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a b s t r a c t 

This work proposes the Weyl semimetal-dielectric multilayer structures (WDMSes), both sides of which 

can realize nonreciprocal thermal radiation. Utilizing the transfer matrix method, the absorptivity αq and 

emissivity e q are calculated in the mid-infrared wave range. The absorption can be attributed to the de- 

fect modes. For both sides of the WDMSes, it is found the nonreciprocity originates as the incident an- 

gle is around 15 ° and a wider incident angle tends to enhance it. By increasing the angle to 45 °, the 

stronger nonreciprocal thermal radiation for the front side is revealed at the wavelength of 4.692 μm 

and 3.890 μm. In the same way, for the back side, it is displayed at the wavelength of 4.692 μm and 

3.896 μm. The relevant factors including the temperature of the Weyl semimetal, the thickness of the 

dielectric layer unit, the thickness of the defect layer, and the period of the structure are discussed. They 

can affect the nonreciprocity, as well as shift the absorption and emission bands in the wave and angu- 

lar range. This work can be applied to heat radiation transfer media, energy conversion devices, thermal 

storage and emitter, and so on. 

© 2023 Elsevier Ltd. All rights reserved. 
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. Introduction 

Thermal radiation is such a process that objects with a temper- 

ture over 0 K transmit energy outwards by electromagnetic (EM) 

aves [ 1 , 2 ]. It mainly relies on visible and infrared wavelengths.

ased on the traditional Kirchhoff’s law, the objects in the thermal 

quilibrium always follow the pattern, that the directional spectral 

missivity is equal to the absorptivity on the surface. Yet, the 

alance in some way blocks the improvement of the applied 

nergy conversion [ 3 , 4 ]. In recent years, many works have been

one seeking to break it and magneto-optical materials play a 

ignificant role. In essence, it can be attributed to the magneto- 

ptical materials’ breaking the time-reversal symmetry [ 5 , 6 ]. By 

hese materials, the directional spectral emissivity doesn’t equate 

ith the absorptivity on the surface numerally. This is so-called 

onreciprocity. Zhu et al. [7] proposed a grating structure with 

he introduction of the InAs to realize the nonreciprocal radiation. 

hao et al. [8] placed the dielectric gratings on the InAs layers to 

ring in the nonreciprocal thermal radiation while the required 

xternal magnetic field is only 0.3 T at a low level. Apart from 

he magneto-optical materials, the Weyl semimetals with strong 
∗ Corresponding author. 
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onreciprocity yet independent of the external magnetic fields 

raw widespread interest as well [9–13] . 

In terms of structure, topological insulators [14] , grat- 

ngs [ 7 , 8 , 15 , 16 ], prisms [12] , and multilayer structures (MSes)

 9 , 11 , 17 , 18 ] are widely made use of to achieve nonreciprocity. Par-

icularly, the MSes, which are composed of stacked layers take ad- 

antage of the simplicity of the constitution and fabrication. The 

Ses with the introduction of nonreciprocal materials can demon- 

trate kinds of optical properties, including unidirectional propaga- 

ion [19–21] , Faraday rotation [ 22 , 23 ], Goos-Hänchen shift [ 24 , 25 ],

hotonic band gaps [26–28] , and so on. What’s more, the meth- 

ds to achieve strong absorption are relatively comprehensive. The 

ntroduction of the metal layers leads to absorption, due to the 

igh lossy property [ 29 , 30 ]. Defect modes in the MSes localized

elds in the lossy cavity resulting in the absorption [31] . The op- 

ical Tamm state is also an ideal way [32] . Based on these means,

u et al. [17] violated Kirchhoff’s law at an incident angle θ= 30 °. 
u et al. [18] combined the Tamm state with the magneto-optical 

ayers to break the balance between absorption and emission at a 

avelength shorter than 16 μm with an incident angle θ= 60 °. 
Generally speaking, in the former works, the nonreciprocal 

roperty of the MSes is operated in the long wave infrared range 

nd large incident angles. Continuously narrowing the incident 

ngle and wavelength still needs effort. For one thing, higher- 

emperature objects tend to radiate more heat energy over shorter 

https://doi.org/10.1016/j.jqsrt.2023.108528
http://www.ScienceDirect.com
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avelength bands. For another thing, reducing the angle, required 

o violate the conventional Kirchhoff’s law, will enable the ther- 

al devices to operate over a wider range of the orientation 

ngle. In addition, the properties of thermal radiation devices 

re temperature-dependent, but few focuses have been placed on 

hem in the previous works. Moreover, it makes sense to take into 

ccount the properties of emitting and absorbing the heat by both 

he front side (FS) and the back side (BS) of the multilayer struc- 

ures. For the EM wave at a specific wavelength and directional 

ngle, if one side of a multilayer reveals strong absorption, while 

he other side can strongly emit it, it will enable the multilayers 

o have the dual function-heat storage or emitter. Also, considering 

he properties of both sides can help apply the multilayers to the 

eat transfer media and double-sided heat sink media. 

