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ABSTRACT

The broad-band, non-directional, and reciprocal properties of traditional thermal radiation significantly limit the precise control and effi-
cient utilization of thermal radiation energy. In recent years, nonreciprocal thermal radiation (NTR) has been proposed with a magneto-
optical effect or spatiotemporal modulation; however, most existing NTRs are only achieved with a specific zenith angle (6) without consid-
ering the azimuthal angles (¢), which actually is a nominal NTR and not enough for practical angularly asymmetric thermal radiation
(ATR) control. Therefore, we employ the Monte Carlo tree algorithm to optimize the multi-layer structure with magneto-optical materials,
which can realize ATR with narrow azimuth (¢: 165°-195°) at a given zenith angle (6 =30°) and wavelength (1 = 16 um). The underlying
mechanism is primarily attributed to the excitation of the magneto-optical effect and cavity resonance, which is corroborated by the analysis
of a magnetic field distribution. Furthermore, we investigate the impact of the layer number and the zenith angle on the ATR. The proposed
design algorithm is, in general, that can be extended to any given zenith angle and azimuthal angle and also paves the way for novel applica-
tions in areas, such as directional radiative cooling and thermal focusing.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0266903

I. INTRODUCTION

Thermal radiation, as a fundamental way of heat transfer,l‘i
has been widely applied, including energy conversion,'”’
imaging,””'" and sensing.''”"® Actually, any objects above

zero-Kelvin temperature will emit thermal radiation energy exter-
nally via electromagnetic waves ranging from near-ultraviolet to
long-infrared wavelength. Conventionally, thermal radiation is
characterized as an incoherent source with broadband and nondi-
rectional emission properties. Nevertheless, thermal radiation at
undesirable wavelengths and directions frequently leads to a reduc-
tion in efficiency and performance.'™'” To address these challenges,
various strategies have been explored to control the wavelength and
angular responses of thermal radiation, such as surface plasmon
gratings,'® metasurfaces,”'® and photonic crystals,'*’ but most of
them only modulate the wavelength of thermal radiation. The
inherent reciprocal limitations imposed by Lorentz reciprocity

result in that thermal radiation is typically emitted symmetrically
relative to the normal direction.'” Symmetric thermal radiation
originates from the symmetric band dispersion inherent in recipro-
cal photon systems, where w(k) = o(—k).”" At first glance, any man-
ifestation of asymmetric angular thermal radiation seems to
contradict the principles of reciprocity. However, recent theoretical
breakthroughs have revealed that asymmetric radiation modes can
indeed be realized within reciprocal systems by integrating meta-
surfaces with carefully engineered non-local modes. Examples
include bound states in the continuum within phase gradient meta-
surfaces”” and the coupling of grating modes to surface phonon
polaritons in silicon carbide (SiC).”’ Additionally, the design of
asymmetric sawtooth structures has been shown to produce angu-
larly asymmetric thermal radiation,”*”” though the fabrication of
such aperiodic structures introduces considerable complexity.
Alternatively, nonreciprocal materials, such as magneto-optical
materials and Weyl semimetals, offer a promising pathway to break
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the symmetric band dispersion in photonic systems, achieving
o(k) # o(=k) through the interaction between photons and magnetic
fields.”® Both theoretical and experimental studies have demon-
strated that by combining magneto-optical effects with mecha-
nisms, such as guided mode resonance,’*" epsilon-near-zero
(ENZ) modes,”’ ™ Tamm states,”*™° and other plasmonic reso-
nances, ATR can be achieved across both narrow and broad spectral
bands. These advancements open new possibilities for controlling
thermal radiation in ways that were previously unattainable.
However, these efforts have predominantly focused on zenith angle
(0) -dependent asymmetric thermal radiation, without considering
its behavior across azimuthal angles (¢). Shi et al. demonstrated that
a gradient multilayer structure of Weyl semi-metals exhibits robust
ATR over a wide range of azimuthal angles.”” Ma et al. recently
introduced in-plane anisotropic and magneto-optical materials
within the ENZ wavelength range, successfully confining asymmetric
thermal radiation to a narrow range of zenith and azimuthal angles
(6:55°-79°, ¢: 163.5°-196.5°).”° Without considering the azimuthal
angles, the directional thermal radiation is an azimuthal-integrated
nominal one and not enough for practical ATR. To achieve ATR, the
design of angularly asymmetric thermal emitters with a specific
range of zenith and azimuthal angles is lacking.

