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 A B S T R A C T

Many advanced energy harvesting technologies rely on advanced control of thermal emission. Recently, it 
has been shown that the emissivity and absorptivity of thermal emitters can be controlled independently in 
nonreciprocal emitters. While significant progress has been made in engineering these nonreciprocal thermal 
emitters, realizing a highly efficient, pattern-free emitter capable of supporting dual-polarization nonreciprocal 
emission remains a challenging task. Existing solutions are largely based on metamaterials and exhibit 
polarization-dependent behavior. This work proposes pattern-free multilayer heterostructures combining 
magneto-optical and magnetic Weyl semimetal materials and systematically evaluates their nonreciprocal 
emission performance for 𝑝- and 𝑠-polarized waves. The findings show that omnidirectional polarization-
independent nonreciprocity can be achieved utilizing multilayer structures with different magnetization 
directions that do not follow simple vector summation. To further enhance the performance, Pareto opti-
mization is employed to tune the key design parameters, enabling the maximization of nonreciprocal thermal 
emission in a given wavelength range. This approach offers a versatile strategy for designing high-performance 
thermal emitters tailored for multi-objective optical functionalities.
1. Introduction

Thermal emitters are essential components in a wide range of 
radiative energy-harvesting technologies including solar cells, ther-
mophotovoltaics, and solar thermophotovoltaics, where precise control 
of thermal radiation plays a critical role in maximizing energy conver-
sion efficiency [1–4]. For reciprocal emitters, thermal emission obeys 
Kirchhoff’s law of thermal radiation, which enforces equality between 
directional spectral emissivity and absorptivity [5,6]. This inherent 
reciprocity, however, imposes fundamental limits on the performance 
of thermal emitters, making energy losses unavoidable [7,8].

To overcome these limitations, nonreciprocal thermal emitter tech-
nologies that violate Kirchhoff’s law [7,9–12] have emerged as a 
promising pathway [4,13]. By breaking reciprocity, one can indepen-
dently control the directional spectral emissivity and absorptivity, thus 
minimizing radiative losses while maximizing useful emission. Such 
emitters improve emission in targeted channels, offering significant 
potential for advanced energy conversion and radiative heat flow 
control [4,13].
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Nonreciprocity in thermal systems can be realized through nonlin-
earity [14], time-variant modulation [15], or magnetic effects [12]. 
Among these, magneto-optical (MO) materials, such as doped semi-
conductors [16,17], which require external magnetic fields, and mag-
netic Weyl semimetals, which inherently break time-reversal symme-
try [18,19], have emerged as a particular route due to their unique 
characteristics. In MO materials, nonreciprocity originates from the 
magneto-optical Kerr effect (MOKE), which renders the permittivity 
tensor asymmetric (𝜺 ≠ 𝜺⊺) under an external magnetic field [20,21]. 
This asymmetry introduces polarization-dependent phase and ampli-
tude changes upon reflection, leading to nonreciprocal thermal emis-
sion [7]. In comparison, the momentum separation between Weyl 
nodes in magnetic Weyl semimetals emulates the effect of an exter-
nal magnetic field, enabling intrinsic nonreciprocity without applied 
magnetic bias [19,22,23].

Due to these appealing optical properties, MO materials and mag-
netic Weyl semimetals, have been widely studied for nonreciprocal 
thermal emitters [8]. In these studies, however, most achieved nonre-
ciprocal effects are limited to 𝑝-polarized waves (magnetic field perpen-
dicular to the plane of incidence), whereas nonreciprocity is generally 
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Fig. 1. Design of dual-polarized nonreciprocal thermal emitters. (a) Patterned structures enable narrowband directional nonreciprocity by triggering bound 
state in continuum (BIC) modes [24–26]. (b) Our proposed design realizes dual-polarized broadband omnidirectional nonreciprocal emission by optimizing the 
magnetization configuration in a multilayer heterostructure composed of magneto-optical materials and Weyl semimetals, without requiring intricate patterns or 
nanostructures. 𝜃 denotes polar angle and nonreciprocity is illustrated as contrast between emissivity and absorptivity in comparison to wavelength. 𝑛𝑒 and 𝐸𝐹
represent doping level and Fermi level in doped InAs and magnetic Weyl semimetal layers, respectively.
absent for 𝑠-polarized waves (electric field perpendicular to the plane 
of incidence) [27]. Since thermal radiation is inherently incoherent 
and unpolarized, the polarization-selective nature of existing nonre-
ciprocal emitters has motivated recent efforts to develop alternative 
material platforms and design strategies that enable nonreciprocal 
thermal emission beyond narrow polarization channels and spectral 
ranges [28].

A few recent studies have demonstrated dual-polarization non-
reciprocity using complex structures (Fig.  1(a)). For example, Xia 
et al. [26] demonstrated both experimentally and theoretically that 
a sub-wavelength dielectric Mie resonator on top of an MO material 
can produce anomalous 𝑠-polarized nonreciprocity through circular 
displacement currents associated with magnetic dipole and quadrupole 
modes in the transverse and longitudinal configurations. Fang et al. 
[25] employed patterned silicon nanopore arrays to nearly fully violate 
Kirchhoff’s law under both polarizations by applying a 4 T magnetic 
field at a fixed polar angle, enabled by the coexistence of guided-mode 
and cavity-mode resonances. More recently, Wu et al. [24] designed 
an emitter with a single layer of Weyl semimetal, achieving dual-
polarized nonreciprocal emission through azimuthal angle tuning in 
a narrowband regime. Although significant progress have been made, 
reported designs remain limited to narrow bandwidths, unidirectional 
operation, or reliance on complex nanofabrication techniques such as 
photonic crystals and subwavelength patterning (Fig.  1(a)). Achieving 
broadband, omnidirectional, and dual-polarized nonreciprocity in a 
fabrication-friendly platform remains an open challenge.

In this work, we propose a texture-free multilayer heterostructure 
composed of indium arsenide (InAs) and magnetic Weyl semimetal 
pyrochlore iridate (Eu2IrO7) to realize high-performance, polarization-
independent nonreciprocal thermal radiation (Fig.  1(b)). Note that the 
2 
arrows in the middle panel of Fig.  1(b) do not represent the emission 
direction; instead, they schematically indicate the range of incident 
angles over which nonreciprocal thermal emission can be supported. 
Our design leverages the interplay between gradient-doped structures, 
and MOKE in stacked layers to break reciprocity omnidirectionally for 
both 𝑝- and 𝑠-polarizations without requiring surface patterning. The 
main challenge lies in optimizing multiple coupled parameters simulta-
neously, including magnetization strength and orientation, carrier con-
centration, and geometric layer properties. To address this, we employ 
a Pareto optimization framework [29,30] to identify configurations that 
maximize dual-polarization nonreciprocity in the infrared regime. Our 
approach provides a fabrication-friendly alternative for achieving dual-
polarization nonreciprocal thermal emission, eliminating the need for 
intricate nanostructuring. Our study indicates substantial potential for 
designing nonreciprocal thermal emitters that enhance nonreciprocal 
contrast, particularly for 𝑠-polarized and dual-polarized waves. Distinct 
optimized designs can be achieved for both 𝑠- and 𝑝-polarized emitters, 
reflecting their different underlying physical behaviors. Furthermore, 
the dominance of 𝑝-polarized nonreciprocity in the unpolarized case 
reveals a new pathway for defining and engineering dual-polarization 
nonreciprocity. These insights open new avenues for future research on 
high-performance nonreciprocal thermal emitters.