This work proposes the Weyl semimetal-dielectric multilayer 

tructures (WDMSes) to realize the nonreciprocal thermal radiation 

n the mid-infrared wave range. The absorption and emission can 

e attributed to the defect layers. Here, the nonreciprocal thermal 

roperties of the FS and BS of the structure are taken into consid- 

ration. ηq is borrowed to describe nonreciprocity. For both the FS 

nd BS, the WDMSe is optimized to achieve ηq > 0.9 at a smaller 

ngle of around 15 °. The nonreciprocity is also discussed with the 

emperature ranging from 200 K to 400 K. Besides, relevant param- 

ters including incident angle, thicknesses of the dielectric layer 

nit, defect thickness, and periods of the structure are adjusted to 

nvestigate the influences. The numeral simulations are based on 

he transfer matrix method (TMM) [33] This work can offer refer- 

nces for designing heat transfer media, energy conversion devices, 

hermal storage and emitter, and so on. 

. Model and theoretical method 

Figure 1 displays the schematic of the WDMSes, consisting of 

he two general dielectric layers (H and L) and the Weyl semimetal 

efects (W). Here, the layers are placed stratified along the z - 

irection, and for simplicity, the whole structure can be described 

n the form of (HL)W(HL) N W(HL), where N denotes the period 

alue. The two general dielectric layers H and L can be taken as 

 unit represented as U. Then the structure can also be displayed 

s UWU 

N WU. The EM waves propagate parallel to the xoz plane 

nd couple into the WDMSes with an incident angle θ on the sur- 

ace. The multilayer structures possess both the front and back 

ides. In this paper, the side where the H layer meets the free 

pace is referred to as the FS, while the side where the L layer

eets the free space is the BS. Because of the anisotropic permit- 
Fig. 1. The schematic of t

2 
ivity of the W layers, only the transverse magnetic (TM) waves 

re discussed in this work, of which the magnetic fields are po- 

arized positively along the y -axis. The layers H and L are the 

ynthetic dielectrics, the refractive indices for which are signified 

s n H = 4.1 and n L = 1.2. To get better nonreciprocal thermal radia-

ion, the thicknesses of the H and L layers are optimized as d H =
.2439 μm and d L = 1.25 μm. In the same way, the thickness of the

 layer is set as d W 

= 1 μm. 

As denoted before, the relative permittivity of the W represents 

he form of anisotropy [34] : 

 r = 

( 

ε d 0 jε a 
0 ε d 0 

− jε a 0 ε d 

) 

, (1) 

here the functions of εd and εa are expressed as [34] : 

 a = 

be 2 

2 π2 h̄ ωε 0 
(2) 

 d = ε b + i 
r s g 

6 Re (�) 
�G 

(
E F �

2 

)
− r s g 

6 πRe (�) 

{
4 

�

[ 

1 + 

π2 

3 

(
k B T 

E F 

)2 
] 

+ 8�

∫ ξc 

0 

G (E F ξ ) − G 

(
E F �

2 

)
�2 − 4 ξ 2 

ξdξ

}
(3) 

Here, εb is the background permittivity, E F and E c are the chem- 

cal potential and the cutoff energy, beyond which the band disper- 

ion is no longer linear. The relation between the two meets the 

quation E c = ξ c E F . E F is related to the temperature T [34] : 

 F = 

2 

1 / 3 [9 E F (0) 
3 + 

√ 

81 E F (0) 
6 + 12 π6 k 6 

B 
T 6 ] 

2 / 3 

− 2 π2 3 

1 / 3 k 2 B T 
2 

6 

2 / 3 [9 E F (0) 
3 + 

√ 

81 E F (0) 
6 + 12 π6 k 6 

B 
T 6 ] 

1 / 3 

(4) 

The normalized complex frequency is written as �= 

 ( ω+ j τ−1 )/ E F , where τ−1 is the Drude damping rate. 

 ( E ) = n ( −E ) − n ( E ) and n ( E ) is the Fermi distribution func-

ion. The effective fine-structure constant r s is equal to e 0 
2 /(4 πε0 

 v F ), where v F is the Fermi velocity. In addition, g is the number of

eyl points. The values of these parameters are taken as εb = 6.2, 

c = 3, τ= 10 0 0 fs, g = 2, b = 8.5 × 10 8 m 

− 1 , v F = 0.85 × 10 5 m/s

nd E F = 0.30 eV at T = 300 K [34] . 

Supposing T = 300 K, the parameter γ = | ε a |/| ε d | is borrowed to

eigh the nonreciprocal properties of the Weyl semimetals [17] . 
he given WDMSes. 
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Fig. 2. (a) the curve of γ = | ε a |/| ε d | related to the wavelength in the case of T = 300 K and (b) local enlarged view of (a) where the range of γ is from 0 to 5. 

Fig. 3. The spectra of αq , e q and ηq for the FS and BS relating to λ. (a) αp and e p for the FS, (b) ηp for the FS, (c) αn and e n for the BS, and (d) ηn for the BS. 
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igs.2 (a) and (b) give the curves of γ in the studied wavelength 

omain. Clearly, with the rising wavelength, γ increases then de- 

reases. In Fig. 2 (a), γ reaches its maximum at λ= 4.432 μm and it

s 40.297. As shown in the local enlargement in Fig. 2 (b), the min-

mum of γ is 0.580 at λ= 3.75 μm. In the range from 4.345 μm to

.521 μm. γ exceeds 5 completely. From the value of γ , the prop- 

rty of the Weyl semimetals is superior to that of the nonreciprocal 

aterials used in Refs. [17] and [35] . 

