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a b s t r a c t 

Violating Kirchhoff’s radiation law through magneto-optical materials or spatiotemporal (Floquet) meta- 

materials can open a new door for engineering thermal radiation by breaking the widely-accepted equal 

constraint of spectral absorptivity ( α) and emissivity ( ε). Most existing work only reports the unequal α
and ε spectra in one or two bands and within limited angles. This significantly limits the practical appli- 

cations like the nonreciprocal thermophotovoltaics. In this work, we present a general machine-learning- 

kernel-based algorithm framework, based on which we achieve four-band nonreciprocal thermal radiation 

via the magneto-optical (MO) materials. The realization of multi-band nonreciprocity is mainly attributed 

to the coupling effect of magneto-optical effect and the excitation of cavity modes with different or- 

ders, which can be confirmed by investigating the magnetic field distribution. In addition, it is found that 

dual-band/multi-band strong nonreciprocal thermal radiation can be realized in a wide range of incident 

angles (15 °-85 °). The number of bands and range of angle can be further enhanced by modulating the 

number of layers, structures, materials, and applied magnetic field. The present work offers a general 

design roadmap for nonreciprocal thermal radiation, and can be extended for designing metamaterials 

beyond thermal metamaterials. 

© 2023 Elsevier Ltd. All rights reserved. 
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. Introduction 

According to Kirchhoff’s radiation law, for a given direction and 

requency, the directional spectral emissivity ( ε) should be equal to 

he directional spectral absorptivity ( α), i.e. ε( λ, θ ) = α( λ, θ ), which

s valid for reciprocal thermal emitters [1–3] . Nevertheless, Kirch- 

off’s law is only a result of Lorentz reciprocity theorem rather 

han a requirement of thermodynamic law [4] , which means that 

f the emitter contains nonreciprocal materials, Kirchhoff’s law can 

e broken, i.e. ε( λ, θ ) � = α( λ, θ ). Therefore, the implementation of the

onreciprocal thermal emitter can provide the possibility for the 

eparate control of emission and absorption, which can break the 

nherent energy loss mechanism in the photon recovery process to 

chieve higher energy recovery efficiency [ 5 , 6 ]. 

Since Zhu and Fan’s pioneering work in 2014 [7] , more and 

ore nonreciprocal emitter structures have been proposed to vio- 

ate Kirchhoff’s radiation law by using the nonreciprocal materials, 

ncluding magneto-optical materials [8–10] and Weyl semimetals 

11–14] . For example, the nonreciprocal thermal emitter composed 

f a uniform metal layer and the n -InAs grating structure was pro- 

osed and almost achieved complete violation of Kirchhoff’s law 

t wavelength of 16 μm with B = 3T at a large incident angle of
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0 ° [7] . Wu et al. designed a one-dimensional (1D) magnetopho- 

onic crystal structure and achieved the strong nonreciprocal ther- 

al radiation at a incident angle of 30 ° [15] . In addition, recently, 

t has been found that the topological magnetic Weyl semimet- 

ls can realize the violation of Kirchhoff’s law without the exter- 

al magnetic field, mainly due to the anomalous Hall effect and 

he enhanced Berry curvature at Weyl nodes [ 13 , 16-18 ]. For in-

tance, Chen et al. demonstrated that nonreciprocal surface plas- 

ons can achieve obvious nonreciprocal thermal radiation with- 

ut the external magnetic field by modeling and simulating the 

ype-I Weyl semimetals [13] . Yu et al. showed that the excitation 

f the Tamm plasmon polaritons could also achieve the violation 

f Kirchhoff’s law by constructing 1D photonic crystal structures 

ontaining Weyl semimetals [12] . Most existing researches mainly 

ocus on the design of single-band nonreciprocal thermal emitters, 

hile the practical devices may need multi-band and broadband 

onreciprocal emission and absorption, such as filters, detectors, 

id-infrared stealth and thermophotovoltaics devices [ 19 , 20 ]. Zhu 

t al. [21] proposed a gradient epsilon-near-zero magneto-optical 

etamaterial and achieved broadband nonreciprocal thermal emis- 

ion. More recently, Qing et.al [22] proposed a nonreciprocal ther- 

al emitter consisting of a topological photonic crystal embedded 

y a magnetic Weyl semimetal, which can realize the tri-channel 

onreciprocal radiation. However, multi-band nonreciprocal ther- 

al emitters composed of magneto-optical materials have been 

https://doi.org/10.1016/j.ijheatmasstransfer.2023.124149
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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carcely reported and there is still a lack of guidance for the de- 

ign of multi-band nonreciprocal structures. 

