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A B S T R A C T   

The violation of Kirchhoff’s law is anticipated to manipulate the emissivity and absorptivity separately and offer 
new freedom and opportunity for high-efficiency energy harvesting. However, the current designs of nonre
ciprocal thermal emitters encounter challenges related to large magnetic fields and large incident angles, hin
dering the practical implementations and applications. This study introduces a novel design involving a metal- 
SiC grating positioned above a magneto-optical (MO) film, allowing for the generation of robust nonreciprocal 
thermal radiation in close proximity to the normal direction with a moderate magnetic field of 0.3T. Such 
magnetic field strength is within the reach of a permanent magnet, which is conducive to practical applications. 
The manifestation of this phenomenon can be primarily attributed to the guided mode resonance occurring in the 
low-loss SiC grating, which can enhance the sensitivity to the magnetic field. In addition, the influences of the 
incident angle and structural dimension parameters on nonreciprocity are also investigated. It is found that this 
structure can not only realize nonreciprocity at ultra-small angles, but also realize directional nonreciprocal 
thermal radiation, which greatly expands the applicability of the structure. The present findings remove the 
limitations of large magnetic field and incident angle for traditional nonreciprocal thermal radiation, and pro
mote the practical realization and application of nonreciprocal thermal emitters.   

1. Introduction 

Objects with temperatures above absolute zero radiate energy 
outwardly, and the corresponding spectral properties are described by 
Plank’s law and emissivity. Emissivity refers to the ability of an object to 
emit radiation and is constrained by Kirchhoff’s law, which states that 
the spectral emissivity and absorptivity are equal for the same direction 
and frequency [1–3]. When an object absorbs thermal radiation, it 
simultaneously radiates energy in the same direction. This energy har
vesting mechanism hinders efficient recycling of solar energy and 
significantly reduces energy harvesting efficiency. Thus, if Kirchhoff’s 
law can be violated to enable separate control over the emission and 
absorption processes, it has the potential to revolutionize the utilization 
of thermal radiation [4–7]. 

Traditionally, Kirchhoff’s law is a requirement of the Lorentz reci
procity theorem that requires non-magnetic, stationary and linear ma
terials [8,9], resulting in the equal thermal emission and absorption at 
the same angle (θ) and wavelength (λ). However, the field of photonic 
engineering has advanced, allowing for the exploration of magnetic 

response, time-varying systems, and optical nonlinear materials. 
Consequently, new possibilities have emerged to achieve nonreciprocal 
thermal radiation. In 2014, Fan’s team [3] conducted pioneering 
research that demonstrated the compatibility of violating Kirchhoff’s 
law with the laws of thermodynamics and presented the first nonre
ciprocal thermal emitter based on MO materials, enabling nonreciprocal 
thermal radiation in the mid-infrared and far-infrared ranges when 
subjected to a large external magnetic field (B). Recently, magnetic Weyl 
semimetals can achieve strong nonreciprocal thermal radiation without 
an applied magnetic field [10–13], but this behavior can only be ach
ieved at extremely low temperatures, lacking experimental verification 
at room temperature [14]. Therefore, most scholars still focus on the 
design and application of traditional magneto-optical materials. How
ever, the extent of nonreciprocity, characterized by the difference be
tween absorptivity and emissivity, relies on the degree of asymmetry, 
which is characterized by the ratio of the nondiagonal and diagonal 
terms of the dielectric tensor [10]. In the case of MO materials, this 
asymmetry degree is typically around 0.01 within the mid-infrared 
band, signifying a weak nonreciprocity. Hence, achieving significant 
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nonreciprocity typically necessitates a large magnetic field [3,15–20] or 
various resonance designs [21–24]. For example, the introduction of a 
low-loss grating on the MO film to form guided mode resonances ach
ieves the violation of Kirchhoff’s law at the wavelength of 25.11 μm with 
B = 0.3 T and θ=65◦ [21], which has been experimentally verified with a 
similar structure [25]. Nevertheless, the practical application of nonre
ciprocal thermal emitters is still hindered by the limitation of a large 
incident angle. According to Lambert’s cosine theorem, the surface ra
diation intensity is directly proportional to the cosine of the incident 
angle [22]. Therefore, to achieve optimal energy collection, it is 
necessary to minimize the angle between the incident light and the 
device’s normal. Despite significant efforts dedicated to nonreciprocal 
thermal radiation, most existing designs of nonreciprocal thermal 
emitters often require a large angle, which fails to meet the practical 
energy application requirements. More recently, some studies have 
achieved nonreciprocal thermal radiation with θ=1◦, but the required 
magnetic field is mostly above 1T [22,24,26]. Thus, it is crucial to 
develop a structure that not only enables nonreciprocal thermal radia
tion at nearly 0◦ but also requires a lower applied magnetic field. 