For the TM waves, the effective refractive index for the TM 

ave is written as: 

 W 

= 

√ 

(ε 2 
d 

− ε 2 a ) /ε d (5) 
3 
The transfer matrix of the W layers under the TM waves can be 

erived as [33] : 

 W = 

( 

cos (k Wz d W ) + 

k Wx ε a 
k Wz ε d 

sin (k Wz d W ) − j 
ηW 

[1 + ( k Wx ε a 
k Wz ε d 

) 
2 
] sin (k Wz d W ) 

− jηW sin (k Wz d W ) cos (k Wz d W ) − k Wx ε a 
k Wz ε d 

sin (k Wz d W ) 

) 

(6) 

Here, ηW 

= 

√ 

ε 0 /μ0 n W 

/ cos (θW 

) , where θw 

denotes the inci- 

ent angles on the W layers, and the wave vector in the xoz 

lane is decomposed to each direction k Wx = (2 π / λ) ·n W 

·sin θW 

and

 Wz = (2 π / λ) ·n W 

·cos θW 

, where λ is the wavelength of the TM waves

n the free space. 
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Fig. 4. The distribution of magnetic fields along the stratified layers for the FS and BS. (a) λ= 3.890 μm for the FS, (b) λ= 4.692 μm for the FS, (c) λ= 3.896 μm for the BS, 

and (d) λ= 4.692 μm for the BS. 

Fig. 5. The contour maps of αq , e q and ηq for the FS and the BS. (a) αp and e p for the FS, (b) ηp for the FS, (c) αn and e n for the BS, and (d) ηn for the BS. 

4 
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Fig. 6. Simulated performance of αq , e q and ηq for the FS and BS under different T . (a) αp and e p for the FS, (b) ηp for the FS, (c) αn and e n for the BS, and (d) ηn for the BS. 
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The matrix for the dielectric layer H or L is deduced as [36] : 

 i = 

(
cos (k iz d i ) − j 

ηi 
sin (k iz d i ) 

− jηi sin (k iz d i ) cos (k iz d i ) 

)
(7) 

here i = H , L. k iz = (2 π / λ) ·n i ·sin θ i is the z component of the inci-

ent wave vector. In the same way, ηi = 

√ 

ε 0 /μ0 n i / cos (θi ) and θ i 

epresents the incident angles on the surface of the i layers. 

Through the proposed WDMSes, the input and output EM fields 

an be joined by the total transfer matrix of the structure: 

E 1 
H 1 

)
= 

(
M 11 M 12 

M 21 M 22 

)(
E N+1 

H N+1 

)
= M 

(
E N+1 

H N+1 

)
. (8) 

For the EM waves coupling into the structure from the front 

ide, the M can be written as: 

 positive = ( M H M L ) × M W 

× ( M H M L ) 
N × M W 

× ( M H M L ) , (9) 

 positive = 

(
M 

11 

p M 

12 
p 

M 

21 
p M 

22 
p 

)
. (10) 

For the ones from the back side, the M is given by: 

 negative = ( M L M H ) × M W 

× ( M L M H ) 
N × M W 

× ( M L M H ) , (11) 

 negative = 

(
M 

11 

n M 

12 
n 

M 

21 
n M 

22 
n 

)
. (12) 

One can obtain the reflection coefficient r p and transmission co- 

fficient t p for the waves from the front side, as well as the re-

ection coefficient r n and transmission coefficient t n for the waves 

rom the back side, with an incident angle θ [33] : 

 p (θ ) = −M 

11 
p η0 + M 

12 
p η0 ηN+1 − M 

21 
p − M 

22 
p ηN+1 

M 

11 
p η0 + M 

12 
p η0 ηN+1 + M 

21 
p + M 

22 
p ηN+1 

(13) 
5 
 p (θ ) = 

2 η0 

M 

11 
p η0 + M 

12 
p η0 ηN+1 + M 

21 
p + M 

22 
p ηN+1 

(14) 

 n (θ ) = −M 

11 
n η0 + M 

12 
n η0 ηN+1 − M 

21 
n − M 

22 
n ηN+1 

M 

11 
n η0 + M 

12 
n η0 ηN+1 + M 

21 
n + M 

22 
n ηN+1 

(15) 

 n (θ ) = 

2 η0 

M 

11 
n η0 + M 

12 
n η0 ηN+1 + M 

21 
n + M 

22 
n ηN+1 

(16) 

For the WDMSes are lain in the free space, η0 and ηN + 1 
re equal to ηair . In the case of the TM waves, ηair = 

 

ε 0 /μ0 n air / cos (θair ) . Thus, the related reflectivity R q ( θ ) and trans- 

issivity Tr q ( θ ) can be expressed as [ 1 , 33 ]: 

 q (θ ) = | r q (θ ) | 2 , (17) 

 r q (θ ) = | t q (θ ) | 2 , (18) 

here q = p,n . 