Currently, the structure design of nonreciprocal thermal emit- 

ers is mainly realized by grating guide mode structure [ 7 , 9 ] and

D photonic crystal structure [ 23 , 24 ]. However, the fabrication of 

rating structure requires lithography technology, which is more 

omplicated than that of 1D structure. In addition, the designs of 

D photonic crystals for nonreciprocal thermal radiation are usu- 

lly periodic [15] or symmetrical structures [23] . The main reason 

s that the realization of nonreciprocal thermal radiation involves 

ot only the design of the structure itself, but also the influence 

f other factors such as the external magnetic field, incident angle 

nd so on, which makes the design more difficult. In addition, the 

esign of aperiodic structures usually uses some special sequences, 

uch as the Thue-morse sequence [24] . There are few researches 

n aperiodic structures with no regularity at all. That is to say, the 

tructural design of nonreciprocal thermal radiation based on 1D 

ultilayer structures still has a lot of optimization space. 

In this work, we present a general machine-learning-kernel- 

ased algorithm framework, based on which we can achieve 

ingle-band, dual-band and multi-band nonreciprocal thermal ra- 

iation via the coupling of the magneto-optical effect and the ex- 

itation of cavity modes. Based on this method, we propose a 32- 

ayer aperiodic multilayer structure composed of InAs and SiO 2 , 

hich can achieve the strong violation of Kirchhoff’s radiation law 

n four bands. In addition, by studying the influence of incident 

ngle on the nonreciprocal thermal radiation, it is found that in 

 wide range of angles (15 °-85 °), the phenomenon of dual-band 

nd multi-band nonreciprocal thermal radiation is common, which 

rovides more options for the verification of nonreciprocal thermal 

adiation experiment. 

. Calculation methods 

Here, we consider a 32-layer film structure composed of 

agneto-optical material InAs and the material SiO 2 to achieve the 

esign of a multi-band nonreciprocal thermal emitter. As shown in 

ig. 2 (b), there is an external magnetic field B along the y direc-

ion. At this time, the relative dielectric tensor of the material InAs 

s [24] 

 = 

[ 

ε xx 0 ε xz 

0 ε yy 0 

ε zx 0 ε zz 

] 

, (1) 

here 

 xx = ε zz = ε ∞ 

− ω 

2 
p ( ω + i �) 

ω 

[
( ω + i �) 

2 − ω 

2 
c 

] , (2) 

 xz = −ε zx = i 
ω 

2 
p ω c 

ω 

[
( ω + i �) 

2 − ω 

2 
c 

] , (3) 

 yy = ε ∞ 

− ω 

2 
p 

ω ( ω + i �) 
, (4) 

In Eqs. (2) - (4) , the specific definitions and parameter values are 

rom Ref. [25] . In addition, to simplify the model, the refractive in- 

ex of SiO 2 is 1.45 [ 23 , 24 ] and the metal Al is chosen as the bottom

ayer due to its high reflectivity. The permittivity of the Al is cal- 

ulated according to the Drude model which is equal to the form 

f Eq. (4) and the parameters are found in Ref. [25] . 

Consider TM polarization plane wave in the x-z plane with an 

ngle of incidence θ and only TM polarization is considered. The 

pectral directional absorptivity and emissivity can be obtained by 

alculating reflectivity and transmissivity and the specific formulas 

re [7] 
2

( θ, λ) = 1 − R ( θ, λ) − T ( θ, λ) , (5) 

( θ, λ) = 1 − R ( −θ, λ) − T ( −θ, λ) , (6) 

ere, R ( θ, λ) and R ( −θ, λ) are the spectral reflectivity for the an-

le θ and −θ , respectively. T ( θ, λ) and T ( −θ, λ) are the spec- 

ral transmissivity for the angle θ and −θ , respectively. The cal- 

ulations of the reflectivity and transmissivity are achieved by the 

ransfer matrix method (TMM) and the specific calculation details 

efer to Ref. [ 24 , 26 ]. 

