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Strong Nonreciprocal Broadband Thermal Radiation via

Materials Informatics Inverse Design

Zihe Chen and Run Hu*

Through magneto-optical materials or spatiotemporal metamaterials, the
reciprocity relation between thermal emission and absorption can be broken,
achieving the more flexible nonreciprocal thermal radiation (NTR) to even
approach the ultimate thermodynamic limit, such as the Landsberg limit.
However, most NTR emitters only cover a narrow band, which is unwanted
for thermal energy utilization. Here, a material-informatics framework with a
Bayesian optimization (BO) kernel is proposed for designing NTR emitters,
which consists of multilayer epsilon-near-zero (ENZ) magneto-optical films on
a metal bottom. The optimal structural parameters can be obtained within

the development of innovative structures
and materials such as metamaterials,!*!
metasurfaces,’! photonic crystals,[®] and 2D
materials,l’! offering enhanced flexibility
in manipulating the spectral, directional,
and polarization properties of thermal ra-
diation. Nevertheless, most thermal emis-
sion and absorption remain fundamen-
tally constrained by Kirchhoff’s law, which
dictates the equality between directional
spectral emissivity and directional spec-

only 0.5% of all possible structures, demonstrating super-efficient
optimization capability. Additionally, compared to the desigh method based
on the Fresnel formula, the broadband nonreciprocity can be significantly
enhanced, with the wavelength-averaged nonreciprocity improved by 80.4%,
which can be attributed to the unequal electromagnetic power dissipation
density and mismatched effective impedance at opposite angles.
Furthermore, the effects of the dielectric layer, different incident angles,
number of layers, and magnetic fields on BO-based nonreciprocal thermal
emitters have been investigated. This study can further promote the
development of broadband NTR and can be extended to multilayer structures

containing magnetic Weyl semimetals.

1. Introduction

All objects at nonzero temperatures spontaneously emit ther-
mal radiation. The effective utilization of this radiative energy
holds critical significance across diverse fields, including energy
conversion,!!! thermal management,?! and detection systems.%]
Recent advancements in photonic engineering have enabled
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tral absorptivity.®] This law convention-
ally guides the design of thermal emitters,
but it inevitably induces inherent energy
losses and imposes theoretical efficiency
limits in energy harvesting, such as pho-
tovoltaics and thermophotovoltaics. For in-
stance, thermophotovoltaic systems under
reciprocal constraints exhibit a maximum
theoretical efficiency of 86.8%, below the
nonreciprocal Landsberg limit (93.3%).01%)
Consequently, breaking the constraints of
Kirchhoff’s law has become the holy grail
for enhancing thermal energy utilization
both scientifically and technologically.

As early as the 1970s, there were dis-
cussions about nonreciprocal absorption
and emission.'!] In 2014, Zhu and Fan innovatively proposed
a photonic crystal structure based on magneto-optical materi-
als, theoretically achieving NTR with unequal directional spec-
tral emissivity and absorptivity in the infrared band.[®! Since then,
the concept of NTR has garnered increasing attention in various
kinds of materials such as magneto-optical materials,['>* Kerr
nonlinearity,*>%! and time-modulated metamaterials.['”¥) How-
ever, the latter two approaches are limited by extremely complex
structural requirements and very narrow nonreciprocal band-
widths. Additionally, to achieve stronger NTR, the design of NTR
emitters typically requires introducing one or two resonances,
such as Tamm plasmons,!!®! Fabry-Perot resonances,!?*?!l and
guided mode resonances.['*??] However, the coupling of single
or multiple resonances usually only enables narrowband NTR
at the resonance wavelength, which is not desirable for prac-
tical broadband utilization in photovoltaics and thermophoto-
voltaics. ENZ films can achieve wavelength and angle-selective
thermal radiation by exciting Berreman modes, and construct-
ing multilayer ENZ planar structures can enable broadband
thermal radiation.[2?32%] However, due to the isotropic dielec-
tric tensor of traditional ENZ materials, which cannot break
Lorentz reciprocity, the violation of Kirchhoff’s law cannot be
achieved. Recently, magnetized ENZ materials that combine
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Figure 1. The schematic and effect diagrams of a) a reciprocal broadband thermal emitter based on the gradient ENZ structure and b) a nonreciprocal
broadband thermal emitter based on the gradient magneto-optical ENZ structure.