2. Absorptivity and emissivity of nonreciprocal emitters with po-
larization conversion

Consider a system in thermal equilibrium consisting of an opaque 
thermal emitter E exchanging energy with two blackbodies, A and B, as 
depicted in Fig.  2(a) [31]. Level of nonreciprcity 𝜂  is represented as the 
𝑗
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Fig. 2.  (a) Schematic of radiative heat exchange between two blackbodies (A and B) and an emitter (E) under thermal equilibrium. (b) A pattern-free 
heterostructure consisting of InAs layers on top of Weyl semimetal layers on an Ag substrate. The incident wavevector 𝐤i is characterized by an azimuthal 
angle 𝜙 and a polar angle 𝜃. The azimuthal angle 𝜙 is the angle between 𝐤i and the 𝑥-axis and varies within [−180◦, 180◦]. The polar angle 𝜃 is defined as the 
angle between 𝐤i and the 𝑧-axis, ranging from [0◦, 90◦]. The angle 𝜑 specifies the orientation of the external magnetic field 𝐁 (or the momentum-separation vector 
2𝐛 in a Weyl semimetal) relative to the plane of incidence, and takes values within [−180◦, 180◦]. Counterclockwise direction corresponds to positive values.
contrast between the spectral directional emissivity and absorptivity of 
the emitter [10]: 
𝜂𝑗 (𝜃, 𝜙, 𝜆) = 𝜀A𝑗 (𝜃, 𝜙, 𝜆) − 𝛼A𝑗 (𝜃, 𝜙, 𝜆) (1)

where 𝜀A𝑗  and 𝛼A𝑗  are spectral directional emissivity and absorptivity, 
respectively, for 𝑗-polarized light (𝑗 ∈ {𝑠, 𝑝}). Here, 𝜃 is the polar 
angle, 𝜙 is the azimuthal angle, and 𝜆 is the wavelength. To understand 
general nonreciprocal thermal emitters with polarization conversion, 
we discuss the energy balance in these systems. The emission from 
blackbody A is either absorbed by the emitter E or reflected toward 
blackbody B. Since 𝑠- and 𝑝-polarized waves behave identically in a 
blackbody and share the emitted energy equally, the outgoing energy 
can be written separately for each polarization: 
𝛼A𝑗 (𝜃, 𝜙, 𝜆) + 𝑟A→B

𝑗 (𝜃, 𝜙, 𝜆) = 1, (2)

where 𝑟A→B
𝑗  is spectral directional reflectivity, for 𝑗-polarized light 

from A to B. Meanwhile, blackbody A absorbs all energy directed 
to it (𝛼 = 1) and the amount is the same as it emits as required 
by thermodynamics. The energy absorbed is from the emitter 𝜀A𝑗  or 
reflected from the emitter 𝑟B→A

𝑗 . Due to the MOKE, the polarization 
of the incident wave changes upon interacting with the emitter. An 
incident 𝑝-polarized wave emitted from B is partially converted into 
an 𝑠-polarized component, while an 𝑠-polarized wave undergoes a 
corresponding conversion into a 𝑝-polarized component. As a result, 
when considering the absorbed energy by A, the 𝑠-polarized channel 
must be included when evaluating the 𝑝-polarized response, and the 
𝑝-polarized channel must likewise be included when evaluating the 
𝑠-polarized response. Consequently, the incoming 𝑝- and 𝑠-polarized 
waves cannot be treated independently in energy balance analysis and 
must be considered simultaneously
𝜀A𝑝 (𝜃, 𝜙, 𝜆) + 𝜀A𝑠 (𝜃, 𝜙, 𝜆) + |𝑅B→A

𝑠𝑠 (𝜃,−𝜙, 𝜆)|2 + |𝑅B→A
𝑠𝑝 (𝜃,−𝜙, 𝜆)|2

+ |𝑅B→A
𝑝𝑝 (𝜃,−𝜙, 𝜆)|2 + |𝑅B→A

𝑝𝑠 (𝜃,−𝜙, 𝜆)|2 = 2. (3)

where 𝑟A→B
𝑗 (𝜃, 𝜙, 𝜆) = |𝑅A→B

𝑗𝑗 (𝜃, 𝜙, 𝜆)|2 + |𝑅A→B
𝑗𝑖 (𝜃, 𝜙, 𝜆)|2. 𝑅𝑗𝑖 and 𝑅𝑗𝑗

are cross- and co-polarized reflection coefficients (𝑗, 𝑖 ∈ {𝑠, 𝑝}). As 
observed above, the 𝑝- and 𝑠-polarized channels are coupled due to 
magneto-optical–induced polarization conversion, and therefore the 
𝑗-polarized nonreciprocal contrasts defined in Eq. (1) cannot be eval-
uated independently, in contrast to earlier studies where polarization 
coupling is absent [10]. Although Eq. (1) is formally based on the 
total directional emissivity and absorptivity and thus inherently in-
cludes cross-polarization contributions, the presence of polarization 
conversion requires a careful treatment of how energy is redistributed 
3 
among coupled channels. In particular, the emissivity associated with 
a nominal 𝑗-polarized channel generally contains contributions from 
both co- and cross-polarized scattering processes. A rigorous framework 
for incorporating these coupled polarization channels into the direc-
tional spectral emissivity has been established in previous studies [32]. 
Consistent with this formalism, our analysis explicitly accounts for 
polarization coupling through the full scattering matrix, ensuring that 
both co- and cross-polarized terms are included in the energy balance 
and the evaluation of nonreciprocal contrast.

To address this complexity, we introduce an additional law that 
enables the separated study of each polarization channel. We implicate 
adjoint Kirchhoff’s law which shows that an adjoint system can be 
designed in which its absorptivity is equal to emissivity of the original 
system (see Appendix D of [33] for detailed derivation) 

𝜀A𝑗 (𝜃, 𝜙, 𝜆) = 𝛼B𝑗 (𝜃,−𝜙, 𝜆), (4)

and contrast can be reformulated by comparing the 𝑗-polarized absorp-
tivity by plugging 𝛼B𝑗 (𝜃,−𝜙, 𝜆) in Eq. (4) into Eq. (1) yields 

𝜂𝑗 (𝜃, 𝜙, 𝜆) = 𝛼B𝑗 (𝜃,−𝜙, 𝜆)−𝛼A𝑗 (𝜃, 𝜙, 𝜆) = 𝑟A→B
𝑗 (𝜃, 𝜙, 𝜆)−𝑟B→A

𝑗 (𝜃,−𝜙, 𝜆), (5)

which greatly simplifies the calculation.
In this study, we employ doped InAs [34,35] and magnetic Weyl 

semimetal [36,37], to achieve nonreciprocity in planar, pattern-free 
structures (Fig.  2(b)). We first study single layer doped InAs (or mag-
netic Weyl semimetal) on a reflective silver (Ag) substrate with arbi-
trary magnetization directions to study the effect of thin layer magne-
tization. Subsequently, the emitter is optimized to multilayer structures 
to simultaneously maximize dual-polarized nonreciprocal contrasts.

