M. Planck, The Theory of Heat Radiation (Forgotten
Books, London, 2013).

[8] J. R. Howell, M. P. Menguc, K. Daun, and R. Siegel, Ther-
mal Radiation Heat Transfer, 7th ed. (CRC Press, Florida,
2021).

[9] T. L. Bergman, A. S. Lavine, F. P. Incropera, and D. P.
DeWitt, Fundamentals of Heat and Mass Transfer (Wiley,
Hoboken, NJ, 2017).

[10] G. Chen, Nanoscale Energy Transport and Conversion
(Oxford University Press, Inc, New York, 2005).

[11] M. F. Modest, Radiative Heat Transfer, 3nd ed. (Academic
Press, Oxford, 2013).

[12] Z. M. Zhang, Nano/Microscale Heat Transfer (McGraw-
Hill, New York, 2007).

[13] L. D. Landau, E. M. Lifshitz, and L. P. Pitaevskii, Electro-
dynamics of Continuous Media, 2nd ed. (Pergamon Press,
Oxford, 1984).

[14] D. A. B. Miller, L. Zhu, and S. Fan, Universal modal radi-
ation laws for all thermal emitters, Proc. Natl. Acad. Sci.
U.S.A. 114, 4336 (2017).

[15] L. Zhu and S. Fan, Near-complete violation of detailed
balance in thermal radiation, Phys. Rev. B 90, 220301
(2014).

[16] B. Zhao, Y. Shi, J. Wang, Z. Zhao, N. Zhao, and S. Fan,
Near-complete violation of Kirchhoff’s law of thermal radi-
ation with a 0.3 T magnetic field, Opt. Lett. 44, 4203
(2019).

[17] B. Zhao, C. Guo, C. A. C. Garcia, P. Narang, and S.
Fan, Axion-field-enabled nonreciprocal thermal radiation
in Weyl semimetals, Nano Lett. 20, 1923 (2020).

[18] Y. Tsurimaki, X. Qian, S. Pajovic, F. Han, M. Li, and
G. Chen, Large nonreciprocal absorption and emission of
radiation in type-I Weyl semimetals with time reversal
symmetry breaking, Phys. Rev. B 101, 165426 (2020).

[19] P. T. Landsberg and G. Tonge, Thermodynamic energy
conversion efficiencies, J. Appl. Phys. 51, R1 (1980).

[20] M. A. Green, Time-asymmetric photovoltaics, Nano Lett.
12, 5985 (2012).

[21] Z. M. Zhang, X. Wu, and C. Fu, Validity of kirchhoff’s law
for semitransparent films made of anisotropic materials, J.
Quant. Spectrosc. Radiat. Transfer 245, 106904 (2020).

[22] X. Wu, R. Liu, H. Yu, and B. Wu, Strong nonreciprocal
radiation in magnetophotonic crystals, J. Quant. Spectrosc.
Radiat. Transfer 272, 107794 (2021).

[23] Z. Zhao, C. Guo, and S. Fan, Connection of temporal
coupled-mode-theory formalisms for a resonant optical sys-
tem and its time-reversal conjugate, Phys. Rev. A 99,
033839 (2019).

[24] S. Fan, W. Suh, and J. D. Joannopoulos, Temporal coupled-
mode theory for the fano resonance in optical resonators, J.
Opt. Soc. Am. A 20, 569 (2003).

[25] W. Suh, Z. Wang, and S. Fan, Temporal coupled-mode the-
ory and the presence of non-orthogonal modes in lossless
multimode cavities, IEEE J. Quantum Electron. 40, 1511
(2004).

[26] K. X. Wang, Time-reversal symmetry in temporal coupled-
mode theory and nonreciprocal device applications, Opt.
Lett. 43, 5623 (2018).

[27] L. Zhu, S. Sandhu, C. Otey, S. Fan, M. B. Sinclair, and T.
S. Luk, Temporal coupled mode theory for thermal emis-
sion from a single thermal emitter supporting either a single
mode or an orthogonal set of modes, Appl. Phys. Lett. 102,
103104 (2013).