magneto-optical effects and ENZ properties, such as traditional
magneto-optical materials (n-InAs, InSb) or novel magnetic Weyl
semimetals, have offered exciting opportunities in achieving
broadband NTR.IZ*?7] Among these, the latter, although capa-
ble of achieving NTR without an external magnetic field due
to their unique topological nontrivial electronic states and in-
herent time-reversal symmetry breaking, currently only realize
this behavior at extremely low temperatures, without experimen-
tal verification at room temperature yet.[?8] Therefore, most ex-
isting experimental demonstrations of broadband NTR rely on

the utilization of traditional magneto-optical materials.?*3% For
instance, Zhao et al. proposed a multilayer nonreciprocal ther-
mal emitter based on gradient magneto-optical ENZ materials
and experimentally verified nonreciprocal broadband absorption
under an external magnetic field.”®! Chen et al. theoretically
demonstrated that the presence of a Fabry-Perot cavity can fur-
ther enhance broadband NTR.?% In these studies, the thickness
of each ENZ material layer is typically determined using the
Fresnel formula to better excite Berreman modes at the ENZ
wavelength, thereby achieving stronger absorption/radiation.
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Figure 2. The design framework for nonreciprocal broadband thermal emitters.
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Figure 3. Flowchart based on Bayesian optimization.

However, achieving strong NTR requires maximizing the differ-
ence (1 = |a-e|) between the directional spectral emissivity (e)
and the directional spectral absorptivity («), not merely focus-
ing on absorption or radiation properties. Therefore, as shown in
Figure 1a, in reciprocal systems (y = 0), the layer thicknesses of
gradient ENZ structures are typically designed using Fresnel for-
mulas to achieve strong broadband thermal absorption/emission
at particular angles, that is & = e—1. However, for nonrecipro-
cal systems aiming at strong broadband nonreciprocal thermal
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radiation, that is, n —1, whether Fresnel formulas remain ap-
plicable for designing gradient magneto-optical ENZ structures
requires further investigation, as shown in Figure 1b. More-
over, strategies to achieve stronger broadband NTR remain unre-
solved. Fortunately, with the advancement of machine learning,
materials informatics has demonstrated the capability to rapidly
optimize structures and enhance performance, finding broad ap-
plications in phonon heat conduction optimization3!32] spectral
regulation,23334 and beyond. This prompts the question: Can
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Figure 4. The optimization results for a nonreciprocal broadband thermal emitter composed of a three-layer gradient ENZ magneto-optical layer when 6
=70° and B = 3T. a) Tracing of the FOM; b) Thickness distribution of each layer during iteration; c) Comparison of nonreciprocal spectra corresponding
to optimal FOM and spectra obtained by the Fresnel formula; d) The absorptivity and emissivity spectra of the BO-based nonreciprocal broadband

emitter and the Fresnel formula-based nonreciprocal broadband emitter.

stronger broadband NTR be achieved by leveraging materials in-
formatics approaches?

In this work, we present a materials-informatics framework
with a BO-kernel algorithm for designing broadband NTR
emitters, which comprises a three-layer gradient ENZ magneto-
optical film and a bottom metal layer. Compared to conven-
tional approaches relying on Fresnel formula-based methods,
the broadband NTR here demonstrates significantly enhanced
broadband nonreciprocity with an 80.4% enhancement in the
average nonreciprocity within 10-13 ym. Furthermore, we also
investigate the impact of varying incident angles, dielectric
layer, number of layers, and magnetic field on the broadband
NTR. Our results promote the development of nonreciprocal
broadband thermal emitters toward more efficient and practi-
cal aspects, and are expected to develop new ways of utilizing
radiation.