Here, we propose a design paradigm for narrow-angle ATR
based on a Monte Carlo tree algorithm, which significantly enhances
the efficiency of optimal design compared to traditional manual
design (TMD) approaches. Utilizing this paradigm, a 24-layer aperi-
odic multilayer structure composed of magneto-optical materials and
dielectric materials is proposed, which can realize ATR within a
narrow azimuth range (¢: 165°-195°) at a fixed wavelength
(A=16um) and a zenith angle (6=30°) under TM polarization.
Furthermore, we explore the impact of varying zenith angles and the
number of layers on the ATR. These findings offer a foundational
guide for achieving greater spatial angle control of thermal radiation
and enhancing the efficiency of radiation utilization.

Il. DESIGN METHODS

Here, a multilayer photonic crystal structure composed of
magneto-optical material InAs and dielectric material on top of a
perfect reflector is constructed to achieve narrow-angle ATR, as
shown in Fig. 1. The incident light is a TM polarized wave and an
external magnetic field B is along the y direction. Here, the relative
dielectric tensor of InAs is asymmetrical with B=3T, and the
expression is™

Exe 0 &y
e=|0 g, 0|, (1)

Ezx 0 &

where
(0w + iT)
P

Eoy =Epp = Ep —————————, 2
o ol(o+ i)’ — o?] @
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The specific definitions and parameter values in the above
equations are from Ref. 26. In addition, the refractive index of the
dielectric material is 1.45. The photonic crystal structure is initially
designed with 24 layers (N =24), resulting in a vast combinatorial
space of 2** possible binary sequences. Given the immense scale of
this candidate structure space, traditional manual design methods
become impractical. To address this challenge and achieve opti-
mized ATR, we employ the Monte Carlo Tree Search (MCTS) algo-
rithm. The detailed optimization process, illustrated in Fig. 1,
comprises several key steps: selection, expansion, binary encoding,
model construction, simulation, and evaluation. To facilitate the
optimization, the two constituent materials are digitized.
Specifically, the magneto-optical material InAs is represented by
the number 0, while the dielectric material is denoted by the
number 1. The algorithm expands from the root node to leaf
nodes, generating corresponding binary sequences, such as
010101000001100100100000. Each sequence encodes a unique
multilayer structure, and its spectral properties are simulated using
the transfer matrix method (TMM).”” Here, in a reflectance-based
nonreciprocal system, the spectral emissivity at a given zenith
angle and azimuth (e(4, 6, ¢)) is equal to the spectral absorptivity
at the ?_pposite zenith angle (a(4, —6, ¢)), and the specific expres-
sion is™’

€A 0,0) =a, —0,9) =1—RA, —6,¢) — T, —6, ¢). (5)

In Eq. (5), R4, —6, ¢) and T(A, —6, ¢) represent spectral
reflectance and transmittance at zenith angle —6 and azimuth
angle ¢, respectively. In addition, since the bottom of this structure
is a perfect reflector, so T(A, —6, ¢) = 0. In order to achieve
narrow-angle asymmetric thermal radiation, the optimization
target FOM is

FOM = 1/MSE(Opt, Obj), (6)
where
Opt = abs(e(4, 0, ¢) — €(X, — 6, ¢)). ()

In Egs. (6) and (7), MSE () represents the mean square error,
Opt represents the asymmetric degree of the emission spectrum
corresponding to each structure, and Obj is the target spectrum.
In addition, from Egs. (5) and (7), Opt can be converted to the
absolute value of the difference between the directional spectral
emissivity and the directional spectral absorptivity, i.e., Opt = abs
(e(1,0,9)-a(2,0,¢)). In other words, in a nonreciprocal magneto-
optical system, the difference between emissivity at opposite
zenith angles can be equivalent to the difference between absorp-
tivity and emissivity at the same zenith angle.”® Here, we consider
the ATR within a narrow azimuth at a given wavelength and a
zenith angle, and preliminarily set A =16um and 6=30°. The
unit layer thickness of InAs (hyo) is about 1.7 um, and the unit
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FIG. 1. The roadmap for narrow-angle asymmetric thermal radiation based on a Monte Carlo tree algorithm.

layer thickness of the dielectric material (hg;) is about 2.8 um.
The target spectrum is

Obj = {é

Through the optimization of FOM, we can achieve the design
of an asymmetric thermal emitter with a small azimuth range,
where a higher FOM value corresponds to enhanced asymmetry
performance. This approach enables efficient exploration of the
design space and identification of optimal configurations for
achieving the desired thermal emission characteristics.