Consider a configuration in which the InAs sample is oriented such 
that the plane of incidence is along 𝑥𝑧 plane (i.e., 𝜙 = 0◦) and 
the applied magnetic field 𝐁 is along the 𝑦-direction. Therefore, the 
permittivity tensor of InAs can be expressed as [10] 

𝜺 =

⎡

⎢

⎢

⎢

⎣

𝜀𝑥𝑥 0 𝜀𝑥𝑧
0 𝜀𝑦𝑦 0

𝜀𝑧𝑥 0 𝜀𝑧𝑧

⎤

⎥

⎥

⎥

⎦

. (6)

The permittivity components follow the Drude, as

𝜀𝑥𝑥 = 𝜀𝑦𝑦 = 𝜀∞ −
𝜔2
𝑝(𝜔 + 𝑖𝛤 )

𝜔[(𝜔 + 𝑖𝛤 )2 − 𝜔2
𝑐 ]
, (7)

𝜀𝑥𝑧 = −𝜀𝑧𝑥 =
𝑖𝜔2

𝑝𝜔𝑐

2 2
, (8)
𝜔[(𝜔 + 𝑖𝛤 ) − 𝜔𝑐 ]
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Fig. 3. The permittivity tensor components of (a) InAs with the doping level 
𝑛𝑒 = 3.5 × 1017 atoms∕cm3 and magnetic strength 𝐵 = 1.5 T; and (b) Weyl 
semimetal with the Fermi level 𝐸𝐹 = 0.05 eV and temperature 𝑇 = 300 K.

𝜀𝑧𝑧 = 𝜀∞ −
𝜔2
𝑝

𝜔(𝜔 + 𝑖𝛤 )
, (9)

where 𝜀∞ is the high-frequency permittivity, 𝜔 is the angular frequency, 
𝛤  is the damping rate, 𝜔𝑝 =

√

𝑛𝑒𝑒2∕(𝑚∗𝜀0) is the plasma frequency, 
and 𝜔𝑐 = 𝑒𝐵∕𝑚∗ is the cyclotron frequency. Here, 𝑛𝑒 is the carrier 
concentration, 𝑒 is the elementary charge, 𝑚∗ is the effective electron 
mass, 𝜀0 is the vacuum permittivity, and 𝐵 is the external magnetic 
field in the Drude model [38]. The ratio 𝜅 = 𝜀𝑥𝑧∕𝜀𝑥𝑥 evaluates the 
degree of nonreciprocity [12]. This permittivity tensor is specifically 
valid when the external magnetic field is aligned along the 𝑦-direction. 
Fig.  3(a) shows examples of 𝜀𝑥𝑥 and 𝜀𝑥𝑧 as functions of the wavelength. 
For cases with an arbitrary magnetization direction, the general per-
mittivity tensor can be obtained by applying an appropriate coordinate 
transformation matrix [39]. Building on this formulation, we developed 
a custom 4 × 4 scattering matrix framework to compute the nonre-
ciprocal response of our multilayer structures under general magnetic 
field orientations, where all in-plane tensor components may contribute 
to the optical behavior. Nonreciprocity is maximized in the epsilon-
near-zero (ENZ) region, where 𝜅 attains large values as 𝜀𝑥𝑥 → 0 while 
𝜀𝑥𝑧 ≠ 0 [38,40–42]. The ENZ region can be tuned through the doping 
level, allowing control of nonreciprocity across different wavelength 
ranges [43].

Magnetic Weyl semimetals inherently break time-reversal symmetry 
due to the anomalous Hall effect [44,45]. Their internal magnetization 
arises from Weyl node momentum separation 2𝐛 which mimics the 
applied field [22,46]. If 2𝐛 is aligned along the 𝑦-direction, then the 
permittivity of the magnetic Weyl semimetal can also be described as 
in Eq. (8), where [19,47] 
𝜀𝑥𝑥 = 𝜀𝑦𝑦 = 𝜀𝑧𝑧 = 𝜀𝑏 +

𝑖𝜎
𝜔𝜀0

, (10)

𝜀𝑥𝑧 = −𝜀𝑧𝑥 = 𝑖 𝑏𝑒2

2𝜋2ℏ𝜔
. (11)

Here, 𝜀𝑏 is the background permittivity, and 𝜎 is the bulk conductivity 
derived from the two-band model [19,47], as

𝜎 =
𝜀0𝑟𝑠𝑔𝐸𝐹

6ℏ
𝛺𝐺

(

𝐸𝐹𝛺
2

)

+ 𝑖
𝜀0𝑟𝑠𝑔𝐸𝐹
6𝜋ℏ

{

4
𝛺

[

1 + 𝜋2

3

(

𝑘𝐵𝑇
𝐸𝐹

)2
]

+8𝛺 ∫

𝜉𝑐

0

𝐺(𝐸𝐹 𝜉) − 𝐺(𝐸𝐹𝛺∕2)
𝛺2 − 4𝜉2

𝜉 d𝜉

}

, (12)

where 𝑟𝑠 = 𝑒2∕
(

4𝜋𝜀0ℏ𝑣𝐹
) is the effective fine-structure constant, 𝑔 is 

the number of Weyl nodes, 𝐸𝐹  is the Fermi level, ℏ is the reduced 
Planck constant, and 𝑣𝐹  is the Fermi velocity. 𝛺 = ℏ

(

𝜔 + 𝑖𝜏−1
) is the 

normalized complex frequency, and 𝜏 is the scattering time. 𝐺(𝐸) =
𝑛(−𝐸) − 𝑛(𝐸), where 𝑛(𝐸) is the Fermi–Dirac distribution. 𝑘𝐵 is the 
Boltzmann constant, and 𝜉𝑐 = 𝐸𝐶∕𝐸𝐹  is the normalized cutoff energy, 
with 𝐸𝐶 being the cutoff energy beyond which the band dispersion is 
no longer linear. Similar to the carrier concentration 𝑛𝑒 in InAs, tuning 
the Fermi level 𝐸𝐹  allows control over the spectral response to shift the 
ENZ point [41]. Fig.  3(b) plots the permittivity tensor components of 
the Weyl semimetal with the Fermi level 𝐸𝐹 = 0.05 eV and temperature 
𝑇 = 300 K.
4 
3. Nonreciprocity caused by magneto-optical Kerr effect

Nonreciprocity in thin-film structures of magneto-optical materials 
arises from the MOKE, which can be classified into three categories 
depending on the magnetization direction [20,21]: Voigt or transverse 
(magnetic field along the y-direction, 𝜑 = 90◦), longitudinal (magnetic 
field along the x-direction, 𝜑 = 0◦), and polar MOKE configuration 
(magnetic field perpendicular to the film surface, along the z-direction), 
where the plane of incidence lies in the xz plane and 𝜑 (Fig.  2(b)) is the 
angle between the magnetization direction and the plane of incidence. 
For planar structures, nonreciprocal emission is typically observed only 
for 𝑝-polarized waves in the Voigt configuration, where the polarization 
of the incident and reflected waves remains unchanged [17]. In this 
case, the electric field of the 𝑝-polarized wave lies in the plane of 
incidence (the 𝑥𝑧 plane), while the magnetic field is perpendicular to 
this plane (along the 𝑦-direction). The constitutive relation [21] 

𝐃 = 𝜺𝐄 (13)

governs the polarization-dependent response, where 𝐃 = [𝐷𝑥, 𝐷𝑦, 𝐷𝑧]
is the electric displacement vector and 𝐄 = [𝐸𝑥, 𝐸𝑦, 𝐸𝑧] is the electric 
field. For 𝑝 polarized waves, 𝐄 = [𝐸𝑥, 0, 𝐸𝑧], and substitution yields 

𝐷𝑥 = 𝜀𝑥𝑥𝐸𝑥 + 𝜀𝑥𝑧𝐸𝑧, (14)

𝐷𝑧 = 𝜀𝑧𝑥𝐸𝑥 + 𝜀𝑧𝑧𝐸𝑧. (15)