2. Design Methods

As shown in Figure 2, the nonreciprocal broadband thermal emit-
ter consists of a gradient ENZ magneto-optical layer and a bottom
aluminum layer, where the former is made of three layers (N =
3) of InSb with doping concentrations from top to bottom be-
ing 8, 10, and 12 x 10 cm~3. Additionally, from top to bottom,
the thicknesses of each film layer are denoted as dg, d,,, d;,, and
d,;, where d,; = 0.2 um to ensure no transmission process oc-
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curs. In addition, InSb, as a traditional magneto-optical material,
requires an external magnetic field (B) to achieve NTR. When
the magnetic field direction is along the y-axis and B = 3T, the
dielectric tensor of the magneto-optical material InSb becomes
asymmetric, specifically expressed as:

SXJC 0 8XZ
e=|0 ¢, 0 (1)
gzx 0 SZZ
where
@ (@ +iT)
EXX - EZZ = EOO - P— (2)
o (@ + i1)? - a22]
. co;coc o)
£, =€, =——————
- : a)[(w+LF)2—wf]
,
e - —— 4
f = foo  (w + iT) )

The definitions and values of symbols in Equations (1-4) can
be found in Ref. [20]. Additionally, the permittivity of the bottom
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Figure 5. Mechanism analysis of strong nonreciprocal broadband thermal radiation. Distribution of electromagnetic power dissipation density within
the BO-based emitter when A = 12.23 um: a) 6 = 70°; a) = -70°. Effective impedance of the structure: c) BO-based emitter; d) Fresnel formula-based

emitter.

aluminum layer is determined by the Drude model, expressed
as:(12l

(02

- (5)

Eg=€,— ———
AT (@ +iT)

where €, =1, @, = 2.24 X 10'°rad/s and " = 1.24 x 10" rad/s.

The incident wave is a Transverse Magnetic (TM) wave, with
an incidence angle of 6 relative to the z-axis. When the incidence
plane is rotated about the z-axis, the angle between the incidence
plane and the x-axis is ¢, and at this point, the rotating permit-

tivity tensor £ of the magneto-optical material is given by:
g =MeMT 6)
where M is represented by the rotation matrix and is given by:

cos(p) sin(e) O
M = | —sin(¢p) cos(p) 0 (7)
0 0 1
Since there is no transmission process, the directional spectral
emissivity and absorptivity can be expressed as functions of the
directional spectral reflectivity (R), specifically:122!]
(0,4, 9) =1—-R(0, 1,9) 8)

e(0, 4, @) =1 - R(—0, 4, ¢) 9)
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Here, the degree of nonreciprocity is defined as the absolute
value of the difference between the directional spectral emissivity
and the directional spectral absorptivity, that is:[3!

n(0, 4, ¢) = |e(0, 4, ¢) — a(0, 1, 9)] (10)

Thus, by calculating the reflection spectra of multilayer pla-
nar structures under different incident angles using the transfer
matrix method (TMM), the dispersion relations for absorption,
emission, and nonreciprocity can be obtained.

In reciprocal systems, to excite the Berreman mode in ENZ
films for achieving strong absorption/emission, the film thick-
ness (dgy) is typically calculated based on Fresnel formulas, as
specifically expressed:2°]

Apnz cos 6 -1\
Ay = N2 Im{ — 11
ENZ 2m Sil’l2 0 " Exx max ( )

where A, is the ENZ wavelength. However, it remains to be in-
vestigated whether the film thickness obtained through the above
formula can achieve the best NTR. Therefore, optimization of the
ENZ magneto-optical layer thickness is required. Here, consider-
ing an optimization range from 100 to 1000 nm with a step size
of 20 nm, there are a total of 97336 possible configurations for the
three-layer ENZ magneto-optical structure. In such cases, tradi-
tional manual design methods suffer from low efficiency; thus,
BO algorithms are introduced in order to accelerate the design of
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Figure 6. Spectra variation with azimuth when 6 = 70° and B = 3T. Spectra of a nonreciprocal broadband thermal emitter based on the Fresnel formula: a)
absorptivity; b) emissivity; c) nonreciprocity. Spectra of the optimal nonreciprocal broadband thermal emitter based on BO: d) absorptivity; ) emissivity;

f) nonreciprocity.

nonreciprocal broadband thermal emitters. Here, the optimiza-
tion target FOM is specifically expressed as:

1
FOM =————7—— 12
MSE(n, Target) (12)

where MSE () represents the mean square error, the Target spec-
tra is 1 across the wavelength range, and # is the nonreciprocity.

