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ABSTRACT

Development of nanophotonics has made it possible to control the wavelength and direction of thermal radiation emission, but it is still
limited by Kirchhoff’s law. Magneto-optical materials or Weyl semimetals have been used in recent studies to break the time-reversal sym-
metry, resulting in a violation of Kirchhoff’s law. Currently, most of the work relies on the traditional optical design basis and can only
realize the nonreciprocal thermal radiation at a specific angle or wavelength. In this work, on the basis of material informatics, a design
framework of a multilayer nonreciprocal thermal absorber with high absorptivity and low emissivity at any arbitrary wavelength and angle
is proposed. Through a comprehensive investigation of the underlying mechanism, it has been discovered that the nonreciprocal thermal
radiation effect is primarily attributed to excitation of the cavity mode at the interface between the metal and the multilayer structure.
Moreover, the impact of factors, such as layer count, incidence angle, extinction coefficient, and applied magnetic field on nonreciprocal
thermal radiation, is thoroughly explored, offering valuable insights to instruct the design process. Additionally, by expanding the optimiza-
tion objective, it becomes feasible to design fixed dual-band or even multi-band nonreciprocal thermal absorbers. Consequently, this study
offers essential guidelines for advancing the control of nonreciprocal thermal radiation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0177207

I. INTRODUCTION

With the advancement of photonic crystal technology, the
potential to create emitters and absorbers with desired spectra and
incident angles has become a reality.1–3 Currently, most emitter/
absorber designs adhere to Kirchhoff’s law, which states that direc-
tional spectral emissivity equals directional spectral absorptivity for
a specific polarization, wavelength, and incident angle.4,5

Consequently, when energy is absorbed by an object, a portion of it
is inevitably returned to the emission source, resulting in inherent
energy loss. However, Fan’s pioneering research in 2014 showcased
the possibility of breaking Kirchhoff’s law, offering an exciting
opportunity to enhance energy efficiency.6

Kirchhoff’s law is a consequence of the Lorentz reciprocity
theorem, which requires non-magnetic, stationary, and linear mate-
rials.7,8 Any violation of these conditions may upset this detail
balance to achieve nonreciprocal thermal radiation. At present, in

the mid-infrared band range, the most common method to achieve
nonreciprocity is by incorporating materials that break time-
reversal symmetry into the design of the emitter/absorber, such as
magneto-optical materials6,9–12 or magnetic Weyl semimetals.13–16

Among them, magneto-optical materials usually need a grating
guide mode structure or a multilayer structure to strengthen the
nonreciprocal effect because of weak nonreciprocity, which has
been verified by corresponding experiments.17–19 Compared with
the former, Weyl semimetal is an emerging magnetic material,
although it shows excellent performance on nonreciprocal thermal
radiation, but due to the immature preparation technology, it only
stays in the design stage. In addition, considering the complex pro-
cessing and preparation requirements of grating structures, it is
challenging to implement them on a large scale. As a result, multi-
layer film structures with a simpler preparation process have gar-
nered significant attention. However, the design of multilayer
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nonreciprocal thermal emitters/absorbers involves several factors,
including the number of layers, material used, thickness, incident
angle, and so on, which increases the complexity of the design
process. For instance, for an N-layer structure composed of two
materials, there are 2N possibilities to consider when accounting for
only the number of layers, resulting in a significant challenge in
manual optimization. As a result, most designs of nonreciprocal
multilayer thermal emitters focus on ordered structures, such as pho-
tonic crystals11,20–22 or structures with specific sequences,23,24 which
are far from reaching the design limit. Happily, with the develop-
ment of machine learning, material informatics has been proven to
have the ability to rapidly optimize structures and have been widely
used in drug design,25 interface thermal conductivity optimization,26

thermal photovoltaic system design,27 and so on. Therefore, explor-
ing a more optimal design method for a multilayer nonreciprocal
thermal emitter/absorber is the key to solving this problem.