The off-diagonal terms 𝜀𝑥𝑧 and 𝜀𝑧𝑥 couple 𝐸𝑥 and 𝐸𝑧, and since their 
sign changes with propagation reversal, this coupling produces nonre-
ciprocal reflectivity for 𝑝-polarized waves. In contrast, for 𝑠-polarized 
waves the electric field lies solely along the 𝑦-direction, 𝐄 = [0, 𝐸𝑦, 0], 
leading to 

𝐷𝑦 = 𝜀𝑦𝑦𝐸𝑦. (16)

Here, only the diagonal term 𝜀𝑦𝑦 contributes, and no off-diagonal 
coupling occurs. As a result, 𝑠-polarized waves remain reciprocal in a 
purely Voigt configuration. However, modest 𝑠-polarized nonreciproc-
ity can arise in a hybrid MOKE configuration (0◦ < 𝜑 < 90◦), where 
the magnetization has both longitudinal and transverse components. 
In this case, the displacement field involves both diagonal and off-
diagonal permittivity terms, enabling nonreciprocal effects. Although 
dual-polarized nonreciprocity can thus be observed, the effect remains 
small in single layer structures [27].

The magnetization in each layer can be aligned in an arbitrary 
direction corresponding to a generalized hybrid MOKE configuration. 
Although the applied magnetic field orientation in each layer can be 
tuned through rotating the plane of incidence, the overall nonreciprocal 
contrast does not follow a simple vector summation of the individ-
ual layer contributions, since it depends on the interference between 
multiple reflected and transmitted fields, especially in the presence of 
polarization conversion. For example, An incident wave first interacts 
with the top layer (0◦ < 𝜑 < 90◦), where it is partially converted 
into 𝑠- and 𝑝-polarized waves with distinct phase and amplitude. As 
the wave propagates, each subsequent layer applies a different hybrid 
MOKE interaction due to varying polar angles, azimuthal orientations, 
and magnetization directions. The integrated contribution of all layers 
thus enhances both 𝑠- and 𝑝-polarized nonreciprocity. In the following, 
we first study the nonreciprocity of a 1-layer InAs structure when 
varying 𝜑. We then consider a simple 2-layer InAs structure to show 
the feasibility of achieving dual-polarized nonreciprocity through layer-
specific magnetization control. Then, to achieve strong broadband 
dual-polarized nonreciprocity, we design a gradient-doped multilayer 
heterostructure and tune the magnetization in each layer.
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Fig. 4.  Polarization-independent contrasts for one- and two-layer InAs structures. (a) Schematic of the one-layer InAs structure with doping level 𝑛𝑒 =
3.5×1017 atoms∕cm3, magnetic strength 𝐵 = 1.5 T, and the normalized contrast for (b) 𝑠 and (c) 𝑝 polarizations. (d) Two-layer InAs structure and the corresponding 
normalized contrast for (e) 𝑠 and (f) 𝑝 polarizations. The doping levels for the first and the second layers are 𝑛𝑒,1 = 3.5×1017 atoms∕cm3 and 𝑛𝑒,2 = 5.5×1017 atoms∕cm3, 
respectively. Magnetic strengths 𝐵1 = 𝐵2 = 1.5 T. Calculations are done at 𝜆 = 30 μm and 𝜙 = 0◦. Polar angle is fixed as 𝜃 = 45◦ for two-layer structure.
3.1. 1-layer InAs structure

For the 1-layer InAs structure (Fig.  4(a)), we use the following 
fixed material parameters for InAs [48]: the high-frequency permit-
tivity 𝜀∞ = 12.37, the effective electron mass 𝑚∗ = 0.033𝑚𝑒, the 
damping rate 𝛤 = 5.9 × 1012 rad∕s, and the carrier concentration 𝑛𝑒 =
3.5 × 1017 atoms∕cm3. The magnetic strength is 𝐵 = 1.5 T. The layer 
thickness is 𝑡 = 1200 nm. As shown in Fig.  4(b), the nonreciprocity 
for 𝑠-polarized waves is maximized when 𝜑 = 45◦. This behavior 
can be understood in terms of the conventional MOKE [20]. For 𝑠-
polarized waves, nonreciprocity arises when 0◦ < 𝜑 < 90◦. Varying 
𝜑 effectively rotates the plane of incidence, modifying the off-diagonal 
components of the permittivity tensor and enabling polarization con-
version. Consequently, an 𝑠-polarized wave can be partially converted 
into a 𝑝-polarized wave. Since 𝑠-wave nonreciprocity is strongly tied to 
cross-polarized reflection, its contrast is maximized when 𝜀𝑥𝑧 reaches its 
largest value, which occurs at 𝜑 = 45◦ [49]. Although azimuthal tuning 
makes it possible to achieve dual-polarized nonreciprocity in a single 
magneto-optical layer, it comes at the cost of significantly reduced 
magnitude. The contrast vanishes at 𝜑 = 0◦, revealing an intrinsic 
angular restriction of single-layer designs (Fig.  4). The polarization 
conversion responsible for 𝑠-wave nonreciprocity is exactly zero at 𝜑 =
0◦ and 𝜑 = 90◦, increasing monotonically to its maximum at 𝜑 = 45◦. 
For 𝑝-polarized waves (Fig.  4(c)), nonreciprocity is largest when the 
magnetic field is in the Voigt configuration and the polar angle is highly 
oblique; in this case, the contrast increases from 𝜑 = 0◦ to 𝜑 = 90◦ and 
then decreases to zero at 𝜑 = 180◦.

These observations highlight the fundamental limitation of single-
layer emitters. They inherently produce a narrowband and strongly 
angle-restricted nonreciprocal response that is maximized only for one 
polarization at a time. In contrast, multilayer designs with gradient 
doping and independently tuned magnetization orientations can break 
these constraints due to coupling between polarization conversions. 
Therefore, we next examine a two-layer structure to illustrate the 
key physical mechanisms, and then generalize these insights to the 
optimized multilayer geometry.
5 
3.2. 2-layer InAs structure

For the 2-layer InAs structure (Fig.  4(d)), we treat the following 
material parameters as fixed [48]: 𝜀∞ = 12.37, 𝑚∗ = 0.033𝑚𝑒, 𝛤 = 5.9 ×
1012 rad∕s, and the carrier concentrations of the first and second layers 
𝑛𝑒,1 = 3.5 × 1017 atoms∕cm3 and 𝑛𝑒,2 = 5.5 × 1017 atoms∕cm3, respectively. 
The thicknesses of the two InAs layers are 𝑡1 = 𝑡2 = 1200 nm. The 
magnetic strengths are 𝐵1 = 𝐵2 = 1.5 T. The azimuthal and polar angles 
are fixed at 𝜙 = 0◦ and 𝜃 = 45◦.

In this structure, the 𝑠-polarized wave entering the first layer (hy-
brid MOKE configuration) is partially converted to a 𝑝-polarized wave. 
The 𝑝-polarized component interacts strongly with ENZ modes, which 
are inherently nonreciprocal. At the exit, the second layer enables par-
tial conversion back to an 𝑠-polarized wave. 𝑝-polarized nonreciprocity 
is maximized when the magnetic fields in both layers are aligned in 
the Voigt configuration (𝜑1,2 = 90◦) where polarization conversion 
does not occur (Fig.  4(f)). Compared with a single-layer emitter, the 
multilayer configuration enables substantially stronger and broadband 
nonreciprocity for both polarizations over a wider range of oblique 
polar angles thereby providing a more general and robust platform 
for high-performance thermal emitters. For example, in a single-layer 
structure (Fig.  4(a–c)), the 𝑝-polarized contrast barely reaches 2%, and 
the 𝑠-polarized contrast remains as low as 0.01% (𝜑 = 45◦, 𝜃 = 45◦). In 
contrast, a two-layer structure in Fig.  4(d–f) readily achieves approx-
imately 0.2% and 10% for the 𝑠- and 𝑝-polarized cases, respectively 
(𝜑1,2 = 45◦, 𝜃 = 45◦).