0<¢<I0,

10 < ¢ < 90. ®)

lll. RESULTS AND DISCUSSIONS

Figure 2(a) presents the iterative optimization curve of FOM,
where the horizontal axis represents the number of iterations and
the vertical axis denotes the FOM value. It can be seen that FOM
reaches its maximum (51.3) when the number of iterations is
13 721. Figure 2(b) shows the density distribution of FOM, with
warmer colors indicating higher concentration. The FOM values
are predominantly clustered around 10, with only a few instances
exceeding 30. Since a higher FOM corresponds to better asymme-
try, this distribution suggests that achieving strong ATR with a
small azimuth range is challenging for most structures. The

multilayer structure corresponding to the maximum FOM is
depicted in Fig. 2(c), with its binary sequence represented as
001010001010101011001101. Figure 2(d) compares the optimal
optimization results with the target spectrum, where the ordinate n
represents the degree of asymmetry and the abscissa denotes the
azimuth angle. A high degree of asymmetry is maintained for
azimuth angles below 10°, gradually decreasing as the azimuth
angle increases. To further visualize the emissivity distribution,
Fig. 2(e) plots the emissivity as a function of the azimuth angle.
The emissivity exhibits an asymmetric distribution centered at
@ =90°, with strong emission confined to a narrow azimuthal range
of 165°-195° and significantly lower emissivity outside this range.
This demonstrates the successful realization of ATR within a
narrow angular range. To highlight the advantages of this work, a
comparative analysis with the previous study” is provided in
Figs. 2(f) and 2(g). Figure 2(f) shows the asymmetry degree of the
other work as a function of azimuth angle, revealing that while
high asymmetry is maintained over a wide angular range, achieving
narrow-angle asymmetric thermal radiation remains challenging.
Figure 2(g) further compares the emissivity distribution of tradi-
tional periodic magneto-optical crystal structures under an applied
magnetic field. Although these structures exhibit asymmetric
thermal radiation, their asymmetry persists over a broad azimuthal
range, underscoring the superior performance of the design pro-
posed in this work.
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FIG. 2. (a) Tracing of the FOM iteration, (b) the density distribution of FOM values, (c) the multilayer model corresponding to the optimal result, (d) comparison of the
optimal result with the target spectra, () the emissivity spectrum corresponding to the optimal result, (f) comparison of another work™ with the target spectra, and (g) the
emissivity spectrum corresponding to another work.” Reproduced with permission from Chen et al., Sci. China Technol. Sci. 67(8) (2024). Copyright 2024 Springer

Nature.

To further elucidate the physical mechanism underlying
narrow-angle ATR, we analyzed the magnetic field distributions at
different azimuthal angles (¢=0° and ¢=60°) under opposite
zenith angles (6 =30° and 6 = —30°), as illustrated in Fig. 3. First, as
depicted in Fig. 3(a), when 6=30° and ¢=0° the magnetic field
distribution in the bottom region of the multilayer structure—spe-
cifically, the side in contact with the perfect reflector—exhibits a
pronounced standing wave mode. This indicates the occurrence of
cavity mode resonance, which facilitates strong absorption.
According to Eq. (5), since o (16, 30, 0) =€ (16, —30, 0) =€ (16,
30, 180), strong thermal emission is observed at ¢ = 180°, as shown
in Fig. 2(e). On the contrary, when 6 =—30° and ¢ = 0°, the inten-
sity of the magnetic field distribution inside the multi-layer struc-
ture is weaker, which means that the absorption is low, so the
emissivity is weak at ¢ =0°. Therefore, the different magnetic field
distributions at opposite angles enable the structure to
achieve ATR. Additionally, as shown in Figs. 3(c) and 3(d), when

¢=060° the magnetic field distributions at opposite zenith angles
are nearly identical, indicating the absence of asymmetry. Thus, by
calculating the magnetic field distributions at different azimuthal
angles, we can effectively explain the origin of narrow-angle asym-
metric thermal radiation.

As shown in Fig. 4, further investigation is conducted on the
effect of an external magnetic field on ATR. First, the impact of an
external magnetic field on the aforementioned optimized best
structural sequence (001010001010101011001101) is explored, as
illustrated in Fig. 4(a). When B =2 T, the asymmetry is significantly
reduced, and strong asymmetry could no longer be maintained
within the desired range of azimuthal angles. This is primarily due
to the fact that when the external magnetic field changes, the
dielectric tensor of the magneto-optical material also changes
accordingly. Consequently, the asymmetric thermal emitter opti-
mized for a 3 T magnetic field is no longer applicable under a 2T
magnetic field. Additionally, when B=0T, i.e., in the absence of an
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FIG. 3. The magnetic field distribution along the z direction at the wavelength of 16 um with B=3T: (a) 6=30° and ¢= 0°, (b)

¢©=60°, and (d) 6=—30° and ¢=60°.

external magnetic field, no asymmetry existed. This indicates that
the asymmetric thermal emitter proposed in this work can only
realize ATR under the presence of an external magnetic field, and
the structural optimization is performed to further enhance the
asymmetry under the influence of the magnetic field. Furthermore,
to investigate asymmetry under smaller magnetic fields, when
B=2T, the multi-layer structure is optimized based on the design
framework shown in Fig. 1. As shown in Figs. 4(b) and 4(c), when
the structural sequence is 001000101010101111110000, strong
asymmetric angle thermal radiation could still be achieved within a
small range of azimuthal angles.