Assuming the weak transmissivity through the structure, the 

ormula of the absorptivity and emissivity for the FS or BS is given: 

q (θ ) = 1 − R q (θ ) , (19) 

 q (θ ) = 1 − R q (−θ ) . (20) 

The detailed derivation of the absorptivity and emissivity is 

iven in Appendix B based on energy conservation. In Appendix B , 

t is also verified the EM waves transmitted through the struc- 

ure in this paper are weak, whatever the incident angles or wave- 

engths are. As a result, there also exists one relationship that: 

q (−θ ) = 1 − R q (−θ ) . (21) 



Y.-M. Liu, Y.-K. Shi, D. Zhang et al. Journal of Quantitative Spectroscopy & Radiative Transfer 300 (2023) 108528 

Fig. 7. The spectra of αq , e q and ηq relating to the temperature. (a) λ= 4.692 μm for the FS, (b) λ= 4.692 μm for the BS, (c) λ= 3.890 μm for the FS, (d) λ= 3.896 μm for the 

BS. 
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Associating Eqs. (20) and (21) , it can be written as: 

q ( −θ ) = e q ( θ ) . (22) 

This is the general form of Kirchhoff’s law [1] . Likewise, the 

orm of αq ( θ ) = e q (- θ ) is alright. 

Besides, in this paper, the coefficient ηq = | αq ( θ ) -e q ( θ )| is bor-

owed here to describe the nonreciprocal properties. 

. Results and discussion 

Assuming θ= 45 ° and T = 300 K, Fig. 3 illustrates the spectra of

q , e q , and ηq for the FS and BS relating to the incident wavelength

. For the FS in Fig. 3 (a), the WDMSes displayed the properties of

bsorption and emission at 4.692 μm and 3.890 μm, respectively. 

oth of the peaks exceed 0.9 with the ηp values more than 0.9 

t the same points as well in Fig. 3 (b). Given in Fig. 3 (d) for the

S, the structure exhibits nonreciprocal thermal radiation at sim- 

lar frequency points. At λ= 4.692 μm, ηn reaches 0.95, while the 

alue of ηn is 0.959 at 3.896 μm. But the responses to EM waves 

re quite the opposite, that at 3.896 μm the absorption takes the 

ead and the emission dominates at 4.692 μm as shown in Fig. 3 (c).

dditionally, there is a peak of ηn reaching 0.953 at 4.832 μm and 

ts absorption is far better than the emission. In comparison, the 

roperties of the nonreciprocal thermal radiation for the BS are 

etter than that for the FS, wherein the corresponding wave points, 

he ηn is no less than 0.95. 

Figure 4 displays the normalized magnetic distribution in the 

DMSes, which reveals the principle of absorption and emission 

ased on the introduction of the defects. |H in | is the norm of the

agnetic field of the incident EM waves in the free space. |H y | rep-

esents the norm of the magnetic fields related to the location in 
6 
he structure. According to Eq. (22) , high absorption at - θ indicates 

fficient emission at θ . 

For the FS, Fig. 4 (a) witnesses largely enhanced fields in the 

efect and L layers at θ= −45 ° and λ= 3.890 μm. Subsequently, 

he envelope of the fields decays and gradually converges to zero 

hrough the structure. Here, the defect W layers and L layers 

an be viewed as a whole cavity. It is easy for the TM wave of

= 3.890 μm in the H layers to enter the cavity, while it is con-

ronted with tremendous impedance as it tries to permeate from 

he cavity into the H layers. Great reflected waves on the inter- 

ace coherent with the incident wave constructively interfere, in 

hich case the energy is localized in the cavity in the form of 

he standing waves. Considering W is lossy, the cavity will con- 

ume the energy of the EM fields, which explains the absorption 

y the WDMSes at θ= −45 °. In contrast, for the FS and θ= 45 ° in

ig. 4 (a), the strong fields are pooled at the incident port and suf- 

er from fading exponentially which demonstrates most energies 

re reflected at the port rather than propagating through the lay- 

rs. When it comes to absorption at θ= 45 ° and λ= 4.692 μm as 

iven in Fig. 4 (b), the pattern is similar to that at θ= −45 ° and

= 3.890 μm. What differs is that the fields of λ= 4.692 μm at 

= 45 ° are more effectively confined in the W layers. For the BS, 

qually, W and L layers working as a whole take on the function 

f localization. Under the circumstance of θ= 45 ° and λ= 3.896 μm, 

he standing wave in Fig. 4 (c) vibrates at a higher amplitude in the 

 layer, verifying the effective absorption. Also, the field distribu- 

ion of θ= −45 °illustrates weak emission. Figure 4 (d) denotes the 

istribution when λ is 4.692 μm. At θ= 45 °, energy is limited in 

he W medium and the absorption is strong, while the absorption 

t θ= −45 ° is feeble. 
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Fig. 8. Contour maps of αq and e q with different τ s. (a) τ= 0.2 for the FS, (b) τ= 0.2 for the BS, (c) τ= 0 for the FS, (d) τ= 0 for the BS, (e) τ= −0.2 for the FS, (f) τ= −0.2 for 