Here, a novel structure comprising a metal-SiC dielectric grating 
above the InAs film has been proposed to fulfill the requirements of 
ultra-small angles and moderate magnetic fields. This design 

successfully achieves strong nonreciprocal thermal radiation at the 
wavelength of 23.145 μm with B = 0.3 T and θ=1◦ To uncover the un
derlying physical mechanism, the distribution of magnetic field ampli
tude is calculated and analyzed. Furthermore, the impacts of incident 
angles and structural parameters on nonreciprocal thermal radiation are 
also explored. The successful realization of this research is expected to 
greatly contribute to the practical application of nonreciprocal thermal 
radiation. 

2. Method and design 

The specific structure employed in this work is illustrated in Fig. 1 
(a). It comprises four different materials: SiO2, SiC, InAs, and metal Al. 
The top grating structure consists of Al and SiC with a low dielectric loss. 
The MO material InAs, which exhibits nonreciprocal behavior, is posi
tioned at the bottom of the grating. To ensure the structure acts as a 
reflector and does not allow transmission, a layer of metal Al serves as 
the metallic reflector, while SiO2 serves as the substrate. The specific 
size parameters are indicated in Fig. 1(a), where the grating period is 
denoted as p and the grating width as w. Furthermore, from top to 
bottom, the thicknesses of each part of the structure are h1, h2, h3, h4, and 
h5 respectively. 

Fig. 1. Near-normal nonreciprocal thermal radiation of MO structure with B = 0.3 T: (a) Schematic of the grating structure; (b) Comparison chart with other designs 
[3,15,17,18,21,23,24,26]; (c) Comparison of φ values between other designs and this work; (d) The absorptivity and emissivity spectra with B = 0.3T and θ = 1◦; (e) 
The magnetic field distribution at the wavelength of 23.145 μm with θ = 1◦; (f) The magnetic field distribution at the wavelength of 23.145 μm with θ = − 1◦ The 
reproduction results of Ref. [21]: (g) The absorptivity and emissivity spectra with B = 0.3T and θ = 65◦; (h) The magnetic field distribution at the wavelength of 
25.175 μm with θ = 65◦; (i) The magnetic field distribution at the wavelength of 25.175 μm with θ = − 65◦
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Considering that the external magnetic field is along the z axis, in this 
case, the dielectric tensor of the MO material InAs is asymmetric and the 
specific expression is [3] 

ε =

⎡

⎣
εxx εxy 0
εyx εyy 0
0 0 εzz

⎤

⎦ (1)  

where 

εxx = εyy = ε∞ −
ω2

p(ω + iΓ)
ω
[
(ω + iΓ)2

− ω2
c

] (2)  

εxy = − εyx = i
ω2

pωc

ω
[
(ω + iΓ)2

− ω2
c

] (3)  

εzz = ε∞ −
ω2

p

ω(ω + iΓ)
(4) 

In the above equations, the parameters ε∞, ωp, ωc and Γ represent the 
high-frequency permittivity, the plasma frequency, the cyclotron fre
quency and the relaxation rate, respectively. Among them, ε∞ = 12.37, 
ωp =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ne2/(m∗ε0)

√
, ωc = eB/m∗, and Γ = 1.55 × 1011 rad/s. Here, n =

7.8 × 1017cm− 3 is the free electron carrier density, e is the elementary 
charge, m∗ = 0.033me (me is the electron mass) is the effective electron 
mass, ε0 is the vacuum permittivity and B = 0.3T is the external mag
netic field. In addition, the permittivity of Al is determined by Drude 
model and the permittivity of SiC is described by a Lorentz model. The 
corresponding parameters and definitions can be found in Ref. [21]. 