064001-8

https://doi.org/10.1038/s41578-021-00283-2
https://doi.org/10.1093/nsr/nwy005
https://doi.org/10.1038/s41563-019-0363-y
https://doi.org/10.1016/j.joule.2017.07.012
https://doi.org/10.1002/andp.18601850205
https://doi.org/10.1073/pnas.1701606114
https://doi.org/10.1103/PhysRevB.90.220301
https://doi.org/10.1364/OL.44.004203
https://doi.org/10.1021/acs.nanolett.9b05179
https://doi.org/10.1103/PhysRevB.101.165426
https://doi.org/10.1063/1.328187
https://doi.org/10.1021/nl3034784
https://doi.org/10.1016/j.jqsrt.2020.106904
https://doi.org/10.1016/j.jqsrt.2021.107794
https://doi.org/10.1103/PhysRevA.99.033839
https://doi.org/10.1364/JOSAA.20.000569
https://doi.org/10.1109/JQE.2004.834773
https://doi.org/10.1364/OL.43.005623
https://doi.org/10.1063/1.4794981


NONRECIPROCAL THERMAL EMITTERS USING. . . PHYS. REV. APPLIED 16, 064001 (2021)

[28] Y. Park, V. S. Asadchy, B. Zhao, C. Guo, J. Wang,
and S. Fan, Violating Kirchhoff’s law of thermal radia-
tion in semitransparent structures, ACS Photonics 8, 2417
(2021).

[29] Z. Yu, Z. Wang, and S. Fan, One-way total reflection with
one-dimensional magneto-optical photonic crystals, Appl.
Phys. Lett. 90, 121133 (2007).

[30] V. S. Asadchy, C. Guo, B. Zhao, and S. Fan, Sub-
wavelength passive optical isolators using photonic struc-
tures based on Weyl semimetals, Adv. Opt. Mater. 8,
2000100 (2020).

[31] L. Onsager, Reciprocal relations in irreversible processes.
I, Phys. Rev. 37, 405 (1931).

[32] L. Onsager, Reciprocal relations in irreversible processes.
II, Phys. Rev. 38, 2265 (1931).

[33] H. B. G. Casimir, On Onsager’s principle of microscopic
reversibility, Rev. Mod. Phys. 17, 343 (1945).

[34] O. V. Kotov and Y. E. Lozovik, Giant tunable nonreciproc-
ity of light in Weyl semimetals, Phys. Rev. B 98, 195446
(2018).

[35] J. Hofmann and S. Das Sarma, Surface plasmon polaritons
in topological Weyl semimetals, Phys. Rev. B 93, 241402
(2016).

[36] O. V. Kotov and Y. E. Lozovik, Dielectric response and
novel electromagnetic modes in three-dimensional dirac
semimetal films, Phys. Rev. B 93, 235417 (2016).

064001-9

https://doi.org/10.1021/acsphotonics.1c00612
https://doi.org/10.1063/1.2716359
https://doi.org/10.1002/adom.202000100
https://doi.org/10.1103/PhysRev.37.405
https://doi.org/10.1103/PhysRev.38.2265
https://doi.org/10.1103/RevModPhys.17.343
https://doi.org/10.1103/PhysRevB.98.195446
https://doi.org/10.1103/PhysRevB.93.241402
https://doi.org/10.1103/PhysRevB.93.235417

	I. INTRODUCTION
	II. SCATTERING MATRIX AND ENERGY BALANCE IN THERMAL EMITTERS
	III. COUPLED-MODE THEORY FOR NONRECIPROCAL METASURFACE EMITTERS
	IV. SYMMETRY CONSIDERATION
	V. NUMERICAL DEMONSTRATION OF MULTIPORT NONRECIPROCAL THERMAL EMITTERS
	VI. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX: TEMPORAL COUPLED-MODE THEORY AND FLUCTUATION-DISSIPATION THEOREM
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