These observations highlight that the overall nonreciprocal perfor-
mance depends sensitively on the relative orientation of magnetization 
and the coupling between polarization states. Achieving a desired 
polarization-independent nonreciprocal emitter therefore requires si-
multaneously tuning a large number of parameters, including the mag-
netization, carrier concentration (Or Fermi level), and geometric layer 
properties. In the following section, we propose an optimization algo-
rithm used to tune these parameters which could be challenging to 
achieve.
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Fig. 5. The objective spaces and solutions for single- and bi-objective maximization problems.
4. Optimization of polarization-independent contrasts

Before presenting the optimization problem formulated for a struc-
ture of interest, we define the following normalized directional total 
contrasts: 

𝜂𝑗 (𝐱, 𝜃, 𝜙) =
∫ 𝜆U
𝜆L

𝜂𝑗 (𝐱, 𝜃, 𝜙, 𝜆) d𝜆

∫ 𝜆U
𝜆L

1 d𝜆
, 𝑗 ∈ {𝑝, 𝑠}, (17)

where 𝜂𝑗 is the 𝑗-polarized spectral directional contrast given in Eq. (7). 
𝐱 =

[

𝝋,𝐩
] with 𝝋 representing the design variables to be optimized, 

which are the layer magnetization directions in this study, and 𝐩
representing other known parameters of the structure. 𝜆L and 𝜆U
are the lower and upper values of the wavelength range considered, 
respectively. 1 in the denominator is the maximum possible value of 
𝜂𝑗 (𝐱, 𝜃, 𝜙, 𝜆). Note that, although the magnetization strength, carrier 
concentration, and geometric layer properties are treated as known 
parameters in this work, they could also be considered design variables 
without any change in the formulation of the optimization problem and 
the solution strategy. Since 𝐩, 𝜃, and 𝜙 are known parameters, we use 
𝜂𝑗 (𝝋) hereafter to represent 𝜂𝑗 (𝐱, 𝜃, 𝜙).

To achieve high-performance, dual-polarized nonreciprocal emitters 
using the pattern-free heterostructures in Fig.  2(b), we formulate the 
following bi-objective maximization problem: 

max
𝝋∈𝛷

[

𝜂𝑝(𝝋), 𝜂𝑠(𝝋)
]

, (18)

where 𝛷 is the set of all possible values of 𝝋. Unlike the single-objective 
maximization problem as illustrated in Fig.  5(a), which often has a 
unique optimal solution 𝜂max, problem (18) generally does not admit 
a unique optimal solution. This is because both objective functions 𝜂𝑝
and 𝜂𝑠 do not reach their maximum at the same value of 𝝋. Instead, so-
lutions to problem (18) are sought where no objective can be improved 
without worsening another.

We now formally define the solutions to problem (18). Let 𝝋1,𝝋2 ∈
𝛷 represent two feasible candidate solutions, and 𝜼1 = [𝜂𝑝1, 𝜂𝑠1] =
[𝜂𝑝(𝝋1), 𝜂𝑠(𝝋1)] and 𝜼2 = [𝜂𝑝2, 𝜂𝑠2] = [𝜂𝑝(𝝋2), 𝜂𝑠(𝝋2)] the corresponding 
points in the objective space. 𝝋2 is said to dominate 𝝋1 (i.e., 𝜼2
dominates 𝜼1) if and only if 𝜂𝑗2 ≥ 𝜂𝑗1, ∀𝑗 ∈ {𝑝, 𝑠} and 𝜂𝑗2 > 𝜂𝑗1, ∃𝑗 ∈
{𝑝, 𝑠} [50]. A solution 𝝋 ∈ 𝛷 to problem (18) is called a Pareto optimal 
solution if there does not exist 𝝋′ ∈ 𝛷 such that 𝝋′ dominates 𝝋. As a 
result, there may exist many Pareto optimal solutions to problem (18). 
These solutions form the so-called Pareto set. The image of the Pareto 
set in the objective space is called the Pareto front.

For example, consider three distinct points 𝜼1, 𝜼2, and 𝜼3 in the 
space  of 𝜂𝑝 and 𝜂𝑠, as illustrated in Fig.  5(b). Since 𝜂𝑗2 > 𝜂𝑗1 and 
𝜂𝑗3 > 𝜂𝑗1, ∀𝑗 ∈ {𝑝, 𝑠}, both 𝜼2 and 𝜼3 dominate 𝜼1. Neither 𝜼2 nor 𝜼3
dominates the other because neither point is strictly better than the 
other in all objectives. Since 𝜼2 and 𝜼3 are not dominated by any other 
point in  , they are two members of the Pareto front.
6 
5. Optimization solver

There are two primary strategies to find Pareto optimal solutions for 
a multi-objective optimization problem: decomposition and population 
methods. The decomposition methods convert the multi-objective prob-
lem to a series of single-objective problems, typically using constraint- 
or weight-based approaches [51,52]. The former constrains all but 
one of the objectives and generates members of the Pareto front by 
varying the constraint values. The latter encodes preferences among 
the objectives using a weight vector and aggregates them into a sin-
gle objective defined as the weighted sum of the objectives. It then 
traces the Pareto front by sweeping the weights over the space of 
their possible values. The population methods, starting from an initial 
population of candidate solutions, incrementally improve the diversity 
of individuals that span the Pareto front. One of the notable popula-
tion multi-objective algorithms is the non-dominated sorting genetic 
algorithm II (NSGA-II) [29] that is used in this study.

NSGA-II encodes each design point 𝝋, referred to as an individual 
of a set of many individuals called a population, as a chromosome that 
is typically a binary string in its simplest form [50]. At each generation 
(i.e., optimization iteration), individuals with better objective function 
values are expected to be selected to propagate their genetic material 
(i.e., chromosomes of bits) to the next generation through the appli-
cation of two genetic operators: crossover and mutation. The former 
combines the chromosomes of individuals to form new individuals 
called children, while the latter flips several bits in the chromosomes 
of a small number of randomly selected individuals. The main steps of 
NSGA-II are summarized in Fig.  6.

When the objective functions are expensive to evaluate, multi-
objective Bayesian optimization methods can be used to reduce the 
evaluation cost significantly [53,54]. We do not use these methods 
in this study because the directional contrasts, given all the known 
parameters, can be computed inexpensively.

6. Symmetry of the nonreciprocal contrast

Since we consider the sign of 𝜂𝑗 (𝝋), we can obtain optimal configu-
rations with negative 𝜂𝑗 (𝝋) values. This raises a question of how we can 
still use these configurations to propose new configurations that have 
strong positive contrasts. To address this, we examine the symmetry 
and antisymmetry of 𝜂𝑗 (𝝋).

