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ABSTRACT

Recent advancements in nonreciprocal thermal emitters challenge the conventional Kirchhoff’s law, which states that emissivity and
absorptivity should be equal for a given direction, frequency, and polarization. These emitters can break Kirchhoff’s law and enable
unprecedented thermal photon control capabilities. However, current studies mainly focus on increasing the magnitude of the contrast
between emissivity and absorptivity, with little attention paid to how the sign or bandwidth of the contrast may be controlled. In this work,
we show such control ability can be achieved by coupling resonances that can provide opposite contrasts between emissivity and absorptivity.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0187105

As a fundamental symmetry of electromagnetic waves,1–5 reci-
procity governs a class of photonic transport properties. For thermal
emitters, the role of reciprocity is described by Kirchhoff’s law,6–14

which states that the emissivity (e) and absorptivity (a) are equal for a
given direction, frequency, and polarization. However, as shown in
recent studies, nonreciprocal emitters can violate Kirchhoff’s law and
allow e and a to be separately controlled.11,13,15–17 Such functionality
leads to new ways to control heat radiation,13,15,18–20 record-breaking
solar energy harvesting technologies,19,21–24 and mechanical propor-
tion with radiative photons.25,26

For nonreciprocal thermal emitters, a key figure of merit is the
contrast between a and e, defined as g¼ a � e. Reciprocal emitters fol-
low Kirchhoff’s law and are guaranteed to have g¼ 0. For nonreciprocal
emitters, g is nonzero and can vary between �1 and 1. The magnitude
of the contrast jgj indicates the degree of violation of Kirchhoff’s law,
whereas the sign of g directly controls the photon transport behavior,
for example, net photon flow direction in heat circulators.23,27 In heat
circulators, one emitter should absorb heat in one direction without
emitting it in that direction and exhibit the opposite behavior in the
other direction, which means g should have a different sign for these
two directions. Most of the nonreciprocal thermal emitter designs so far
focus on optimizing jgj. One can now achieve large jgj over a fairly
broad28,29 or narrow30,31 band using various readily achievable magnetic
effect. However, little has known on how the sign of g can be controlled.

In this Letter, we propose a method to control the sign of g by
coupling two modes that can provide opposite contrasts between emis-
sivity and absorptivity, and we implement temporal coupled-mode

theory to support the proposed approach. In a resonant system that is
open and interacts with propagation waves, the temporal coupled-
mode theory provides a phenomenological description of the dynam-
ics of the resonant system. The dynamic behavior obtained based on
this description align closely with rigorous numerical simulations of
resonant systems, and it has found extensive use as a guiding principle
in the design of optical devices.32

According to temporal coupled-mode theory,33 the spectral direc-
tional absorptivity and emissivity of an emitter are, respectively, given
by17

am ¼ 2cij
�
mjm

x� x0ð Þ2 � ci þ crð Þ2 (1)

and

em ¼ 2cid
�
mdm

x� x0ð Þ2 � ci þ crð Þ2 ; (2)

where m is the label for the channel in the direction of interest; x0, ci,
and cr are the resonant frequency, intrinsic decay rate due to material
loss, and radiative decay rate of the resonance, respectively; and jm
and dm are the in-coupling and out-coupling rate of channelm, respec-
tively. In reciprocal systems, jm and dm are identical, which yields
g¼ 0. In nonreciprocal systems, the difference between jm and dm
directly results in g,

g ¼ 2ci j
�
mjm � d�mdmð Þ

x� x0ð Þ2 � ci þ crð Þ2 : (3)
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One, therefore, can control the sign of g through designing d�mdm and
j�mjm. We accordingly propose systems that contain two resonances,
with one of them possessing d�mdm > j�mjm, whereas the other one
d�mdm < j�mjm. We show that the coupling of the two resonances can
be used to control the sign of g through manipulating the decay rate of
these resonances to the same channel. One can even annihilate the
contrast and achieve g ¼ 0, creating reciprocal behaviors in nonrecip-
rocal emitter systems.