However, for such binary sequences, there will be 2 32 kinds of 

ossible structures. In the face of such a large number of candi- 

ates, the traditional optimization methods appear to be inade- 

uate. Here, we adopt the method of the Monte Carlo Tree Search 

MCTS) algorithm combined with Bayesian optimization algorithm 

n the framework of python library MDTS (Material Design using 

ree Search) to better achieve this goal [27–30] and the specific 

ptimization process is shown in Fig. 1 , including selection, expan- 

ion, simulation and back propagation. To meet the requirement of 

CTS, we first digitize the two materials, i.e. digit 0 for InAs and 

igit 1 for SiO 2 . Any sequence of the digits of 0 and 1 from the

oot node to the leaf node can correspond to the physical model 

f a multilayer film constructed by InAs and SiO 2 . Then the corre- 

ponding absorptivity and emissivity spectra can be calculated by 

MM and output the optimization target N which will be feedback 

o the MCTS algorithm for evaluating the performance of the corre- 

ponding sequence. Here, the optimization target N is the number 

f nonreciprocal bands, which meets the condition 

 = 

M ∑ 

i =1 

H ( | αPi − εPi | − δ) , (7) 

ere, H( . . . ) is the Heaviside function; αPi is the absorptivity at the 

-th peak of the absorption spectrum and εPi is the emissivity at 

he corresponding wavelength; M is the number of peaks in the 

bsorption spectrum; δ represents the degree of nonreciprocity 

here δ = 0 . 8 ). Therefore, by judging the difference between ab- 

orptivity and emissivity at the peak of the absorption spectrum, 

he above formula can obtain the number of nonreciprocal bands. 

. Results and discussions 

Here, as shown in Fig. 2 (a), the target value N represents the 

umber of nonreciprocal bands. It can be seen that only 1121 

terations are calculated to find a four-band nonreciprocal emit- 

er structure, which shows the high efficiency of this method in 

he design of multi-band nonreciprocal thermal emitters. The op- 

imization result is a 32-layer structure and the corresponding se- 

uence is 01110 0 0 0 0 0101110010010 0 010101011, where the digit 1 

epresents the SiO 2 layer and the digit 0 represents the InAs layer. 

he corresponding physical model is shown in Fig. 2 (b), with pa- 

ameters B = 5T, d (the unit layer thickness of InAs) = 1.7 μm, 

 1 (the unit layer thickness of SiO 2 ) = 3.1 μm, d 2 (the thickness of

l) = 0.2 μm and θ= 60 °. The calculated absorptivity and emissivity 

pectra for θ= 60 ° with B = 0T and B = 5T are shown in Fig. 2 (c).

hen B = 0T, it can be seen that the absorptivity and emissiv- 

ty spectra perfectly overlap, which means that there is no nonre- 

iprocity. In addition, there are four sharp and narrow peaks and 

he values of the absorptivity (emissivity) can even reach about 1. 

ith B = 5T, both absorption and emission peaks appear blue shift. 

ost importantly, the absorption and emissivity spectra no longer 

verlap, which indicates the violation of Kirchhoff’s radiation law. 

ig. 2 (d) shows the difference between the absorptivity and emis- 

ivity and the difference at the wavelengths of 14.845 μm, 15.215 

m, 16.135 μm and 16.745 μm can reach 0.934, 0.959, 0.888 and 

.903, respectively. This phenomenon exhibits strong nonreciprocal 
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Fig. 1. Schematic diagram of multi-band nonreciprocal thermal radiation based on machine learning. 
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adiation and also demonstrates that our proposed structure has 

he property of multi-channel nonreciprocal thermal radiation. 

In order to reveal the physical mechanism behind the nonre- 

iprocal thermal radiation behavior, the magnetic field (|H y |) dis- 

ribution at the junction of metal Al and InAs is calculated and the 

esult is shown in Fig. 3 (a) and(b), where the red and blue lines

epresent the cases of θ= 60 ° and θ= -60 °, respectively. When 

 = 0T, as shown in Fig. 3 (a), in the wavelength range, there are

our peaks of the magnetic field distribution, exactly corresponding 

o the absorption/emission spectrum with B = 0T. In addition, the 

agnetic field distributions at the opposite angles almost overlap 

ompletely, which means there is no nonreciprocity. With B = 5T, 

t is clear that the magnetic field distributions at the opposite an- 

les no longer coincide, mainly due to the magneto-optical effect. 