the BS. 
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When T is 300 K, Fig. 5 exhibits the αq , e q , and ηq for the FS

nd BS under varying incident angle θ and wavelength λ. The solid 

lack line outlines the regions where the values are greater than 

.9. As displayed in Fig. 5 (a), along with the increasing θ , the αp 

eak blueshifts from 4.832 μm to 4.680 μm. Over the same in- 

erval in the long wave band, the e p peak moves reversely un- 

il θ= 23 ° and then blueshifts to 4.850 μm at θ= 36.5 °. Moreover, 

here is an emission band originating at θ= 10 ° whose center wave- 

ength moves from 4.050 μm to 3.870 μm. For the BS in Fig. 5(c), 

ver the band between 4.60 μm and 4.90 μm, rising θ transfers 

he emission peak to a shorter wave range, while the absorption 

eak turns to a long wave range and then blueshifts. Addition- 

lly, a wider θ brings about new emission and absorption bands 

t θ= 47 ° and 32 ° in the shorter wave range. The wave domains 

f the two share no overlap. The emission band is localized be- 

ween 4.050 μm and 4.070 μm, as well as the absorption band 

rom 3.870 μm to 3.960 μm. 

Typically, the wider θ is, the more likely the nonreciprocity 

ends to exist. Figure 5 (b) and (d) illustrate clearly that over the 

ider angular region, the absorption and emission peaks can be 

taggered to a better extent. With regards to the ηp for the FS in 
7 
ig. 5 (b), the strong nonreciprocity can be realized at θ= 15.5 ° and 

t proves distinct at θ= 31 °∼33 °, with three different wave ranges 

round 3.950 μm, 4.730 μm, and 4.860 μm. On the other hand, as 

o the ηn for the BS in Fig. 5 (d), the strong nonreciprocity shows 

p at θ= 15 °. In the case of θ more than 35 °, there exist three sig-

ificantly nonreciprocal wave bands as well. 

Figure 6 reveals the evolutions of T on the WDMSes properties 

t θ= 45 °. As given in Figs.6(a) and (c), a higher T motivates the

ands of both the absorption and emission towards the long wave 

ange. In Fig. 6(a), the absorption band covers a wider tempera- 

ure range from 200 K to 371 K in the interval between 4.648 μm 

nd 4.732 μm, and there is an additional absorption band at 371 K 

round λ= 4.084 μm. As to the emission region, the relevant band 

riginates at T = 272 K. In the long wave band in Fig. 6 (c), over the

imilarly corresponding range between 4.648 μm and 4.752 μm, 

he emission band ranges from 200 K to 400 K. High T eliminates 

he absorption band over T = 378 K. 

When it comes to the FS, in Fig. 6 (b), in the temperature region

etween 295 K and 328 K, the ηp is more than 0.9 around the two 

avebands at 3.890 and 4.700 μm approximately. Also, a high T 

ives rise to the nonreciprocal band at T more than 361 K in the 
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Fig. 9. Diagrams of αq and e q with varying defect thicknesses. (a) d W = 1.2 μm for the FS, (b) d W = 1.2 μm for the BS, (c) d W = 1 μm for the FS, (d) d W = 1 μm for the BS, (e) 

d W = 0.8 μm for the FS, (f) d W = 0.8 μm for the BS. 
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ong wave range. In terms of the BS, Fig. 6 (d) puts it that the non-

eciprocity arises in the low T and completely disappears at 366 K. 

t is worth noticing that in the interval between 4.040 μm and 

.060 μm, there is a narrow band in the width about 0.006 μm. 

As θ is taken as 45 °, Fig. 7 displays αq , e q , and ηq at various

 for the FS and BS. The ηq spectra put a bell-shaped distribution 

ith temperature. For the FS in Fig. 7(a), ηp is more than 0.9 in 

he range from T = 287 K to T = 302 K at 4.692 μm. Given in

ig. 7 (c) at 3.890 μm, the WDMSes have the properties of strong 

onreciprocal thermal radiation from T = 294 K to T = 306 K. For 

he BS, the nonreciprocity is relatively stable over a wider temper- 

ture range. At 4.692 μm in Fig. 7 (b), ηn exceeds 0.9 between T =
83 K and T = 304.5 K. Similarly, at 3.896 μm, ηn maintains more 

han 0.9 from T = 282 K to T = 309 K, as illustrated in Fig. 7 (d). 