We start with an exemplary system containing magnetic Weyl
semimetals. As a kind of topological materials, magnetic Weyl semi-
metals possess intrinsic time-reversal-symmetry breaking effect, which
gives a nonreciprocal behavior as discussed in several prior
work.15,16,19,34–36 In contrast to magneto-optical materials, which
require an external magnetic field to achieve nonreciprocity,13 the non-
reciprocal effect of magnetic Weyl semimetals is intrinsic and does not
require external magnetic field. The momentum separation of the
Weyl cones, 2b, plays a similar role as an applied magnetic field for
magneto-optical systems. As for the dielectric function of magnetic
Weyl semimetals, without losing generality, we consider a case15 when
b is along the z direction, b¼ bk̂z ,

%e ¼
ed iea 0

�iea ed 0

0 0 ed

2
64

3
75; (4)

where

ea ¼ be2

2p2�hx
(5)

when b 6¼ 0, ea 6¼ 0, and %e becomes asymmetric, which breaks reci-
procity.33 The diagonal element ed ¼ eb þ i r

xe0
; where eb is the back-

ground permittivity, and r is the bulk conductivity obtained from

r ¼ e0rsgEF
6�h

XG
EFX
2

� �
þ i

e0rsgEF
6p�h

4
X

1þ p2

3
kBT

EF Tð Þ
� �2

" #(

þ 8X
ðnc
0

G EFnð Þ � G EFX
2

� �
X2 � 4n2

ndn

9=
;: (6)

The first part of the second term corresponds to the intraband transi-
tion and has a Drude-like form.37 X ¼ �hðxþ is�1Þ=EF is the normal-
ized complex frequency, s�1 is the scattering rate, EF is the chemical
potential, T is the temperature, which we assume is 300K for this study,
kB is the Boltzmann constant, and G Eð Þ ¼ n �Eð Þ � nðEÞ, where nðEÞ
is the Fermi–Dirac distribution function. rs ¼ e2 =ð4pe0 �h�FÞ is the
effective fine structure constant, e is the elementary charge, e0 is the
permittivity of vacuum, �h is the reduced Planck constant, �F is the
Fermi velocity, g is the number of Weyl points, and nc ¼ EC/EF is the
normalized cutoff energy, where EC is the cutoff energy beyond which
the band dispersion is no longer linear.

The thermal emitters considered in this work all belong to the
black/white symmetry group, where the absorptivity and emissivity
can be obtained based on reflectivity and transmissivity as38

a hð Þ ¼ 1� R hð Þ � T hð Þ (7)

and

e hð Þ ¼ 1� R �hð Þ � T �hð Þ; (8)

where h is the angle of incidence as shown in the inset of Fig. 1(a), R is
the reflectivity, and T is the transmissivity. That is, the absorptivity in
the direction h is computed from the R and T of the same direction,
whereas the emissivity in the direction h is computed from the R and
T in the direction �h. We note that all of the structures studied here
are opaque and, thus, T = 0.

FIG. 1. The contrast between absorptivity
and emissivity of (a) thin-film Weyl semi-
metal layer on a silver substrate with the
Weyl node separation in the z direction
(darker pink); (b) similar structure to (a),
but the thickness of the Weyl semimetal
layer is doubled; (c) thin-film Weyl semi-
metal layer on a silver substrate when the
Weyl node separation is in the �z direc-
tion (lighter pink); and (d) double layer of
the Weyl semimetal on a silver substrate
when the top layer is the Weyl semimetal
shown in (a) and the bottom layer is the
Weyl semimetal shown in (c).
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As shown in Fig. 1(a), the emitter consists of a single layer Weyl
semimetal with a thickness of 50nm on a silver substrate. We consider
transverse magnetic (TM) waves with an electric field in the x–y plane.
The system is in a Voigt geometry with the separation of the Weyl
nodes along the z-direction and plane of incidence being the x–y plane.
We focus on the mid-infrared range, in which the properties of mag-
netic Weyl semimetals are dominated by the free electron Drude con-
tribution. For a chemical potential EF ¼ 0:2 eV, the real part of ed
crosses zero near 6lm,39 and a Weyl semimetal film can support leaky
modes called Brewster modes,20,40 which can greatly enhance the non-
reciprocal radiative properties, as reported in several prior works.28,41

Figure 1(a) illustrates a contour of g for the single layer Weyl semi-
metal emitter on a silver substrate. The nonreciprocal behavior is
greatly enhanced near 6lm where Brewster modes are excited. The
sign of g is positive (red color) for most of wavelengths and the angular
range considered here, indicating that d�mdm< j�mjm.