The design of nonreciprocal broadband thermal emitters is
shown in Figure 2, and a more specific BO flowchart is shown
in Figure 3, which includes defining the parameter space, ini-
tializing random sample search, Bayesian optimization, defin-
ing termination conditions, and outputting the optimal result.*¢!
First, the optimization parameter space is defined based on the
three-layer gradient ENZ magneto-optical structure. The thick-
ness range for each layer is from 100 to 1000 nm, with a step
size of 20 nm. Next, randomly select 500 sets of thickness
combinations from the parameter space. Based on the TMM, cal-
culate the nonreciprocal spectrum for each thickness set, thereby
obtaining the initial structure-FOM dataset. During the BO pro-
cess, start by constructing a Gaussian process model based on the
initial dataset. Specifically, use these randomly sampled points to
predict the target value and uncertainty across the entire search
space. Subsequently, based on the kernel function (Matern 5/2)
and the acquisition function (Thompson Sampling), select the
most promising points for further sampling and efficient com-
putation. Add the newly obtained structure-FOM values to the
existing dataset and retrain the Gaussian process model. By iter-
atively repeating this process until the termination criteria (The
number of iterations > 9500 or the spatial coverage rate > 95%)
are met, the optimal structure-FOM value can be obtained, thus
enabling the design of a superior nonreciprocal broadband ther-
mal emitter.
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3. Results and Discussion

Based on the design framework in Figure 2, when 6 = 70°, the
thicknesses of each layer of the nonreciprocal broadband ther-
mal emitter are optimized. The entire iteration process is shown
in Figure 4a, where the horizontal axis represents the number of
iterations, and the vertical axis represents the FOM value. Here,
the number of iterations is 9500, accounting for ~10% of the to-
tal possible structures. It can be seen that, when the number of
iterations is 514, the FOM reaches its maximum value (2.0099),
representing the optimal broadband nonreciprocity. The thick-
nesses of the three-layer ENZ film structure are 920, 860, and
980 nm, respectively. Additionally, the number of iterations at the
optimal point accounts for 5.4% of the total iterations and only
0.5% of the total possibilities, demonstrating a high design effi-
ciency. Figure 4D illustrates the distribution of the thicknesses of
the three-layer films (dg, d,,, and d,,), where colors approaching
dark blue represent higher FOM values. In addition, larger FOM
values are primarily concentrated between 600 and 1000 nm,
indicating that thicknesses within this range can achieve better
broadband nonreciprocity. To better highlight the superiority of
this design method, a comparison is made with the nonrecipro-
cal spectrum of a Fresnel formula-based broadband nonrecipro-
cal emitter, as shown in Figure 4c. Here, the thicknesses of each
layer, calculated based on the Fresnel formula, from top to bot-
tom, are 310, 286, and 260 nm. The FOM value based on BO
can reach 2.0099, while the result based on the Fresnel formula
can only reach 1.4890. Additionally, from the nonreciprocal spec-
trum, it can be seen that the thermal emitter designed by BO
has better broadband nonreciprocity. Figure 4d shows the ab-
sorptivity and emissivity spectra of the BO-based nonreciprocal
broadband emitter and the Fresnel formula-based nonreciprocal
broadband emitter. On the one hand, it can be seen that the ab-
sorption and emission spectra are separated, representing the re-
alization of nonreciprocal thermal radiation. On the other hand,
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Figure 7. Spectrum variation with dielectric layer thickness with B = 3T. Spectra of a nonreciprocal broadband thermal emitter based on the Fresnel
formula: a) absorptivity; b) emissivity; c) nonreciprocity. Spectra of the optimal nonreciprocal broadband thermal emitter based on BO: d) absorptivity;

e) emissivity; f) nonreciprocity.