lso the peaks of the magnetic field distribution correspond to 

he resonant wavelengths in the absorption and emission spectra. 

ig. 3 (c) shows the magnetic field distribution along the z direc- 

ion of the entire structure at wavelength of 14.845 μm. Besides, 

e also focus on showing the magnetic field around the bottom 

nterface between the metal Al and the InAs film. Obviously, when 

= 60 °, it is clear that the magnetic field amplitude is strongly en-

anced at the bottom interface between the metallic mirror and 

he aperiodic magneto-optical crystal. In addition, the magnetic 

eld amplitude tends to decrease as it moves away from the metal 

l. This phenomenon occurs mainly because aperiodic multilayer 

tructure can constitute classical microcavities and excite typical 

avity modes [31] , which makes the magnetic field realize local 

nhancement. Correspondingly, the enhanced magnetic field will 

ncrease the absorption of the structure, which can realize a high 

bsorption at the wavelength of 14.845 μm. By contrast, with θ= - 

0 °, there is barely enhancement of the magnetic field at the inter- 

ace thus leading to the weak absorption. In order to better show 

he effect of cavity modes, we calculate the magnetic field distri- 

ution of multilayer structure without metal layer, as shown in 

ig. 3 (d). It can be seen that the magnetic field amplitude is rel-
3

tively weak and the magnetic field distributions in the opposite 

irections basically coincide, which means that there is basically 

o nonreciprocal thermal radiation. This phenomenon proves that 

he realization of strong nonreciprocal thermal radiation is the re- 

ult of the excitation of cavity modes at the interface between the 

ottom InAs and the metal Al [22] . 

Fig. 4 shows the angular distribution of the absorptance with 

 = 5T at four wavelengths, which correspond to the wavelengths 

ith strong nonreciprocity. It can be seen that the absorptance 

t each wavelength is asymmetrical, which is mainly due to the 

agneto-optical effect caused by magneto-optical material InAs. In 

ddition, at each wavelength, there are very sharp and strong ab- 

orption peaks only at certain angles, and the absorption at other 

ngles is basically close to zero. In addition, the different inten- 

ity of absorption peaks at each wavelength can also be observed, 

hich is mainly due to the different loss at the opposite angles 

aused by the asymmetric dielectric tensor of the magneto-optical 

aterial InAs. 

The degree of the violation of Kirchhoff’s radiation law depends 

n the intensity of the external magnetic field and the angle of 

ncidence. Fig. 5 shows the difference | α- ε| between absorptiv- 

ty and emissivity as functions of angle of incidence and wave- 

ength under different magnetic fields B . First of all, it can be seen 

rom Fig. 5 (a) that there are mainly four pairs of distinct separa- 

ion bands with B = 5T, which represents the existence of four- 

and nonreciprocal thermal radiation. Secondly, with the decrease 

f incident angle, although the difference between absorptivity and 

missivity is somewhat weakened, it can still obtain obvious multi- 

and/dual-band nonreciprocity in a wide range of angles, which 

rovides more possibilities and options for the actual measure- 

ent of nonreciprocal thermal radiation. When B = 3T, as shown 

n Fig. 5 (b), the absorptivity and emissivity peaks become less sep- 

rated as the B field reduces, but it can also achieve a multi-band 

iolation of Kirchhoff’s radiation law. In addition, as the magnetic 

eld decreases, it is clear to be seen that the nonreciprocal bands 
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Fig. 2. (a) Tracing of the N iteration. (b) Physical model diagram corresponding to optimization results. (c) Absorptivity ( α) and emissivity ( ε) spectra at θ= 60 ° for B = 0T 

and B = 5T. (d) Difference between the absorptivity and emissivity | α- ε| with B = 5T. 
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re redshifted. Fig. 5 (c) also shows the difference between the ab- 