Figure 5 shows the effect of the number of layers of a multi-
layer structure on the narrow-angle ATR. When N =12, the
optimal result is shown in Figs. 5(a) and 5(b), where the maximum
FOM is 11.2 and the corresponding structural sequence is
101010101110. The asymmetry is obviously weak (17<0.2) and
cannot be concentrated in a narrow azimuth range. As the number
of layers increases to 16 and further to 20, as depicted in

(a) (b)

ARTICLE pubs.aip.org/aip/jap
(c)
=30°. ©=60° H(A/m)
20 6=30°, 9=60 25000
E10
x
o0 10 20 30 40 50 60 70 .
z (um)
(d)
=-30° ©=60° H(A/m)
20 6=-30°, 9=60 25000
T
=
x
0

10 20 30 40 50 60 70
z (pm)

=-30° and ¢=0°, (c) 6=30° and

Figs. 5(c)-5(f), the asymmetry progressively enhances and becomes
more concentrated. This improvement is primarily attributed to the
increased number of layers, which facilitates the formation of cavity
mode resonances within the structure, thereby amplifying the
asymmetry under opposite zenith angles.”” Therefore, to achieve
stronger ATR, we ultimately considered a magneto-optical film
with 24 layers, which explains why we selected 24 layers for optimi-
zation in the previous discussion.

In addition, the influence of zenith angles on narrow-angle
ATR is discussed based on the framework of a Monte Carlo tree
algorithm. Here, narrow-angle asymmetric thermal emitters with
zenith angles of 20°, 40°, and 60° are optimized, as shown in Fig. 6.
When 6 = 20°, the maximum value of FOM is 17.01, and the cor-
responding structural sequence is 011111011101110000111010.
Compared with Fig. 2(d), the asymmetry is significantly reduced,
the maximum asymmetry is about 0.5, and the concentration of
asymmetry is significantly weakened. This is mainly because the
decrease of the zenith angle weakens the influence of the

0=30° 6=30°, B=2T
N T ——— 10f 9 — ot
0.8 ——B=0T 0.8 —— Obj
FOM=43.3
0.6+ 001010001010 0.6
s 101011001101 | = 001000101010
0.4+ 0.4 101111110000
0.2+ 0.2
0.0} "~ | oo}, DO —
0 20 40 60 80 0 20 40 60 80
® () ® ()

FIG. 4. The influence of the applied magnetic field on ATR. (a) The asymmetry of a multilayer structure corresponding to the sequence (001010001010101011001101)
under different magnetic fields with 6 =30°, (b) comparison of the optimized result with the target spectra with B=2 T and 6=30°, and (c) the emissivity spectrum of the

multilayer structure corresponding to the sequence (001000101010101111110000).
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responding to the optimal result when N =12, (c) comparison of the optimal result with the target spectra when N =16, (d) the emissivity spectrum corresponding to the
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asymmetric dielectric tensor of the magneto-optical material, thus
reducing the degree of deviation between the emissivity spectra at
opposite angles. In addition, as the zenith angle continues to
increase to 40° as shown in Figs. 6(c) and 6(d), the narrow-angle
asymmetric thermal radiation presents a certain increase (7=0.92).
This is mainly because the influence of the asymmetric dielectric
tensor on the asymmetry gradually increases with the increase of the
zenith angle. However, as the zenith angle increases to 60°, as shown
in Figs. 6(e) and 6(f), the asymmetry gradually weakens. This is
mainly because the reflection of the multi-layer structure will be signif-
icantly enhanced, resulting in certain weakening of the absorption of
the structure. As shown in Fig. 6(f), it can be clearly seen that the
peak emissivity decreases, resulting in weaker asymmetry.

IV. CONCLUSION

In conclusion, leveraging the Monte Carlo tree algorithm, we
have optimized a multi-layer structure to achieve the efficient
design of a narrow-angle (¢: 165°-195°) asymmetric thermal
emitter under an applied magnetic field. Through comprehensive
analysis of the magnetic field distribution at various azimuthal
angles, we have identified that the underlying mechanism is pre-
dominantly driven by the magneto-optical effect and the excitation
of cavity mode resonance, which significantly enhances the
narrow-angle asymmetry of thermal radiation. Furthermore, by sys-
tematically varying the number of layers from 12 to 24, we
observed that reducing the number of layers adversely affects the
narrow-angle asymmetry. Additionally, the proposed algorithm
framework demonstrates robust performance in designing
narrow-angle asymmetric thermal emitter across different zenith
angles, highlighting the flexibility and adaptability of this approach.
This work not only provides an effective design route for the devel-
opment of ATR but also holds promise for more efficient energy
utilization in applications, such as directional radiation cooling and
thermal focusing.
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