We consider 1- and 2-layer InAs structures, as shown in Fig.  4(a) 
and (d), respectively. For 1-layer InAs structure, we set 𝜙 = 0◦ (i.e., the 
plane of incidence is the 𝑥𝑧 plane) while varying 𝜃 and 𝜑. For 2-layer 
InAs structure, we set 𝜙 = 0◦ and 𝜃 = 45◦ while varying 𝝋 = [𝜑1, 𝜑2], 
where 𝜑1 and 𝜑2 are the magnetization directions in the first and 
second layers, respectively. The resulting contrasts 𝜂𝑗 (𝝋), plotted in Fig. 
4(b), (d), (e), and (f), reveal the symmetry and antisymmetry in 𝜂𝑗 (𝝋)
across the two considered structures. Below, we provide an explanation 
for these observations.
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Fig. 6. Overview of NSGA-II.
As outlined in previous studies [33], thermal emitters can be clas-
sified into three categories based on their Shubnikov point groups [55,
56]: gray, colorless, and black-and-white groups. Gray group emit-
ters consist of fully reciprocal media where Kirchhoff’s law strictly 
applies, ensuring that directional spectral emissivity and absorptivity 
are always equal. In contrast, colorless group emitters are nonrecip-
rocal media in which no direct relationship between emissivity and 
absorptivity exists, aside from constraints imposed by global energy 
conservation. Black-and-white group emitters are also nonreciprocal 
systems but possess geometrical symmetry-imposed constraints that 
enforce modified forms of Kirchhoff’s law, linking specific compo-
nents of emissivity and absorptivity components. Since we employ 
nonreciprocal materials such as InAs and magnetic Weyl semimetals 
with planar structure who holds geometrical symmetry, they belong 
to black-and-white groups. Importantly, while these materials exhibit 
nonreciprocity, they do not necessarily break all symmetry. In particu-
lar, the magnetic Weyl semimetals used in our study are not spatially 
chiral, meaning that certain symmetry operations are still preserved.

This symmetry constraint leads to the adjoint Kirchhoff’s law for 
black and white group emitters, which is enforced Eq. (3) as introduced 
earlier [33]. Consequently, Eq. (1) directly yields 
𝜂𝑗 (𝜃, 𝜙, 𝜆) = −𝜂𝑗 (𝜃,−𝜙, 𝜆). (19)

indicating that the nonreciprocity is anti-symmetric with respect to the 
azimuthal angle 𝜙 (for fixed 𝜑, 𝜃, and 𝜆). This anti-symmetry originates 
7 
from the underlying spatial symmetry of planar nonreciprocal systems. 
Importantly, this behavior can be reproduced equivalently by fixing the 
azimuthal angle 𝜙 and instead rotating the applied magnetic field 𝜑. 
Because the nonreciprocity depends only on the relative angle between 
the plane of incidence and the applied magnetic field, variations in 𝜙
and corresponding variations in 𝜑 are interchangeable. Thus, 
𝜂𝑗 (𝝋) = −𝜂𝑗 (−𝝋). (20)

This justifies the behavior observed in Fig.  4(b) and (c). For multilayer 
heterostructures, the same anti-symmetry constraint applies to group-
wise rotations of the magnetization directions 𝝋, as demonstrated in 
Fig.  4(e) and (f).

7. Optimization results and discussion

7.1. 2-layer InAs structure

We now find the Pareto solutions for the 2-layer InAs structure 
in Fig.  4(d) by solving problem (18) with 𝜑1 and 𝜑2 varying within 
[−180◦, 180◦]. We perform two independent NSGA-II trials to examine 
how their inherent randomness influences the final Pareto solutions. 
Each NSGA-II trial uses a population size of 1000, a crossover fraction 
of 0.65, and a function tolerance of 10−12, and is run for 100 genera-
tions. As shown in Fig.  7(a), both NSGA-II trials yield identical Pareto 
fronts, where the maximum 𝜂  is much smaller than the maximum 𝜂 . 
𝑠 𝑝
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Fig. 7. Optimization results for the 2-layer InAs structure. (a) Pareto fronts from two optimization trials for the 2-layer InAs structure and three representative 
solutions: solution (1) where 𝜂𝑝 is maximized, solution (2) where 𝜂𝑝 is zero, and solution (3) where 𝜂𝑠 is maximized. (b), (c) Directional 𝑠- and 𝑝-polarized contrasts 
for solutions (1), (2), and (3), respectively. Polar angle is fixed as 𝜃 = 45◦.
Table 1
Solutions (1), (2), and (3) selected from the Pareto-optimal solutions of the 2-layer InAs structure (angles in 
degree unit).
 Solution Bi-objective optimization Single-objective optimization Note  
 (1) [90.0, 90.0] [90.0, 90.0] Maximum 𝜂𝑝 
 (2) [−32.3, 80.7] – Zero 𝜂𝑝  
 (3) [−37.0,−30.9], [−143.0,−149.1] [−37.0,−30.9], [−143.0,−149.1] Maximum 𝜂𝑠 
The Pareto optimal solutions represent how we can prioritize the design 
objectives. For example, if the goal is to maximize 𝜂𝑝, achieve zero 
value of 𝜂𝑝, or maximize 𝜂𝑠, then solution (1), (2), or (3), as marked 
in Fig.  7(a), can be selected, respectively. Interestingly, solution (1) 
is also optimal when the goal is to maximize the unpolarized contrast 
(𝜂𝑝 + 𝜂𝑠)∕2.

Table  1 lists the optimal values of 𝝋 = [𝜑1, 𝜑2] corresponding to 
solutions (1), (2), and (3). The corresponding directional nonreciprocity 
contrasts are presented in Fig.  7(a–c), enable a direct comparison of the 
three optimized configurations.

For solution (1), the optimal 𝝋 aligns the system in the Voigt 
configuration, where the external magnetic field is perpendicular to 
the plane of incidence. In this geometry, polarization is preserved, and 
consequently the 𝑠-polarized directional contrast vanishes identically 
while max 𝜂𝑝 = 10%. This behavior is fully consistent with MOKE 
constraints, as Voigt geometry supports nonreciprocal effects only for 
𝑝-polarized waves.

Solution (2) exhibits more intricate behavior. Although the spec-
trally integrated 𝑝-polarized contrast 𝜂𝑝 evaluates to zero over the 
wavelength range 5 μm to 40 μm (Fig.  7(a)), the spectrally resolved 
contrast reveals two equal but oppositely signed peaks around 30 μm
and 35 μm (𝜂𝑝 = ±0.3). These contributions cancel in the integrated 
value, yet the opposite signs provides tunable control over the sign of 
nonreciprocity in different spectral regions. Moreover, these peaks cor-
respond to the ENZ responses of the second and first layers, associated 
with 𝑛𝑒,2 and 𝑛𝑒,1, respectively, indicating that gradient doping in mul-
tilayer structures can support broadband and spectrally reconfigurable 
nonreciprocity. The results also highlight the importance of considering 
a broad spectral range in designing structures for energy and thermal 
applications.

Since the optimal configuration for solution (2) satisfies 𝝋 ≠ 0◦, 90◦, 
polarization conversion occurs, enabling a nonzero 𝑠-polarized contrast 
max 𝜂𝑠 = 0.017 (Fig.  7(b)). Thus, this configuration exhibits dual-
polarized nonreciprocity within specific spectral windows, even though 
the integrated 𝑝-polarized nonreciprocity integrates to zero across the 
full wavelength domain.

For solution (3), two distinct sets of optimal 𝝋 are identified, each 
yielding the maximum 𝑠-polarized contrast. The existence of these 
two equivalent solutions follows directly from the symmetry relation 
discussed in Section 6. As shown in Fig.  7(a), the maximum 𝑠-polarized 
contrast can reach values as 0.28%, while the 𝑝-polarized contrast 
remains as high as 8%. Moreover, the fact that the 𝑠- and 𝑝-polarized 
8 
contrasts possess opposite signs provides an additional degree of free-
dom to control the direction of nonreciprocity independently for each 
polarization channel.