The thickness of the unit U can be written as: 

 unit = (1 + τ ) · (d H + d L ) (17) 

Under T = 300 K, the coefficient τ is modified to test the ef- 

ects of optical length on the nonreciprocity. Compared to the radi- 

tion properties with τ= 0 in Fig. 8 (c), a longer optical length with

= 0.2 weakens the absorption and emission for the FS in Fig. 8 (a).
8

s shown, there is an emission band over the long wave range at- 

aining 36.5 ° in the angular range in Fig. 8 (c) and the absorption 

and is from 0 ° to 50 °. Yet, in Fig. 8 (a), the emission band dis-

ppears and the absorption band originates at θ= 39.5 °. The phe- 

omenon in Fig. 8 (e) demonstrates τ= −0.2 does significant effects 

n the bands in the short wavelength range. The shortened opti- 

al length results in the absorption in the angular range from 0 °
o 31 ° and the emission from 0 ° to 50 °. Given in Fig. 8(b), for the

S, τ= 0.2 drives the relevant bands to a longer wave region and 

he emission band gets more sensitive to the changing θs, that its 

eak moves from 4.970 μm to 4.730 μm together with rising θ . 

esides, the absorption band is localized to 4.970 μm or more. In 

he angular range from 2.5 ° to 34.5 °, the absorption and emission 

ave domains do not intersect at all. 

In Fig. 8 (d), the absorption and emission bands originate at 

= 32 ° and 47 °, respectively. Also, given in Fig. 8(f), the absorp- 

ion and emission are visibly enhanced covering the angular region 

rom 0 ° to 50 ° in the short wavelength range. Generally speaking, 

he changing optical length of the unit affects the Bragg scatter- 

ng conditions, in which case, the longer optical length induced 

he shift of the wavebands towards the long wave domain, and 
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Fig. 10. The contour maps of αq and e q with varying N . (a) N = 2 for the FS, (b) N = 2 for the BS, (c) N = 4 for the FS, (d) N = 4 for the BS, (e) N = 8 for the FS, (f) N = 8 

for the BS. 
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he wave bands prefer to blueshift on behalf of the short optical 

ength. 

Figure 9 exhibits the influences of the defect thicknesses on the 

hermal properties. Deviation of the defect thicknesses fails to shift 

he absorption or emission bands in the study wave region. For the 

S, the thickness has particular effects over the short wavelength 

and where the angular range of the emission is wider in the case 

f thicker W layers. When d W 

is set as 1.2 μm in Fig. 9(a), the emis-

ion spectrum extends from 2 ° to 50 °. In comparison to the emis- 

ion band in Fig. 9(c), the angular range covers a span from 10 °
o 50 °. When it comes to d W 

= 0.8 μm in Fig. 9(e), the correspond-

ng band is restricted between 31 ° and 42 °. For the BS, thicker de- 

ects impair the absorption in the wider angular scope. The absorp- 

ion of the EM waves originates at θ= 0 ° and ends up at θ= 23.5 °
n Fig. 9(b). However, the two bands both cover the angular span 

rom θ= 0 ° to 50 ° in Fig. 9(d). As shown in Fig. 9(f), over the long 

ave range, the absorption and emission bands shrink in the angu- 

ar range and they originate at θ= 2 ° and 17.5 °, respectively. Slim- 

er defects contribute to widening the angular range in the short 

avelength region as well. In Fig. 9(f), the absorption band extends 
9 
o 9 ° and the emission band reaches 15 ° significantly. According to 

he analysis of the principle demonstrated in Fig. 4 , the thickness 

f the defects determines the optical length of the resonant cavity, 

nd changing optical lengths makes a difference to the localization 

apability, as a result of which the absorption and emission bands 

over various regions. 

Given T = 300 K, Fig. 10 illustrates the thermal properties with 

ifferent N . In the case of N = 2, the absorption bands disappear

n the long wave range for both the FS and BS, while the emission 

and is generally extended in the angle and wave range. Taken as 

n example, for the wave of θ= 45 ° in Fig. 10 (a), the emission band

overs the span of 28 nm from 3.876 μm to 3.904 μm and the 

pan of 30 nm from 4.818 μm to 4.848 μm, respectively. Also, in 

he case of θ= 45 ° and for BS in Fig. 10 (b), the emission band is

ocated between 4.688 μm and 4.704 μm about 16 nm in width. In 

omparison, rising N narrows the emission band down. The emis- 

ion bandwidths of N = 4 and 8 are the same. In Fig. 10 (c) and (e)

or the FS, at θ= 45 °, the emission wave bands are 12 nm in width

rom 3.886 μm to 3.898 μm. Besides, for the BS in Fig. 10 (d) and

f), the emission bands range from 4.688 μm to 4.702 μm about 
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Fig. 11. The spectra of αq , e q , and ηq around 4.692 μm with N = 8. (a) αp and e p for the FS, (b) ηp for the FS, (c) αn and e n for the BS, and (d) ηn for the BS. 

Fig. 12. The spectra of αq , e q , and ηq around 4.692 μm with N = 4. (a) αp and e p for the FS, (b) ηp for the FS, (c) αn and e n for the BS, and (d) ηn for the BS. 
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4 nm in width. The thermal radiation properties of N = 4 and 

 are similar in that the wave band and angular range lie in the 

ame domains. 