In this work, we propose a design framework for a nonrecip-
rocal thermal absorber with high absorptivity and low emissivity at
a given wavelength and angle on the basis of material informatics.
On this basis, the impact of factors, such as the number of layers,
incidence angle, material parameters, and applied magnetic field,
on nonreciprocal thermal radiation is explored. This comprehensive
exploration offers valuable insights and provides a methodological
foundation for the development of highly efficient and tailored
nonreciprocal thermal absorbers.

II. METHODS

The nonreciprocal thermal absorber is composed of a multi-
layer structure with a metal aluminum layer at the bottom, in
which the multilayer structure is composed of a magneto-optical
material InAs and a dielectric material SiO2. The layer number N
of the multilayer structure is preliminarily set at 16. In addition, the
refractive index of SiO2 (n1) is 1.45,

11,28 and the dielectric constant
of metal Al is calculated from the Drude model.29 Breaking of the
time-reversal symmetry requires an applied magnetic field along
the y axis, which is taken as 3 T here. In this configuration, the
magneto-optical material InAs has an asymmetric dielectric tensor,
which is specifically expressed as6,29

ε ¼
εxx 0 εxz
0 εyy 0
εzx 0 εzz

2
4

3
5, (1)

where

εxx ¼ εzz ¼ ε1 � w2
p(wþ iΓ)

w[(wþ iΓ)2 � w2
c ]
, (2)

εyy ¼ ε1 � w2
p

w(wþ iΓ)
, (3)

εxz ¼ �εzx ¼ i
w2
pwc

w[(wþ iΓ)2 � w2
c ]
: (4)

The parameters and definitions in the above formula can be
found in Ref. 6. Here, the incident light is in the x–z plane with an

incident angle of θ, and only TM waves are considered. It is
assumed that there is no transmission process present due to the
presence of the bottom metal layer. Therefore, the calculation for-
mulas for directional spectral emissivity ϵ(λ, θ) and absorptivity
α(λ, θ) under the influence of a magnetic field are given by Eqs. (5)
and (6), respectively,6,29

ϵ(λ, θ) ¼ 1� R(λ, � θ), (5)

α(λ, θ) ¼ 1� R(λ, θ): (6)

Here, R (λ, −θ) and R (λ, θ) represent the directional reflec-
tion spectra at −θ and θ angles, respectively. Based on this, the
transfer matrix method (TMM) is employed to calculate the corre-
sponding directional absorption and emission spectra.23

Considering a more optimized structural design, the Monte
Carlo Tree Search algorithm is used to carry out structure design
under the framework of material informatics, as shown in Fig. 1.
The entire optimization design consists of five distinct stages:
binary encoding, physical model construction, spectral calculation
by TMM, objective evaluation, and feedback. Initially, the chosen
material is assigned values of 0 and 1 to represent magneto-optical
and dielectric materials, respectively. Leaf nodes are generated from
the root node, and the selection of each node is evaluated by the
parameter Upper Confidence Bound (UCB).30 The higher the UCB
value, the more likely it is to become a next leaf node. Second, the
corresponding physical model is constructed for the generated
sequence. Then, the absorptivity and emissivity spectra are calcu-
lated using TMM, and the optimization target is evaluated and fed
back. Here, the optimization target opt(locopt , θ, δ) is specifically
expressed as

opt(locopt , θ, δ) ¼ H(δ�jlocopt � loc peakj) * jabs(loc peak)
� emi(loc peak)j, (7)

where locopt is the target peak wavelength, loc peak represents the cal-
culated peak wavelength in the absorption spectrum of the corre-
sponding absorber, abs(loc peak) is the absorptivity at the calculated
peak wavelength, emi(loc peak) is the corresponding emissivity at the
calculated peak wavelength, θ is the incident angle, and δ is the
permissible fluctuation range of the calculated peak wavelength.
The expression consists of two components. The former H (…) is
the Heaviside function that is used to select the peak wavelength.
The latter is to control the degree of nonreciprocity, that is, the dif-
ference between the absorptivity and emissivity at the peak wave-
length. The higher the product of these two components, the more
optimized the structural design becomes.