Considering that the incident wave is TM wave in the x-y plane with 
an incident angle θ, the spectral directional absorptivity and emissivity 
can be determined by calculating the reflectance and transmittance. In 
this case, we assume that the incident light is fully reflected at the 
bottom metal, hence neglecting the transmission process. As a result, the 
expressions for absorptivity α and emissivity ϵ are derived as follows [3, 
21]: 

α(θ, λ) = 1 − R(θ, λ) (5)  

ϵ(θ, λ) = 1 − R(− θ, λ) (6)  

Here, R is the spectral reflectivity and the whole calculation results can 
be obtained by COMSOL Multiphysics. 

3. Results and discussion 

Firstly, to enhance the nonreciprocal effect, the sizes of the structure 
are carefully optimized, resulting in the following set of optimized pa
rameters: p = 10 μm, w = 5.1 μm, h1=0.24 μm, h2=2.51 μm, h3=3.84 
μm, h4=20 μm, h5=0.2 μm. At an incident angle of 1◦ and a magnetic 
field strength of 0.3 T, the corresponding absorptivity and emissivity 
spectra are depicted in Fig. 1(d). It can be seen that the emissivity rea
ches 0.993 while the absorptivity is only 0.117 at the wavelength of 
23.145 μm, indicating a pronounced violation of Kirchhoff’s law. To 
explain the mechanism behind this phenomenon, the magnetic field 
distributions with θ=1◦ and θ=− 1◦ at the wavelength of 23.145 μm have 
been calculated in Fig. 1(e) and (f). When the incidence angle is − 1◦, as 
shown in Fig. 1(f), the magnetic field amplitude in the SiC region is 
obviously enhanced and shows a stationary wave pattern along the X 
direction, which represents a typical guided-mode resonance. A stronger 
magnetic field amplitude results in a higher absorptivity of this structure 
with θ=− 1◦, which is corresponded to a higher emissivity with θ=1◦ In 
contrast, as shown in Fig. 1(e), the magnetic field amplitude is weak 
with θ=1◦ and thus leads to a low absorptivity. Here, in order to better 
show the differences between this work and the design of Ref. [21], the 
reproduction results are shown in Fig. 1 (g-i). The absorptivity and 
emissivity spectra are shown in Fig. 1(g) and the position of the emission 

peak is slightly shifted within the allowable range. The peak wavelength 
of the emission in the Ref. [21] is 25.11 μm, and the reproduced result is 
25.175 μm. The magnetic field distributions with θ = 65◦ and θ = − 65◦

at the resonant wavelength of 25.175 μm have been calculated in Fig. 1 
(h) and (i). Compared with the results of the Ref. [21], the magnetic field 
distribution in this work has better standing wave distribution charac
teristics, making it easier to realize guided mode resonance at small 
angles. Therefore, although the structure designed in this work is similar 
to that in Ref. [21], our optimized structure is able to achieve nonre
ciprocal thermal radiation close to the normal direction. 

Here, for the purpose of highlighting the superiority of this work, a 
comparison is made with previous researches, as depicted in Fig. 1(b). 
Typically, the existing designs operate at large incident angles ranging 
from 25◦ to 70◦ and necessitate a large magnetic field strength of 3 T. 
Additionally, when the incident angle is 1◦, our design only requires a 
magnetic field strength of 0.3 T, while other works often demand more 
than 1 T, making our approach more practical and feasible. Moreover, a 
parameter φ is introduced to characterize the sensitivity of non
reciprocity to the magnetic field, i.e. 

φ =
|α(θ, λ) − ϵ(θ, λ)|max

B
(7) 

Here, the φ values in different literatures are calculated respectively, 
as shown in Fig. 1(c). It can be found that the φ values in most of the 
other literatures are about 0.3 /T, while the φ value in this work can 
reach 2.92 /T, indicating a stronger sensitivity to the applied magnetic 
field. In addition, although the φ value of Ref. [21] is slightly higher than 
that of this work, its incidence angle is 65 ◦, which is far greater than the 
1 ◦ achieved in this work. 