compared with the Fresnel formula-based emitter, the BO-based
emitter developed in this work has a greater degree of spec-
tral separation between absorption and emission, representing
stronger broadband nonreciprocity. Here, the average nonrecip-
rocal degree (1,,.) in the wavelength range (10-13 um) is calcu-
lated. The calculation formula is:

Nave = |aave - eave| (13)

where e, . represents the wavelength-average emissivity and a,,,
represents the wavelength-average absorptivity. Based on Equa-
tion (13), the average nonreciprocity of the thermal emitter de-
signed by BO is 0.3083, while the average nonreciprocity based on
the Fresnel formula is only 0.1709. The former shows an 80.4%
improvement in average nonreciprocity compared to the latter.
This result also demonstrates that, in nonreciprocal systems, the
design method based on the Fresnel formula cannot achieve op-
timal broadband nonreciprocity, which is one of the key points
emphasized in this work.

Next, the mechanism of nonreciprocal thermal radiation gen-
eration is analyzed, as shown in Figure 5. First, as shown in
Figure 4c, when A = 12.23 ym, BO-based nonreciprocal thermal
emitters exhibit strong nonreciprocity (7 = 0.711). Taking this
wavelength as an example, the distribution of electromagnetic
power dissipation density (Q,) within the BO-based emitter struc-
ture at opposite angles is calculated, as shown in Figure 5a,b. Q,
is closely related to the absorption of the structure.[?!! The larger
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Q., the stronger the absorption of the structure. It can be clearly
seen that when 6 = -70°, this structure has a stronger Q,, that is,
a stronger absorption « (-70°) >a (70°). In addition, from Equa-
tion (9), it can be obtained that ¢ (70°) = a (-70°). Therefore, when
0 =70° e (70°) > a (70°), demonstrating nonreciprocal thermal
radiation. In addition, the impedance matching theory is adopted
to further explain the reason why the nonreciprocity of BO-based
emitters is stronger than that of Fresnel formula-based emitters.
Here, the effective impedance matching theory is specifically ex-
pressed as:[]

(14)

where S;; and S,; are respectively the scattering parameters re-
lated to the reflection coefficient and the transmission coeffi-
cient. The effective impedance matching theory shows that the
better the effective impedance of a structure matches the free-
space impedance (Z, = 1), the stronger the absorption perfor-
mance of the structure. Conversely, the poorer the matching, the
weaker the absorption of the structure.’”] Therefore, when the
effective impedance difference of the structure at opposite an-
gles is greater, it indicates that the absorption performance dif-
ference of the structure at opposite angles is more obvious, that
is, the nonreciprocity (5 = [e(0)-a(0)] = |a(-0)-a(0)/) is stronger.
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Figure 8. The nonreciprocal broadband thermal emitter based on the Fresnel formula with B = 3T: a) Variation of FOM and § with dielectric thickness;
b) The nonreciprocal spectra with tg, = 0.5 um and ty,, = 0 um. The optimal nonreciprocal broadband thermal emitter based on BO with B = 3T: ¢)
Variation of FOM and & with dielectric thickness; d) The nonreciprocal spectra with tg, = 0.5 um and tg;, = 0 um.