III. RESULTS AND DISCUSSIONS

As shown in Fig. 1, the target peak wavelength (locopt) is set to
15 μm, and the corresponding material thicknesses of InAs and

SiO2 are set to d0 ¼ locopt

4*
ffiffiffiffiffiffiffi
jεxx j

p and d1 ¼ locopt
4*jn1j , respectively. It should

be noted that the thickness here represents the unit layer thickness.
In addition, if there is no special indication, the number of layers
N is 16 and the incidence angle is 50°. For the sequence
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0101101010100100, the corresponding physical model is generated
and the absorptivity and emissivity spectra are calculated by TMM.
It can be seen that the absorptivity and emissivity spectra are obvi-
ously nonoverlapping, representing a violation of Kirchhoff’s law.
Here, for a 16-layer multilayer structure composed of two materials,
the total possible results are 216, which is difficult for manual opti-
mization. The method of machine learning can reduce the labor
burden while evaluating the results after each calculation so that

the next iteration calculation can develop in a better direction. As
shown in Fig. 2(a), the horizontal coordinate represents the per-
centage of the current cycles in the total cycles, while the vertical
coordinate represents the optimization target value. Here, the total
number of cycles is 9026. It can be seen that with only 4.099% iter-
ative calculations, the target value opt can reach 0.907, which
means that the difference between absorptivity and emissivity can
reach 0.907 at the target peak wavelength of 15 μm (fluctuation

FIG. 2. (a) Tracing of opt vs iteration. (b) The magnetic field distribution |Hy| along the z direction at a wavelength of 15.04 μm at θ = 50° and θ =−50° with B = 3 T.

FIG. 1. The design framework of the nonreciprocal thermal absorber at fixed wavelength and angle based on machine learning.
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range δ is 0.1 μm). This result demonstrates the high efficiency of
the design method proposed in this study. Furthermore, the target
value opt can reach 0.95 with 45.757% iterative calculations. At this
point, the corresponding sequence is 0101101010110101, and the
absorptivity and emissivity spectra are shown in the attached
figure. It is notable that the absorptivity is close to 1 at a wave-
length of 15.04 μm, whereas the emissivity is only 0.048, indicating
a strong nonreciprocity.

To better elucidate the underlying physical mechanism, mag-
netic field distribution at the wavelength of 15.04 μm is calculated,
as shown in Fig. 2(b). When the incidence angle is 50°, the mag-
netic field amplitude has a large enhancement at the junction of
the metal and the multilayer structure and gradually decreases
along the distance from the metal. This phenomenon can primarily
be attributed to the excitation of the cavity mode at the bottom
interface between the magneto-optical material and the metal.31

The intensified magnetic field amplitude bolsters the absorption of
photons by the structure, thereby imparting strong absorption
characteristics to the entire system. Conversely, under an incident
angle of −50°, the overall magnetic field amplitude appears small
and relatively stable, indicating weak absorption of photons.

Next, to further validate the applicability of this design across
different target peak wavelengths, the opt values have been statisti-
cally analyzed for various target wavelengths, as shown in Fig. 3(a).

It can be obviously seen that when the target peak wavelength is
11 μm, the value of opt decreases significantly on the whole, and
the maximum value is less than 0.6, which means that the degree
of nonreciprocity is relatively weak at this wavelength. This is
mainly because the degree of nonreciprocity is closely related to the
value of jεxz/εxxj. When other parameters remain unchanged, the
smaller the wavelength, the smaller the value of jεxz/εxxj, resulting
in a weaker nonreciprocal effect. Additionally, the spectra corre-
sponding to the optimal results at the target wavelengths of 11, 13,
and 15 μm have been calculated, respectively, as shown in Fig. 3(b).
It can be clearly seen that the optimized structure has a sharp peak
at the corresponding target peak wavelength, but the degree of sep-
aration between the absorptivity and emissivity spectra is different.
The larger the target wavelength, the greater the degree of nonreci-
procity, which also corresponds to the statistical findings in
Fig. 3(a). Here, the impact of layer N on nonreciprocity is also dis-
cussed, and the results are shown in Figs. 3(c)–3(f ). On the one
hand, as the number of layers decreases, the majority of opt values
tend to concentrate in the lower region, indicating a decrease in the
level of nonreciprocity. Especially, when the number of layers
decreases to eight layers, the maximum opt value does not exceed
0.3. This can be attributed to the limited number of layers, which
hinders efficient excitation of the cavity mode. On the other hand,
it can be seen that when the number of layers is 12, the optimal