To justify this, we obtain jm and dm from the reflectivity given by
the coupled-mode theory, Rnm ¼ jCnm þ dn

jm
i x�x0ð Þþciþcr

j2, wherem is

the index of the channel for the incoming light, n is the index of the
channel for the reflected light, and C is the background scattering coeffi-
cient. Implementing the above-mentioned equation, we obtain d and j
using the calculated reflection spectrum at 85� as listed in Table I. The
coupled-mode theory predictions agree with the computed reflection
spectrum, as shown in Fig. 2(a). Indeed, we have d�mdm < j�mjm for this
Brewster mode. This means that in the studied wavelength range, the
out-coupling rate contributing to emissivity is smaller than the in-
coupling rate contributing to absorptivity. This observation is supported
by Fig. 1(a), where g is positive in the dominant wavelength range for
an angle of incidence of 85�. This is also true for other Brewster modes
across the wavelength and angular range shown in the contour. Such
properties are not readily tunable by changing the thickness of the film,
as shown in Fig. 1(b), where we double the thickness of the film.

Our idea is to use the mode coupling such that the sign of g can
be controlled as needed for different wavelengths. To do that, we start

by introducing another mode with d�mdm > j�mjm. As a readily avail-
able option, we can use the same system but flip the direction of 2b to
be along the �z direction as shown in Fig. 1(c). In doing so, R(h) and
R(�h) flips as compared to the system shown in Fig. 1(a), and there-
fore, as can be seen in Table I and Fig. 2(b), d and j of this Brewster
mode switches, yielding d�mdm > j�mjm. In such a system, the overall
shape of the contour remains the same as the system of Fig. 1(a) with
the sign of g flipped, but g still lacks tunability.

We propose an emitter shown in Fig. 1(d) that hosts the above-
mentioned two Brewster modes with opposite contrasts. As shown by
the contour of g in Fig. 1(d), the coupling of the two modes can effec-
tively alter the sign of g near 6.3lm and make g positive in 6.2lm
< k < 6.4lm and angular range larger than 65�. Therefore, the cou-
pling enables the control of sign of g independently in this wavelength
and angular ranges. In addition to controlling the sign of g, the cou-
pling of the two modes also enhances the magnitude of g in smaller
angles around 6lm, as shown in Fig. 1(d).

In between the wavelength ranges with opposite g, there is a
region where g approaches zero, as indicated by the white band
between the red and blue region. Within this white band, the emissiv-
ity and absorptivity are approximately equal, retrieving a reciprocal
behavior. This band, therefore, serves as a boundary for nonreciprocal
properties in the angular and wavelength domain in nonreciprocal sys-
tems. One can control the location of the white region around which a
sign flip of g can be expected, and therefore control the bandwidth of
nonreciprocal regions within which g possesses the same sign.

To further illustrate the bandwidth tuning capability through
mode coupling, we introduce a system28 that can support broadband
nonreciprocal properties. As shown in Fig. 3(a), the emitter consists of
a silver (Ag) substrate covered by ten layers of InAs, a magneto-optical
material, with slightly different doping levels for each layer. We con-
sider TM waves and an applied magnetic field of 1.5T along the �z
axis. In doing so, similar to Weyl semimetals, each layer of InAs can
support a Brewster mode. Since the doping levels are different, the
Brewster modes supported by each layer are also slightly different in
wavelength. With doping levels gradually increasing from top to bot-
tom,29 the multilayer system can produce nonreciprocal behavior in a
broad wavelength range, as theoretically and experimentally28 demon-
strated recently. Here, we consider a case where the thickness of each
layer is 350 nm and the doping level of each layer increases linearly
from 4� 1017cm�3 (for the first layer) to 8:5� 1017cm�3 (for the last
layer). As depicted in Fig. 3(a), g is indeed not zero and remains nega-
tive in a large continuum region in the wavelength and angle space.

TABLE I. The values of the coupled-mode theory parameters (in-coupling and out-
coupling rates) for the incident angle of 85�.

Direction of 2b jj� dd�

z direction 0.057 0.04
�z direction 0.04 0.057

FIG. 2. (a) The reflectivity of the structure
shown in Fig. 1(a). (b) The reflectivity of
the structure shown in Fig. 1(c). Both cal-
culated at an angle of incidence of 85�.
For both cases, the coupled-mode theory
predictions are overlaid on the graphs
using star symbols.
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The design provides an effective platform for nonreciprocal properties,
but g lacks tunability in the continuum.