To further validate solutions (1) and (3), which are selected from the 
Pareto set, we formulate and solve two single-objective maximization 
problems: one targeting the maximization of 𝜂𝑝 and the other targeting 
the maximization of 𝜂𝑠. The resulting solutions reported in the third 
column of Table  1 validate solutions (1) and (3). Overall, these results 
demonstrate that the proposed heterostructure can be optimized not 
only to maximize directional contrast for a target polarization, but also 
to realize polarization-independent or dual-polarization nonreciprocal 
thermal emission within the same design framework.

7.2. 6-layer 3InAs+3Weyl structure

Although the 2-layer InAs structure shows the feasibility of dual-
polarized nonreciprocal effect by controlling layer-specific magnetiza-
tions, this effect is still modest. To achieve a stronger dual-polarized 
nonreciprocity, we design a six-layer structure composed of three 
gradient-doped InAs layers atop three gradient ENZ layers of mag-
netic Weyl semimetals (Fig.  8(a)). In our earlier work [48], a similar 
six-layer platform was optimized exclusively for 𝑝-polarized nonre-
ciprocity, where polarization conversion was intentionally suppressed 
by fixing the magnetization direction in a Voigt configuration. That 
approach enabled an optimized nonreciprocal emitter for a single 
polarization channel. In contrast, in the present study we allow the 
magnetization direction in each layer to rotate freely, fully incorpo-
rating polarization-conversion effects into the design space. Because 
this expanded design requires simultaneous tuning of multiple magne-
tization vectors and material parameters, we employ a multi-objective 
optimization strategy based on Pareto fronts. This broader framework 
enables the identification of structures that maximize dual-polarized 
nonreciprocity.

Moreover, the combination of doped InAs and magnetic Weyl 
semimetal is essential for achieving dual-polarized nonreciprocity over 
a broad spectral range. InAs alone primarily enables nonreciprocity 
in the mid- and far-infrared, as extending its response to the near-
infrared would require unrealistically high doping levels and extremely 
small effective masses that are not practically feasible. Therefore, 
magnetic Weyl semimetals are incorporated to provide an intrinsic 
anomalous Hall effect, enabling a strong nonreciprocal response at 
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Fig. 8. (a) Schematic of the 6-layer 3InAs+3Weyl structure. (b) Pareto fronts from two optimization trials. Solutions (1), (2), (3), and (4) from the Pareto front 
correspond to the configurations at which 𝜂𝑝 is maximized, (𝜂𝑝 + 𝜂𝑠)∕2 is maximized, 𝜂𝑝 is closest to zero, and 𝜂𝑠 is maximized, respectively. Polar angle is fixed 
as 𝜃 = 45◦.
Table 2
Solutions (1), (2), (3), and (4) selected from the Pareto-optimal solutions of the 6-layer 3InAs+3Weyl structure 
(angles in degree unit).
 Solution Bi-objective optimization Single-objective optimization Note  
 (1) [91.7, 87.0, 86.8, 158.7, 19.5, 38.4] [89.3, 88.6, 85.4, 159.0, 19.3, 40.9] Maximum 𝜂𝑝  
 (2) [92.1, 86.8, 77.9, 153.7, 12.7, 30.1] [90.2, 87.6, 78.2, 153.4, 12.0, 30.5] Maximum (𝜂𝑝 + 𝜂𝑠)∕2 
 (3) [−13.7,−15.6, 21.3,−42.0,−30.2, 59.4] – Closest-zero 𝜂𝑝  
 (4) [−37.7,−32.2,−10.9,−43.7,−31.2, 50.3] [−38.9,−33.3,−13.0,−44.5,−31.8, 46.6] Maximum 𝜂𝑠  
shorter wavelengths approaching the near-infrared. To achieve broad-
band nonreciprocity, a gradient-doped InAs configuration is employed 
to create a tunable ENZ region in the mid- and far-infrared, while the 
Weyl semimetal ensures intrinsic nonreciprocity in the near-infrared 
regime and is feasible to fabricate [57].

The thickness values for the first three InAs layers are 𝑡1 = 𝑡2 =
𝑡3 = 1200 nm, and those of the last three Weyl layers are 𝑡4 = 𝑡5 = 𝑡6 =
200 nm. The carrier concentrations of the first, second, and third InAs 
layers are 𝑛𝑒,1 = 3.5 × 1017, 𝑛𝑒,2 = 4.5 × 1017, 𝑛𝑒,3 = 5.5 × 1017 atoms∕cm3. 
The high-frequency permittivity, effective electron mass, and damping 
rate for the InAs layers are the same as those of the 2-layer InAs 
configuration. The magnetic strengths applied to the first three InAs 
layers are 𝐵1 = 𝐵2 = 𝐵3 = 1.5 T. For the three Weyl layers, Eu2IrO7
is chosen, with the background permittivity, number of Weyl points, 
Fermi velocity, relaxation time, and cut-off energy of the Weyl layers 
given by 𝜀𝑏 = 6.2, 𝑔 = 2, 𝜏 = 10−12 s, 𝜈𝐹 = 0.83 × 105 m∕s, and 
𝐸𝐶 = 0.45 eV, respectively [19]. The temperature is fixed at 𝑇 = 300K. 
The Fermi levels of the three Weyl layers, from top to bottom, are set 
to 𝐸𝐹 ,1 = 𝐸𝐹 ,2 = 𝐸𝐹 ,3 = 0.05 eV. Thus, there are six design variables for 
this structure, including the layer magnetization directions 𝜑1,… , 𝜑6. 
These variables are selected from [−180◦, 180◦].

We perform two independent NSGA-II trials, each with a population 
size of 2000. Other parameters are identical to those of the NSGA-II 
trials for the 2-layer InAs structure.

Fig.  8(b) shows four representative solutions selected from the 
Pareto front. Specifically, solutions (1), (2), (3), and (4) correspond to 
the configurations at which 𝜂𝑝 is maximized, (𝜂𝑝+𝜂𝑠)∕2 is maximized, 𝜂𝑝
is closest to zero, and 𝜂𝑠 is maximized, respectively. The corresponding 
optimal angles 𝝋 =

[

𝜑1,… , 𝜑6
] are listed in the second column of Table 

2, and are consistent with those obtained from solving the respective 
single-objective maximization problems. Fig.  9 shows configurations of 
solutions (1), (4), and −(4) along with their corresponding directional 
contrasts. For comparison, the directional contrasts of the Voigt con-
figuration reported in our previous work [48] are also included. The 
resulting Pareto fronts are nearly identical, as shown in Fig.  8(b). None 
of the Pareto-optimal solutions exhibit zero 𝜂𝑝 when both 𝜂𝑝 and 𝜂𝑠 are 
simultaneously optimized. This, however, does not imply that solutions 
with zero 𝜂  cannot be found.
𝑝

9 
For solution (1), it is observed that max 𝜂𝑝 = 23.6% is achieved when 
the external magnetic field applied to the InAs layers is oriented nearly 
perpendicular to the plane of incidence (Fig.  8(b)). An interesting 
observation is that the maximum 𝜂𝑝 value from our previous study 
(4.7%) [48] is approximately 20% of the maximum 𝜂𝑝 value (23.6%) in 
this work, indicating a notable improvement in nonreciprocal perfor-
mance. This orientation largely suppresses polarization conversion in 
the first three layers. However, due to the magnetization directions in 
the Weyl layers and the resulting polarization coupling, the 𝑝-polarized 
nonreciprocity becomes significantly enhanced over a broader band-
width compared to the Voigt configuration. Moreover, the 𝑠-polarized 
contrast shows improvement (max 𝜂𝑠 = 0.5%) in comparison to Voigt 
configuration which 𝑠-polarized contrast remains zero.