FIG. 3. Scatter distribution of target values (opt) at different target peak wavelengths with θ = 50°: (a) N = 16, (c) N = 12, and (e) N = 8. The absorptivity and emissivity
spectra corresponding to the optimal opt value when the target peak wavelengths are 11, 13, and 15 μm: (b) N = 16, (d) N = 12, and (f ) N = 8.
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result can also achieve a strong nonreciprocity phenomenon, as
shown in Fig. 3(d), which also means that there is no need to
pursue more layers for better results. Therefore, by discussing the
influence of the number of layers on nonreciprocity, it is better to
guide the production practice.

Here, the effect of incident angle on the multilayer nonrecip-
rocal thermal absorber is also explored based on the algorithm
framework, and the opt values at 10°, 30°, 50°, 60°, and 70° are cal-
culated, respectively. The values of optimal opt at various angles are
shown in Fig. 4(a), and it is obvious that the optimal opt values
first increase and then decrease as the incidence angle increases.
When the incidence angle is reduced to 10°, the opt value is only
0.56, and the nonreciprocity is significantly reduced. This is mainly
because the decreasing incidence angle weakens the effect of the
asymmetric dielectric values (εxz and εzx), thus reducing the degree
of deviation between the absorptivity and emissivity spectra, as
shown in Fig. 4(b). As the incidence angle gradually increases to
70°, the nonreciprocity effect also shows a certain weakening. This
is mainly because with the increase in the incidence angle, the
reflection of the structure is significantly enhanced, which leads to
the weakening of the absorption of the structure, as shown in
Fig. 4(f ). It can be obviously seen that the spectral peak value at an
incident angle of 70° decreases as a whole, and, therefore, the

corresponding nonreciprocal effect is also weakened, compared
with the spectra at the incident angles of 50° and 60°.

In practice, the refractive index of a dielectric material may
contain an extinction coefficient (k). Through the investigation of
the previous literature, it is found that the effect of an extinction
coefficient on a multilayer nonreciprocal thermal absorber is rarely
discussed. Here, based on the algorithm framework proposed in
this work, the influence of different extinction coefficients on non-
reciprocity is discussed. Initially, when the refractive index of the
dielectric material n1 = 1.45 + 0.01i and other parameters remain
unchanged, the optimal opt value is 0.728, as shown in Fig. 5(a).
The sequence corresponding to the optimal result is
0100000000101010, and its absorptivity and emissivity spectra are
calculated, as shown in Fig. 5(b). It can be clearly seen that the
nonreciprocity remains relatively strong. Then, consider further
increasing the extinction coefficient to 0.05i or even 0.1i, as shown
in Figs. 5(c)–5(f ). It can be seen that a further increase in the
extinction coefficient leads to a significant reduction in the degree
of nonreciprocity. Especially, when the k value is 0.1i, the nonreci-
procity of the optimized structure is only 0.08. Therefore, when
constructing a nonreciprocal multilayer thermal emitter, dielectric
materials should be selected with an extinction coefficient as small
as possible.

FIG. 4. (a) The optimal opt statistical graph at different incidence angles. The absorptivity and emissivity spectra corresponding to the optimal opt value at different inci-
dence angles: (b) θ = 10°, (c) θ = 30°, (d) θ = 50°, (e) θ = 60°, and (f ) θ = 70°.
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FIG. 5. The opt distribution map under different extinction coefficients: (a) k = 0.01i, (c) k = 0.05i, and (e) k = 0.1i. The absorptivity and emissivity spectra corresponding to
the optimal opt value under different extinction coefficients: (b) k = 0.01i, (d) k = 0.05i, and (f ) k = 0.1i.