orptivity and emissivity | α- ε| at θ= 60 ° with B = 3T, which cor-

esponds to the situation with the green dotted line in Fig. 5 (b). As

an be seen from Fig. 5 (c), although the magnetic field is reduced 

o 3T, strong four-band nonreciprocal thermal radiation can still be 

chieved. The difference between the absorptivity and emissivity 

t the wavelengths of 14.975 μm, 15.425 μm, 16.36 μm and 16.97 

m can reach 0.853, 0.932, 0.793 and 0.845, respectively. Here, the 

echanism of the above phenomenon is revealed by the variation 

f the dielectric tensor of the magneto-optical material InAs with 

he strength of magnetic field B and the wavelength, as shown 

n Fig. 5 (d), where the red and green lines represent the cases of 

 = 5T and B = 3T, respectively. Since the strength of the magneto-

ptical effect is related to the value of ε xz / ε xx , the radio increases 

s the magnetic field B goes from 3T to 5T, which makes the ab-

orptivity and emissivity peaks become more separated. Besides, 

he value of ε xx decreases as the magnetic field increases, which 

akes the nonreciprocal bands blue shift when the magnetic field 

hanges from 3T to 5T. 

Fig. 6 (a) and (b) respectively discuss the influence of thickness 

hanges of InAs and SiO on the degree of nonreciprocity of the 
2 

4

hole structure at θ= 60 ° with B = 5T . As shown in Fig. 6 (a), the

hickness of SiO 2 layer remains unchanged, and the thickness of 

nAs layer is changed from 0.1 μm to 5 μm. It can be clearly seen

hat multiple pairs of separated bands, which represent multi-band 

onreciprocal thermal radiation. However, it is obvious that multi- 

and nonreciprocal thermal radiation is greatly affected by the 

hickness of the magneto-optical material, which can be realized 

ell within a small thickness range. Fig. 6 (b) shows the effect of 

iO 2 layer thickness on nonreciprocal thermal radiation and the 

ultipair nonreciprocal band can also be seen. When the thick- 

ess of SiO 2 layer is within the blue dotted line range, the four- 

and nonreciprocal thermal radiation can be well realized and the 

hickness range is about 2.8 μm to 3.8 μm, which is a relatively 

ide thickness range. In addition, if the thickness of SiO 2 layer is 

n the range of the green dotted line, which is about 2.4 μm to 4.6

m, the strong violation of Kirchhoff’s radiation law can be well 

chieved in the dual/multi-band. Therefore, in our proposed struc- 

ure, the properties of multi-band nonreciprocal thermal radiation 

re strongly influenced by the magneto-optical material InAs, while 

he thickness of SiO 2 layer can fluctuate over a wide range without 

ffecting the nonreciprocal properties of the structure. 
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Fig. 3. (a) and (b) Magnetic field distribution |H y | at the junction of metal Al and InAs at θ= 60 ° and θ= -60 ° with B = 0T and B = 5T, respectively. The magnetic field 

distribution |H y | along z direction at the wavelength of 14.845 μm at θ= 60 ° and θ= -60 ° with B = 5T: (c) with metal layer; (d) without metal layer. 

Fig. 4. Angular distribution diagram of absorptance at the specific wavelengths with B = 5T. 

5 
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Fig. 5. (a, b) The difference between absorption and emission varies with incident angle and wavelength with B = 5T and B = 3T, respectively. (c) Difference between the 

absorptivity and emissivity | α- ε| at θ= 60 ° with B = 3T. (d) The values of ε xx , ε xz and ε xx / ε xz under different magnetic fields. 
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Fig. 6. (a) Difference between absorption and emission varies with the wavelength and the thickness of the InAs layer d . (b) Difference between absorption and emission 

varies with the wavelength and the thickness of the SiO 2 layer d 1 . 
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. Conclusion 

In summary, we propose an aperiodic multilayer structure de- 

ign based on a general machine-learning-kernel-based algorithm 

ramework that can achieve the strong violation of Kirchhoff’s radi- 

tion law in multiple bands with B = 5T in a wide range of incident

ngles. The realization of multi-band and wide-angle nonreciprocal 

hermal radiation mainly depends on the magneto-optical effect 

nd the excitation of cavity modes with different orders. In addi- 

ion, through the study of the external magnetic field B , it is found

hat when B = 3T, the structure can also achieve multi-band nonre- 

iprocal thermal radiation. Moreover, single, double, and multiband 

onreciprocal thermal radiation can be easily achieved using our 

roposed method by adjusting the number of layers, magnetic field 

trength, and material thickness. Our present optimization method 

an also be extended to the optimization of multilayer structures 

ontaining Weyl semimetals and may promote the development of 

ulti-band and broadband nonreciprocal thermal emitters. 
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