For the stacked dielectric layer (HL) N with the period N , gener- 

lly speaking, larger N will account for the surface of the stacked 

ayers reflecting the EM waves over a wider wavelength and angu- 

ar range. However, the effects of N may approach saturation that 

n case N steps up to some degree, the capacity of the stacked lay-

rs reflecting the EM waves with certain wavelengths and angles 

f incident tends to be constant. Here in Fig. 10 , when N increases

rom 2 to 4, the absorption and emission bands experience visible 

hanges. Because the larger N blocks the EM waves, in the wider 

avelength and angular ranges, coupling into (HL) N , then the EM 

aves are confined in the cavity and wear out. However, the con- 

inued increase of N to 8 has limited impacts on (HL) N . Therefore, 

he absorption and emission bands at N = 8 are similar to those at 

 = 4. Despite the weak effects, yet, it is capable of optimizing the 

eaks of αq , e q , and ηq on a small scale. 

Figure 11 shows the spectrum of αq , e q , and ηq around 

.692 μm. For the FS in Fig. 11 (a), the absorption takes the lead

t 4.692 μm, reaching 0.989. In correspondence, the peak of ηp in 

ig. 11 (b) is localized at 4.692 μm. Figure 11 (c) illustrates the emis-

ion peak for the BS at 4.692 μm. Rather, the ηn in Fig. 11 (d) at-

ains its maximum at 4.692 μm. Obviously, N = 8 brings about the 

eaks of αq , e q , and ηq lying in the same wave point exactly. 

Comparatively, when it comes to N = 4 in Fig. 12 , the wave

oints of the extremes are staggered a little, where the peaks of ηq 

or the FS and BS are 4 nm apart in Fig. 12 (b) and (d). They stand

t 4.692 μm and 4.696 μm, respectively. Besides, the absorption 

eak for the FS as well as the emission peak for the BS lies at

ifferent points equally. In Fig. 12(a), the absorptivity for the FS is 

.983 at λ= 4.694 μm at its maximum, while the emission peak for 

he BS is 0.999 at λ= 4.692 μm, given in Fig. 12 (c). To be concluded,

hough too much N makes little difference to the thermal radiation 

roperty, it is an available method to adjust the peak shifting on a 

mall scale. 

. Conclusion 

To be concluded, this work proposes the WDMSes to realize the 

onreciprocal thermal radiation on both sides operating over the 

id-infrared wave range. A generalized Kirchhoff’s law is derived 

n the paper. Assuming the object is opaque and the wavelength of 

he EM wave is fixed, it can be written as αq ( θ ) = e q (- θ ) or αq (-

) = e q ( θ ). In this structure, the defect layers are capable of local-

zing fields around the defect, thus yielding absorption. In terms 

f T = 300 K and θ= 45 °, for the FS, the absorption is stronger

han the emission at 4.692 μm, while at 3.890 μm the emission 

roves more efficient. For the BS, the WDMSes function as an ef- 

ective emitter at 4.692 μm. But the emission is far weaker than 

he absorption at 3.896 μm. Comparably, the nonreciprocity of the 

S is stronger than that of the FS. ηq reaches 0.95 at 4.692 μm and

.896 μm for the BS, while it merely exceeds 0.9 at 4.692 μm and

.89 μm for the FS. Besides, for the BS, the structure can maintain 

trong nonreciprocal properties over a wider temperature range 

han that for the FS. The ηq spectra for the BS cover a span of

0 K at 4.692 μm and 20 K at 3.896 μm with ηq more than 0.9.

makes a difference to the nonreciprocity. The wider the incident 

ngle θ , the better the absorption and emission bands tend to be 

taggered over the wave band. For both the FS and BS, the strong 

onreciprocity originates around θ= 15 °. What’s more, the thick- 

esses of the dielectric layer unit d w 

and the period N are adjusted 

o investigate the effects. In general, the thicker unit is inclined to 

hift the whole band toward the long wave range while the case 

f the slimmer unit is on the contrary. In addition, increasing N 

arrows the absorption or emission band in the wave range and 
11
roadens the angular range. Too much N makes sense in modify- 

ng the spectrum peaks on the small scale. The work provides an 

dea for the design of efficient heat radiation transfer media, en- 

rgy conversion devices, and so on. And many works remain to be 

one about extending the working bandwidth, angular range, and 

o on. 
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ppendix A. Transfer matrix method 

In this work, the TMM is utilized to numerally simulate all 

he spectrums of the thermal properties. TMM takes the multiple 

eflections and transmissions at interfaces into consideration and 

uilds up the bridge of the EM fields between the layers. The cal- 

ulated results are the analytical solutions. The detailed derivation 

s available in Ref.33 and Ref.35. Besides, the finite element anal- 

sis (FEA) is a conventional way to solve Maxwell’s equations as 

ell. By analyzing the elements of the structure, it can induce the 

-parameters. To ensure the accuracy of the TMM, the commercial 

oftware HFSS, of which the algorithm is based on the FEA, is put 

n use to compare the results calculated by the two methods in the 

ollowing Fig. A1 . 