Next, the influence of incident angle on nonreciprocal thermal ra
diation at resonant wavelength of 23.145 μm with B = 0.3T is discussed, 
as shown in Fig. 2(a) and (b). Firstly, as shown in Fig. 2(a), the ab
sorptivity and emissivity spectra between 0◦ and 8◦ have been calcu
lated. The results clearly show that the structure exhibits high emission 
levels close to 1 and low absorption near the incidence angle of 1◦

Moreover, as the incident angle increases to approximately 4◦, the ab
sorptivity can reach around 0.9, while the emissivity remains relatively 
lower at around 0.5. To further illustrate the variation of absorptivity 
and emissivity at the resonant wavelength with different incident an
gles, the corresponding angular distribution from 0◦ to 90◦ is calculated, 
as depicted in Fig. 2(b). It is evident that this structure not only exhibits 
a violation of Kirchhoff’s law in the ultra-small angle range near 1◦ at the 
resonant wavelength but also demonstrates nonreciprocal thermal ra
diation phenomena over a larger angle range of 70–80◦ Here, in order to 
better show the nonreciprocity at the large angle, the absorptivity and 
emissivity spectra are calculated specifically for the peak angle of 
73.05◦, as depicted in Fig. 2(c). At the wavelength of 23.145 μm, the 
absorptivity reaches a value of 0.817, while the emissivity is only 0.269. 
Additionally, a relatively weak nonreciprocal thermal radiation is 
observed at 22.71 μm, with an emissivity of 0.781 and an absorptivity of 
0.512. Therefore, as the incident angle increases, this structure also 
demonstrates a relatively weak dual-band nonreciprocal thermal radi
ation characteristic. 

To further investigate the relationship between absorptivity and 
emissivity with the wavelength and incident angle, the corresponding 
dispersion relationships are calculated for two scenarios: B = 0T and B 
= 0.3T. The results are presented in Fig. 2(d, g) and (e, h), respectively. 
Firstly, when no external magnetic field is applied, it becomes evident 
that the absorptivity and emissivity are equal, indicating the absence of 
nonreciprocity. However, in contrast, when a magnetic field of 0.3T is 
applied, the absorptivity and emissivity spectra are no longer equal, 
which shows the violation of Kirchhoff’s law. Here, in order to better 
show the nonreciprocity, the difference between the absorptivity and 
emissivity has been calculated varied with wavelength and incident 
angle, as shown in Fig. 2(f). The results demonstrate a pronounced 
nonreciprocity not only at ultra-small angles, specifically around 1◦, but 
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also within a wide range of larger angles exceeding 50◦. To further 
explore the difference between absorptivity and emissivity at larger 
angles, an incidence angle of 62.4◦ is selected, corresponding to the red 
dotted line in Fig. 2(f), and the spectra are shown in Fig. 2(i). Remark
ably, at a wavelength of 23.295 μm, the absorptivity reaches 0.993, 
while the emissivity is only 0.160, revealing that this structure can 
exhibit significant nonreciprocity even at large angles. 

Considering that there is a small deviation during the fabrication, the 
values of the structural dimension parameters are changed by a devia
tion of ±5 %. The simulated results have been showed in Fig. 3(a)-(f) for 
different h1, h2, h3, h4, p and w, respectively. Firstly, as shown in Fig. 3 
(a), no matter h1 increases to 0.25 μm or decreases to 0.23 μm, the 
corresponding nonreciprocity, that is, the difference between the ab
sorptivity and emissivity, basically coincides, indicating that h1 has little 
influence on nonreciprocity within a deviation of ±5 %. Similarly, the 
fluctuation of parameters h2 and h4 within a deviation of ±5 % also has 
little effect on the nonreciprocal spectrum, and the peak position of the 
nonreciprocity remains centered around 23.145 μm, with a non
reciprocity value approaching 0.9, as shown in Fig. 3(b) and (d). As 
shown in Fig. 3(c), when the value of the parameter h3 increases from 
3.65 μm to 4.03 μm, the corresponding nonreciprocal spectrum is shifted 
from 22.85 to 23.44 μm, which shows a large redshift and the redshift 

distance is 0.59 μm. Besides, it can be clearly seen that the non
reciprocity remains close to 0.9. Similarly, the increase of parameters p 
and w will also lead to the redshift phenomenon of the nonreciprocal 
spectrum, as shown in Fig. 3(e) and (f). Therefore, the nonreciprocal 
spectra are insensitive to the parameters h1, h2 and h4, but sensitive to h3, 
p and w. In addition, it can be clearly seen that the changes of these 
parameters basically do not affect the nonreciprocity, demonstrating a 
very good stability of strong nonreciprocity. 