According to Equation (14), the impedance of the BO-based emit-
ter and the Fresnel formula-based emitter at opposite angles (6 =
70° and 6 = -70°) varies with wavelength respectively, as shown in
Figure 5c¢,d. Taking a wavelength of 12.23 um as an example, for
the BO-based nonreciprocal emitter, Z(70°) = 0.141+1.027i and
Z(-70°) = 1.05+0.432i. For the Fresnel formula-based nonrecip-
rocal emitter, Z(70°) = 0.149+0.399i and Z(-70°) = 0.417+0.203i.
It can be clearly seen that the effective impedance difference of
the BO-based nonreciprocal emitter is greater at opposite angles,
which also explains the reason why the BO-based nonreciprocal
emitter designed in this work has stronger nonreciprocity.
Figure 6 compares the nonreciprocity of broadband thermal
emitters designed by two methods as a function of azimuthal an-
gle and wavelength. First, Figure 6a—c show the results of the ther-
mal emitter designed by the Fresnel formulas. It can be observed
that a # e, indicating a violation of Kirchhoff’s law. To more in-
tuitively demonstrate the variation of nonreciprocity with the az-
imuthal angle, it can be seen in Figure 6¢ that the nonreciproc-
ity can be realized over a wide range of azimuthal angles and
presents a symmetric distribution ~¢ = 90°. Additionally, when
@ = 90°, the nonreciprocity is zero. This is mainly because, at
this angle, the magnetic field direction is parallel to the incident
plane, causing the dielectric tensor of the magneto-optical ma-
terial to have e, = €,, = 0, meaning there is no influence from
the asymmetric terms ¢, and e¢,,.. Figure 6d—f show the thermal
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emitter designed by BO, which, compared to Figure 6a—c, satis-
fies a # e while further suppressing absorption in the upper half-
space (¢: 270-0°&0-90°) and emission in the lower half-space (¢:
90-180°&180-270°), thereby achieving a stronger nonreciprocity.
The reason for this phenomenon may be that the more optimized
thicknesses can excite a stronger asymmetric Berreman mode.[?8]

In nonreciprocal systems, the presence of the dielectric
layer can excite Fabry-Perot resonance, significantly enhancing
nonreciprocity.*8 A similar effect also exists in nonreciprocal
broadband thermal radiation structures.[?*?!] However, most pre-
vious designs of nonreciprocal broadband thermal emitters were
based on the Fresnel formula. Whether the BO-based nonrecip-
rocal broadband thermal emitter designed in this work can still
significantly improve nonreciprocity needs further exploration.
Here, the dielectric material germanium (Ge) with a dielectric
constant of 4 is selected, and its thickness (t;.) is explored for
its impact on broadband nonreciprocity, as shown in Figure 7.
First, for the thermal emitter optimized based on the Fresnel for-
mula, the effects of the dielectric layer’s thickness on absorption,
emission, and nonreciprocity are demonstrated in Figure 7a—c.
On the one hand, it can be observed that the absorption and emis-
sion spectra are distributed differently, representing a violation of
Kirchhoff's law. On the other hand, the presence of the dielectric
layer can periodically enhance absorption and emission, thereby
periodically strengthening nonreciprocity. This is primarily due
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Figure 9. The optimization results for a nonreciprocal broadband thermal emitter composed of three gradient ENZ magneto-optical layers when 6 =
65° and B = 3T: a) Tracing of the FOM; b) Thickness distribution of each layer during iteration; c) Comparison of nonreciprocal spectra corresponding
to optimal FOM and spectra obtained by the Fresnel formula. The optimization results for a nonreciprocal broadband thermal emitter composed of
three gradient ENZ magneto-optical layers when 6 = 60° and B = 3T: d) Tracing of the FOM; e) Thickness distribution of each layer during iteration; f)
Comparison of nonreciprocal spectra corresponding to optimal FOM and spectra obtained by the Fresnel formula.

to the dielectric layer acting as a Fabry-Perot resonance effect. As
shown in Figure 7d-{, the thermal emitter with a dielectric layer
optimized by BO exhibits periodic distributions as well. However,
it is obvious that the nonreciprocity is stronger than the former,
and the presence of the dielectric layer has a weaker effect on
its nonreciprocity. Here, to more clearly demonstrate the effect
of the presence of the dielectric layer on the two structures, the
variation of FOM with respect to t4, is calculated and shown in
Figure 8. First, for the thermal emitter designed based on the
Fresnel formula, the variation of its FOM with 4, is presented in
Figure 8a. From the overall distribution, it can be seen that the
FOM fluctuates significantly with t,,., indicating that the pres-
ence of the dielectric layer has a substantial impact on its non-
reciprocity. When tg. = 0.5 pm, the FOM reaches its maximum
value (1.8568). When t;, = 2.5 um, the FOM reaches its mini-
mum value (1.2448). Additionally, to more clearly demonstrate
the fluctuation of nonreciprocity with t4,, the fluctuation value
(6) is defined, and its specific expression is as follows:

FOM (ty)

15
FOM (0) ()
where FOM(0) represents the FOM value corresponding to
the nonreciprocal thermal emitter without the dielectric layer.
Figure 8b compares the nonreciprocal spectra for ty, = 0.5 um
and tg, = 0 pm, showing that the presence of the dielectric layer
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significantly enhances the nonreciprocity of the Fresnel formula-
based thermal emitter. Compared to the former, the range of §
for the BO-based thermal emitter is 0.91 to 1.163, as shown in
Figure 8c, with a notably reduced fluctuation range, indicating
that the dielectric layer has a weak influence on its nonreciproc-
ity. Additionally, from the nonreciprocal spectra of the BO-based
thermal emitter (Figure 8d), it can be seen that nonreciprocity
is only slightly improved within the range of 10-11 um. There-
fore, compared to the Fresnel formula-based thermal emitter, the
broadband nonreciprocity of the BO-based thermal emitters de-
veloped in this work is insensitive to the presence of dielectric
layers. In addition, by comparing Figure 8a,c, it can be seen that
even with the introduction of a dielectric layer, the maximum
FOM value (1.8568) of the thermal emitter designed based on the
Fresnel formula is still lower than that of the BO-based thermal
emitter without a dielectric layer (2.0099), which demonstrates
the superiority of the design method proposed in this work.

To further demonstrate the design flexibility of the BO-
based framework method for optimizing nonreciprocal broad-
band thermal emitters developed in this work, the nonreciprocal
broadband thermal emitters at different incident angles (8 = 65°
and 6 = 60°) have been optimized, as shown in Figure 9. First,
whether at 6 = 65° or 6 = 60°, the maximum FOM can be quickly
obtained; that is, the optimal structural parameters can be found
to achieve strong broadband nonreciprocity, indicating that this
method can well meet the requirements of different angles. The
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emitter composed of a five-layer gradient ENZ magneto-optical layer when

0=70° and B=3T. a) Tracing of the FOM; b) Comparison of nonreciprocal spectra corresponding to optimal FOM and spectra obtained by the Fresnel
formula; ) Spectrum variation with dielectric layer thickness for the nonreciprocal thermal emitter based on Fresnel formula; d) Spectrum variation with
dielectric layer thickness for the optimal nonreciprocal thermal emitter based on BO.

optimal thickness combinations corresponding to the maximum
FOM are respectively [820, 820, 1000] and [820, 880, 1000]. In ad-
dition, by comparing the thickness-FOM distribution maps un-
der different incident angles (Figures 4b and 9b,e), it can be seen
that the larger FOM values are mainly concentrated on the upper
side. Moreover, among the optimal thickness combinations cor-
responding to the maximum FOM values at the three angles, the
thickness of d,, is close to 1000 nm. In other words, when opti-
mizing more layers, the thickness of the magneto-optical ENZ at
the bottom layer can be fixed at 1000 nm, thereby further enhanc-
ing the optimization efficiency of this method. Furthermore, by
comparing the nonreciprocity spectra of the two design methods
(Figure 9c¢,f), it can be seen that the BO-based thermal emitter
still exhibits stronger broadband nonreciprocity, indicating that
this method is highly efficient in the design of broadband nonre-
ciprocal thermal emitters.