The absorption spectra are obtained in the case of θ= 0 ° and 

 = 300 K. Obviously, under the same conditions, the spectra 

ave similar trends. Yet, as to the specific values, they differ. In 

igs.A1(a) and (b), the distinct absorption peaks are located at the 

ncident wavelength λ= 4.834 μm and 4.832 μm. They are 0.02 nm 

part. Additionally, the absorptivity at the peak calculated by the 

MM is higher, of which it is 0.935. In the same way, when it 

omes to the BS in Fig. A1 (c), there are three peaks at λ= 4.437 μm,

.536 μm, and 4.837 μm. The absorption peaks in Fig. A1 (d) also 

all at similar wavelengths, the variance of which is no more than 

 nm. Normally, the absorptivity in Fig. A1 (d) is higher than that 

n Fig. A1 (c) as well. The peaks are all 0.998 in Fig. A1 (d), while in

ig. A1 (c) the higher absorptivity is only 0.952. 

The absorptivity calculated by the TMM and FEA is a little dif- 

erent. On one hand, the results based on the FEA are approximate 

olutions that are close to the true results. More discrete mesh- 

ng will bring about more accurate results. On the other hand, the 

MM fails to take into account the influences on the EM fields at 

he interfaces between the two layers. In general, they are weak. 

owever, in some cases when the influences brought by the inter- 

aces dominate, they cannot be neglected as well. 

Generally speaking, although for the model in this paper, there 

re some differences in the calculated results by the TMM and the 
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Fig. A1. The comparison between the two calculated methods. (a) the FEA for the FS, (b) the TMM for the FS, (c) the FEA for the BS, (d) the TMM for the BS. 
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EA, and they can be ignored, in terms of the approximate values 

f the absorptivity and similar wavelengths corresponding to the 

xtreme point. Also, the spectra share the same trend related to 

he wavelength. Therefore, the data obtained in this paper based 

n TMM are plausible. 

ppendix B. Nonreciprocal thermal radiation 

The formula of absorptivity and emissivity are derived in de- 

ail here. There are three bodies at the same temperature T in the 

ree space, given in Fig. B1 . Two black bodies BL 1 and BL 2 are lain
n both sides of the heat source S and have far-field effects on it. 

ig. B1. The three body system concerning a heat source and two blackbodies at 

he same temperature T . Four key processes are marked: process 1 (yellow line): 

mission from BL 1 to S, process 2 (white line): emission from BL 1 to S, process 

 (red line): reflected EM radiation from BL 2 to BL 1 and process 4 (orange line): 

mission from BL 2 to S. 
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12 
onsidering the radiated EM waves from the BL 1 incident on the 

urface of S at θ , the waves from the BL 2 are at - θ . 

The thermal exchange between BL 1 and S is put on the focus 

nd four related key processes are marked in Fig. B1 . Supposing 

egligible energy transmitted through S, one can attain: 

 (θ ) + α(θ ) = 1 , (B1) 

here R ( θ ) indicates the reflectivity of the EM waves from BL 1 and

( θ ) measures how much energy from the same direction is ab- 

orbed. For another, the energy flowing in the direction from S to 

L 1 consists of two components: the emission from S to BL 1 and 

he reflected emission from blackbody BL 2 . The EM waves from BL 2 
ransmitted through the surface are also considered to approach 

ero. Provided the second law of thermodynamics, no net energy 

ow in and out of the blackbody BL 1 . It can be deduced: 

 (−θ ) + e (θ ) = 1 . (B2) 

The final derivation absorptivity α( θ ) and emissivity e ( θ ) are as 

ollows: 

(θ ) = 1 − R (θ ) , (B3) 

 (θ ) = 1 − R (−θ ) . (B4) 

For general materials, R ( θ ) and R (- θ ) are equal, in which case

( θ ) and e ( θ ) are numerically the same, and conform to the con-

entional Kirchhoff’s law. Yet, the nonreciprocal material results in 

 ( θ ) � = R (- θ ), thus bringing about α( θ ) � = e ( θ ). As a result, the more

eneralized Kirchhoff’s law should be expressed as α( θ ) = e (- θ ) on 

he condition of the same incident wavelength. Although the con- 

entional Kirchhoff’s law is broken, yet, it should be put on the 

mphasis that BL 1 , BL 2 , and S still follow the second law of ther-

odynamics exactly. And Eqs. ( B3 ) and ( B4 ) have no conflict with

he law throughout the whole derivation. 
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Fig. B2. the related transmissivity of EM waves propagating at the incident angle θ ranging from −50 ° to 50 ° for the FS and BS. (a) Transmissivity of EM waves propagating 

for the FS. (b) Transmissivity of EM waves propagating for the BS. 
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As denoted, the formula of absorptivity α and emissivity e in 

qs. ( B3 ) and ( B4 ) can only be applied to the condition where the

ransmissivity of the EM waves through one object is relatively low 

egardless of the incident angle. In our work, the designed WDM- 

es fit well. Fig. B2 displayed the relevant transmissivity of EM 

aves propagating at the incident angle θ ranging from −50 ° to 

0 ° for the FS and BS, respectively. 

For the FS in Fig. B2 (a), when the EM waves with wavelength 

.75 μm incident at θ= 0.5 °, the transmissivity reaches its maxi- 

um −35.618 dB In the same way, the higher transmissivity for 

he BS in Fig. B2 (b) is merely −35.619 dB in the case of θ= 0 . 
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