FIG. 6. (a) The statistical diagram of the optimal opt under different magnetic fields with locopt = 15 μm and θ = 50°. The absorptivity and emissivity spectra corresponding
to the optimal opt value under different magnetic fields: (b) B = 1 T, (c) B = 2 T, and (d) B = 3 T.
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The effect of the magnetic field on nonreciprocal thermal radi-
ation has been discussed when the target peak wavelength is 15 μm
and the incidence angle is 50°. As shown in Fig. 6(a), the optimal
values under different magnetic fields are statistically analyzed.
Among them, the optimal values under 1, 2, and 3 T are 0.647,
0.867, and 0.95, respectively. It is obvious that as the magnetic field
decreases, the optimal values under different magnetic fields also
decrease. This is because the nonreciprocity is mainly determined
by the ratio of the asymmetric term εxz to the diagonal term εxx of
the magneto-optical material’s dielectric tensor. As the magnetic
field decreases, this ratio also decreases, making the degree of non-
reciprocity weaker. Figures 6(b)–6(d) are the spectral diagrams cor-
responding to the optimal results under 1, 2, and 3 T, respectively.
It can also be seen that with the decrease in the magnetic field, the
separation degree of the absorptivity and emissivity spectra is weak-
ened, which means that the nonreciprocity is weakened.

Finally, to further supplement the algorithm framework, the
multi-band optimization design is considered. Here, the target wave-
lengths locopt1 = 16 μm and locopt2 = 14 μm are taken as examples.
The corresponding optimization targets are named opt1_16 and
opt2_14, respectively, and the final optimization target opt is the sum

of the two. In addition, the value of locopt is determined as 0.5(locopt1-
+ locopt2). When other conditions remain unchanged, the opt value
is iteratively calculated and the top nine optimal results are selected
to generate the corresponding bar chart, as shown in Fig. 7(a). At
this point, the optimal opt value is 1.183, and the corresponding
opt2_14 and opt1_16 values are 0.647 and 0.537, respectively. The
sequence corresponding to the optimal result is 0100001101010100,
and the associated absorptivity and emissivity spectra are illustrated
in Fig. 7(b). Notably, it is evident that a certain nonreciprocity phe-
nomenon is observed at the corresponding wavelengths of 14 and
16 μm, thereby highlighting the effectiveness of this design. In addi-
tion, considering increasing the number of layers N to 20 can
enhance the nonreciprocal effect, and the optimization results are
shown in Fig. 7(c). It is apparent that the opt value is larger com-
pared to the case with 16 layers. This can be attributed to the fact
that more layers facilitate the excitation of cavity mode resonance.
The optimal opt value is 1.684, while the corresponding values for
opt2_14 and opt1_16 are 0.848 and 0.835, respectively. The correspond-
ing sequence is 01110000010101011010. The absorptivity and emis-
sivity spectra presented in Fig. 7(d) exhibit a stronger nonreciprocal
effect at the optimized target wavelength.

FIG. 7. The optimization results of different layer numbers under dual objective wavelength: (a) N = 16 and (c) N = 20. The absorptivity and emissivity spectra correspond-
ing to the optimal opt value under different layers: (b) N = 16 and (d) N = 20.
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IV. CONCLUSION

In this work, a design framework of a multilayer nonreciprocal
thermal absorber at an arbitrary angle and wavelength is proposed
based on the Monte Carlo Tree Search algorithm, which greatly
enhances the design process efficiency. By calculating the magnetic
field distribution, it is found that the nonreciprocity is primarily
attributed to the excitation of the cavity mode at the interface
between the metal and the multilayer structure. Furthermore, the
impacts of layer number, incident angle, extinction coefficient, and
applied magnetic field on nonreciprocal thermal radiation are dis-
cussed. Moreover, by further supplementing the target value, the
design of dual-band nonreciprocal thermal radiation can also be
well realized. The realization of this work provides a guiding basis
for the design of multilayer nonreciprocal thermal absorbers/
emitters.
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