To further expand the number of layers in the gradient ENZ
magneto-optical film to five, the doping concentrations from top
to bottom are set as 8, 9, 10, 11, and 12 x 108cm =3, respectively.
To simplify the number of layers optimized by BO, the thickness
of d,, is fixed at 1000 nm, while the other four layers are opti-
mized. The iterative process is illustrated in Figure 10a. It can
be seen that the BO algorithm can rapidly identify the optimal
FOM (2.1011) within only 501 iterations, demonstrating the high
efficiency of this design method even when optimizing more
layers. The optimal thicknesses corresponding to the best FOM
(from top to bottom) are 640, 500, 500, 500, and 1000 nm. Ad-
ditionally, by comparing the nonreciprocal spectra of the two
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design methods (Figure 10b), the thermal emitter designed
by BO exhibits stronger nonreciprocity. Further introduction
of a dielectric layer yields conclusions consistent with those
for the three-layer ENZ magneto-optical film: the presence of
a dielectric layer significantly enhances nonreciprocity of the
Fresnel formula-based thermal emitter but provides limited
improvement for the BO-based thermal emitter, as shown in
Figure 10c,d.

Finally, the ability of BO to optimize nonreciprocal broad-
band thermal radiation under a smaller magnetic field (B =
1T) has been explored, as shown in Figure 11. Here, taking
the three-layer magneto-optical ENZ structure as an example,
the doping concentrations are 8, 10, and 12 x 10%cm™3, re-
spectively. As shown in Figure 11a, the optimization trajectory
of the FOM reaches its maximum value (1.2905) at the 501st
iteration, with all three magneto-optical ENZ layers optimized
to a thickness of 980 nm. Figure 11b compares the absorptiv-
ity and emissivity spectra of the BO-based nonreciprocal broad-
band thermal emitter and the Fresnel formula-based nonrecip-
rocal broadband thermal emitter, revealing two critical features:
1) The absorption and emission spectra do not overlap for both
structures demonstrates a distinct violation of Kirchhoff’s law;
2) The BO-based emitter exhibits significantly greater spectral
separation, indicating enhanced nonreciprocity. To quantitatively
compare their performance, Figure 11c plots the wavelength-
resolved nonreciprocity, clearly demonstrating that the BO-based
emitter delivers superior broadband nonreciprocity. In addi-
tion, according to Equation (13), under a 1 T magnetic field,
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Figure 11. The optimization results for a nonreciprocal broadband thermal emitter composed of a three-layer gradient ENZ magneto-optical layer when
0 =70° and B = 1T. a) Tracing of the FOM,; b) The absorptivity and emissivity spectra of the BO-based nonreciprocal broadband emitter and the Fresnel
formula-based nonreciprocal broadband emitter; c) Comparison of nonreciprocal spectra corresponding to optimal FOM and spectra obtained by the

Fresnel formula.

the average broadband nonreciprocity of the BO-based emitter
reaches 0.1167—approximately twice that of the Fresnel formula-
based emitter (0.0582). This twofold enhancement underscores
the clear advantage of our BO-driven design methodology for
achieving high-performance nonreciprocal broadband thermal
emitters.

4. Conclusion

In summary, we propose a BO algorithm framework with ma-
terials informatics at its core to design nonreciprocal broadband
thermal emitters. Compared to the traditional method, i.e., the
Fresnel formulas, the designed nonreciprocal thermal emitters
can achieve an increase of 80.4% in nonreciprocity, demonstrat-
ing stronger broadband nonreciprocity. This also demonstrates
that the Fresnel formulas are no longer suitable for designing
the thickness of the ENZ magneto-optical layer in nonreciprocal
systems. Additionally, the structural parameters of the optimal
nonreciprocal broadband thermal emitter only require 514 iter-
ations, accounting for just 0.5% of the total possibilities, show-
casing its fast optimization capability. Furthermore, compared
to the traditional design method (Fresnel formulas), this design
framework also exhibits positive design effects under different
incident angles, numbers of layers, and reduced magnetic field.
In addition, by introducing a dielectric layer into the nonrecip-
rocal broadband thermal emitter, it is found that the presence of
the dielectric layer has a limited impact on the nonreciprocity of
BO-based thermal emitters designed in this work. Therefore, it is
unnecessary to introduce a dielectric layer solely for the purpose
of achieving stronger nonreciprocity, which can reduce the diffi-
culty of fabrication to some extent. The findings of this work can
promote the development of nonreciprocal broadband thermal
emitters and also be extended to the optimization of multilayer
structures containing Weyl semimetals.
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