In addition, controlling the directivity of the emitted thermal radi
ation is a challenge in contemporary photonic engineering. In this work, 
in addition to achieving nonreciprocal thermal radiation at very small 
angles, strong nonreciprocity can still be achieved at other angles by 
adjusting the thickness of h2 while keeping other structural parameters 
unchanged. Fig. 4 respectively shows the difference of absorptivity and 
emissivity with h2 at different incidence angles. It can be seen that strong 
nonreciprocity can still be achieved by adjusting the thickness of h2 at 
different incident angles. For example, as shown in Fig. 4(c), the dif
ference of absorptivity and emissivity can reach 0.91 at the wavelength 
of 23.95 μm with θ = 30◦ and h2 =4.4 μm. Therefore, by adjusting the 
thickness of h2, the nonreciprocal thermal radiation at different incident 
angles can be well realized to meet the application requirements of 
different scenarios. 

Fig. 2. Incident angle and wavelength dependences of nonreciprocal thermal radiation of MO structure. (a) The absorptivity and emissivity spectra between 0◦ and 
8◦ for λ=23.145 μm with B = 0.3T. (b) Angular distribution diagram for λ=23.145 μm. (c) The absorptivity and emissivity spectra with B = 0.3T and θ=73.05◦ (d, g) 
The absorptivity and emissivity spectra vary with incident angle and wavelength with B = 0T, respectively. (e, h) The absorptivity and emissivity spectra vary with 
incident angle and wavelength with B = 0.3T, respectively. (f) The difference between absorptivity and emissivity varies with incident angle and wavelength with B 
= 0.3T. (i) The absorptivity and emissivity spectra with B = 0.3T and θ=62.4◦
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Finally, considering the feasibility of this design, the bottom metal 
layer and the upper MO layer can be obtained by coating technology on 
the quartz plate. After that, the SiC film and metal Al film are coated on 
the above structure, and the grating structure is prepared by lithography 
or etching technology. In addition, since the magnetic field required for 
this design is only 0.3T, the external magnetic field can be provided with 
a permanent magnet on the market and other testing procedures can 
refer to Ref. [25]. 

4. Conclusions 

In conclusion, in order to obtain a nonreciprocal thermal emitter 
with an ultra-small incident angle and moderate magnetic field, the 
structure of metal-SiC grating above on a MO film has been proposed, 
which realizes the strong nonreciprocity near the normal direction. This 
design is not only able to achieve a violation of Kirchhoff’s law with 
θ=1◦, but also exhibits the smaller magnetic field requirement compared 
to existing studies. The realization of this phenomenon is mainly due to 
the use of guided-mode resonance in the low-loss dielectric grating on 
MO materials, which greatly improves the sensitivity to the external 

Fig. 3. Dependence of absorptivity and emissivity on different structure parameters: (a) h1, (b) h2, (c) h3, (d) h4, (e) p, (f) w.  

Fig. 4. Directional nonreciprocal thermal radiation of MO structure with B = 0.3 T. The difference of absorptivity and emissivity at different incident angles: (a) θ =
10◦, (b) θ = 20◦, (c) θ = 30◦, (d) θ = 40◦, (e) θ = 50◦, (f) θ = 60◦
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magnetic field. In addition, through an investigation into the impact of 
incident angles on the nonreciprocal spectrum, it has been discovered 
that this design not only achieves nonreciprocity at ultra-small angles 
but also exhibits substantial violation of Kirchhoff’s law at larger angles 
(above 50◦). These findings greatly enhance the angle selectivity for 
practical applications. What’s more, the nonreciprocity maintains sta
bility across a significant fluctuation range of structural dimension pa
rameters, which can effectively reduce production costs. In addition, just 
by adjusting the thickness of h2, not only the original nonreciprocal ef
fect can be realized, but also the directional nonreciprocal thermal ra
diation can be realized. The present findings remove the limitations of 
large magnetic field and large incident angle for traditional nonrecip
rocal thermal radiation, and promote the practical realization and 
application of nonreciprocal thermal emitters. 
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