In the shorter-wavelength region (5−10 μm), the 𝑝-polarized con-
trast closely matches the values obtained in the Voigt configuration. 
At longer wavelengths (10−40 μm), however, the contrast exceeds 
the Voigt configuration response, demonstrating a clear enhancement 
enabled by the optimized magnetization orientations. These results 
show that by employing a Pareto-front optimization framework, we 
can achieve nonreciprocity levels that surpass the previously estab-
lished upper limit of the Voigt configuration, and importantly, do so 
across a substantially broader spectral bandwidth (Fig.  9). It should be 
mentioned that each peak in the contrast spectra corresponds to the 
ENZ frequencies of the InAs and Weyl layers which is responsible for 
broadband behavior similar to the 2-layer structure.

For solution (2), the optimization aims to enhance the unpolarized 
nonreciprocity. In this scenario, the response is primarily governed 
by the 𝑝-polarized channel, which exhibits a significant contrast of 
𝜂𝑝 = 22%, while the 𝑠-polarized contribution is 𝜂𝑠 = 0.2% (Fig.  8). 
This behavior is consistent with the results summarized in Table  2. 
Specifically, 𝝋 obtained for solution (2)—which maximizes unpolarized 
nonreciprocity—closely matches the configuration identified in solu-
tion (1), where 𝜂𝑝 alone is maximized. This similarity confirms that 
the unpolarized performance in solution (2) is primarily driven by the 
𝑝-polarized response.

When the objective is to suppress the 𝑝-polarized nonreciprocity, so-
lution (3) achieves this requirement. Conventionally, such suppression 
can only be realized by aligning the sample in the longitudinal MOKE 
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Fig. 9. Configurations and directional contrasts for several solutions of the 6-layer 3InAs+3Weyl structure. Solution (1) with maximum 𝜂𝑝, solution (4) with 
maximum 𝜂𝑠, solution −(4) obtained by flipping 𝝋 of solution (4) about 𝑥 axis, and Voigt configuration as reference.
Fig. 10. Cross-polarized reflection coefficient 𝑟𝑝𝑠 for (a) solution (3) of the 2-layer InAs structure and (b) solution (4) of the 6-layer 3InAs+3Weyl structure.
configuration. However, through the use of multilayer structure and ap-
propriately oriented magnetization, we observe a near-zero 𝑝-polarized 
contrast 𝜂𝑝 in non-longitudinal MOKE configuration, consistent with the 
results reported in Table  2. At the same time, this configuration yields 
a non-negligible 𝑠-polarized nonreciprocity 𝜂𝑠 = 3%, arising from the 
magnetic alignment and the MOKE.

In the configurations corresponding to solutions (4) and (−4), the 
magnetization angle satisfies 𝜑 ≠ 90◦ in each layer (solution −(4) 
is obtained, according to the symmetry by flipping 𝝋 of solution (4) 
about 𝑥-axis). Consequently, polarization conversion occurs, and the 
converted components interact with one another during transmission 
and reflection. This polarization coupling leads to a reduced 𝜂𝑝 com-
pared with the Voigt configuration; however, it simultaneously yields 
a significantly improved 𝜂𝑠 (with max 𝜂𝑝 = 0.38 and max 𝜂𝑠 = 0.17). 
This value is much higher than 𝜂𝑠 of solution (3) for the 2-layer InAs 
structure in Fig.  7 as the 6-layer 3InAs+3Weyl structure exhibits more 
nonreciprocal cross-polarized reflection coefficient 𝑟𝑝𝑠 than the 2-layer 
InAs structure (Fig.  10). Furthermore, the difference between sign of 𝑠- 
10 
and 𝑝-polarized contrast provides a shifting knob to control the sign of 
nonreciprocity.

Although our optimization results in Fig.  8 are for a single rep-
resentative polar angle 𝜃 = 45◦, we explicitly assess the angular 
dependence of the nonreciprocal response in Fig.  11, which presents 
spectral–directional maps of the 𝑠- and 𝑝-polarized contrasts for so-
lution (4) as functions of 𝜆 and 𝜃. This behavior stems from the 
gradient-ENZ response established by the magnetic Weyl semimetal–
InAs heterostructure. We see that the contrasts remain appreciable over 
a broad range of 𝜃. This demonstrates that the design also realizes dual-
polarized broadband omnidirectional nonreciprocal emission rather 
than angle-dependent performance.

The optimal design of the thermal emitter strongly depends on 
the chosen nonreciprocity objective. While the solution (1) remains 
the most effective approach for maximizing 𝑝-polarized nonreciproc-
ity, solutions (4) and (−4) provide the highest achievable 𝑠-polarized 
nonreciprocity. Thus, a nonreciprocal thermal emitter can be designed 
based on the targeted objective functions. Moreover, these nonre-
ciprocal thermal emitters promise applications in energy harvesting 
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Fig. 11. Spectral-directional (a) 𝑠- and (b) 𝑝-polarized contrasts for solution (4) of the 6-layer 3InAs+3Weyl structure.
applications such as thermophotovoltaics [4]. Doped InAs behaves 
nonreciprocal in mid- and far-infrared up to 800 K [31], whereas ex-
perimentally realized magnetic Weyl semimetals are currently limited 
to near-room-temperature–stable topological Kagome magnets [45].

Moreover, as shown in Table  2, the optimal magnetic field ori-
entations for the InAs layers are closely aligned, indicating that a 
single, uniform magnetic field can be applied to all layers. In addi-
tion, magnetic Weyl semimetal layers intrinsically break time-reversal 
symmetry without requiring an external field, and their nonreciprocal 
response is only weakly affected by moderate applied fields. Therefore, 
the proposed design can be experimentally tested using a permanent-
magnet-based setup. This experimental validation will be pursued in 
future works.

8. Conclusion

This work introduces texture-free multilayer heterostructures com-
posed of InAs and magnetic Weyl semimetals as fabrication-friendly 
designs for achieving polarization-independent nonreciprocal thermal 
radiation. By leveraging the non-additive magneto-optical interactions, 
our designs overcome the limitations of conventional planar structures, 
enabling reciprocity breaking for both 𝑝- and 𝑠-polarizations without 
relying on surface patterning or nanoscale texturing. Furthermore, by 
employing a Pareto optimization approach, we systematically identify 
layer-specific magnetizations for different configurations that exhibit 
intriguing dual-polarized nonreciprocal properties. Our study sheds 
light on the design of various nonreciprocal thermal emitters based 
on different objective functions, demonstrating that 𝑝- and 𝑠-polarized 
contributions can be tuned according to the chosen objective func-
tions, particularly given the typically dominant role of the 𝑝-polarized 
wave in the unpolarized case. Our results highlight that the physical 
mechanisms governing nonreciprocal responses in multilayer systems 
with rotated magnetization points to a promising direction for future 
theoretical development of dual-polarized nonreciprocal thermal emit-
ters. Such polarization-independent and angular robust nonreciprocal 
thermal emitter may be particularly advantageous for thermal man-
agement and energy-harvesting applications operating under realistic 
illumination conditions, where the angle of incidence varies and the 
incident radiation contains mixed 𝑠- and 𝑝-polarized components.
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