We introduce a dielectric layer beneath the multilayered InAs, as
illustrated in Fig. 3(b), to enable the mode coupling necessary to con-
trol g. We assume the dielectric layer to have a dielectric constant of
16, which is close to the property of Germanium in this wavelength
range. When the thickness of the dielectric layer is much smaller than
the wavelength, the magnitude of g can be enhanced as reported in
Ref. 42. Here, we focus on enabling mode coupling to control g with a
much thicker dielectric, rather than enhancing the magnitude of g. An
immediate consequence of this dielectric layer is the creation of bright
bands in the g contour. As discussed in the Weyl semimetal case, the
bright bands imply that the new introduced modes offset the effects of
the broadband Brewster modes on the decay rates. These new modes
are the Fabry–P�erot modes associated with the dielectric layer. They
couple with the Brewster mode and alter the spectral radiative proper-
ties of the emitter. Depending on their magnitude, they can either nul-
lify g or reverse its sign. The dispersion of the Fabry–P�erot modes is43

1� r1r2ei2b ¼ 0, where r1 and r2 are the reflection coefficients from
dielectric layer to air and silver, respectively, and b ¼ kyd represents
the phase shift encountered while propagating within the dielectric
layer with thickness d. ky is the wavevector of the propagating wave
along the y-axis in the dielectric layer. In solving the dispersion, the
InAs layer stack is modeled as a single layer with a thickness of
3500 nm and a constant doping level equal to the average of the doping
levels of all layers. The dispersion of the Fabry–P�erot modes is over-
layed in Fig. 3(b), which agrees well with the white bands in the g con-
tour, justifying the excitation of Fabry–P�erot modes.

The excitations of Fabry–P�erot modes bring new tunability to
the broadband nonreciprocal properties. g for different wave-
lengths can be now separately controlled, as well as the wavelength
range that has the same sign of g. These tunability can be also flexi-
bly adjusted through controlling the Fabry–P�erot modes. For

instance, by increasing the thickness of the dielectric layer of the
structure shown in Fig. 3(b), more orders of Fabry–P�erot modes
can be introduced to the nonreciprocal continuum, as illustrated in
Fig. 3(c). In doing so, less area in the contour will have a blue color;
therefore, the Fabry–P�erot modes effectively offset the nonrecipro-
cal effect of the broadband Brewster modes when integrated over
the whole wavelength range. Such functionality can be critical to
applications such as heat circulators and persistent heat current
systems.27 One could also achieve similar effect through decreasing
the quality factor of the Fabry–P�erot modes by, for example,
increasing the material loss in the dielectric layer. In Fig. 4, we
show the results when the dielectric function is artificially changed

FIG. 3. (a) The contrast between absorptivity and emissivity of a multilayer InAs with different doping levels. The lighter shades represent lower levels of doping, and darker
shades represents higher levels of doping. (b) The contrast between absorptivity and emissivity when a 10-lm Ge layer is inserted, and (c) a 20-lm Ge layer is inserted. The
solution of Fabry–P�erot dispersion is shown with dashed black line.

FIG. 4. The contrast between absorptivity and emissivity of a multilayer InAs with
different doping levels with a dielectric layer of 10 lm and permittivity of 16þ 1i.
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to 16þ 1i, where adding loss decreases the quality factor of Fabry–
P�erot resonance. In doing so, Fabry–P�erot resonances offset the
nonreciprocal effect of Brewster modes in a wide angular range
compared to Fig. 3(b), as can be observed in Fig. 4.

In conclusion, we demonstrate the capability offered by mode
coupling in controlling the nonreciprocal radiative properties. By cou-
pling modes that can yield opposite signs for g, one can effectively con-
trol the bandwidth, the direction, the sign, and also the magnitude of
the contrast between absorptivity and emissivity. Extensive efforts are
ongoing to increase the magnitude of g in nonreciprocal emitters. The
integration of these efforts with the methodology described in this
study can significantly enhance the ability to fine-tune nonreciprocal
radiative properties for a wide range of applications, representing a
substantial step forward in nonreciprocal thermal photonics.
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