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ABSTRACT

Recent studies have suggested that Weyl semimetals were the promising materials to verify Kirchhoff’s law for nonreciprocal materials in
experiment. Nevertheless, existing designs based on Weyl semimetals could not achieve perfect nonreciprocal radiation around a wavelength
of 10 ym at small angles. Therefore, it is of significant importance to design structures that can realize perfect nonreciprocal radiation at a
shorter wavelength and smaller angle. Here, by using attenuated total reflection, we demonstrate that perfect nonreciprocal radiation can be
realized at a wavelength of 10 ym at an angle of 30°. The difference between directional emissivity and absorptivity is as large as 0.99, which
is the best result until now, as far as we know. The perfect nonreciprocal radiation is attributed to the nonreciprocal guided resonances in the
Weyl semimetal film, which is confirmed by the distribution of magnetic field and dispersion relation. Such a design is promising in verifying
Kirchhoff’s law for nonreciprocal materials in experiment.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0055418

I. INTRODUCTION

It has been long recognized in the literature that most ther-
mal emitters obey the traditional Kirchhoff’s law, which states
that the direction emissivity and absorptivity are equal.'” How-
ever, recent studies suggested that the traditional Kirchhoff’s law
only holds for reciprocal materials, but not nonreciprocal materi-
als, which do not obey Lorentz reciprocity.’”'” The nonreciprocal
radiation (NRR), which occurs in nonreciprocal materials, provides
new opportunities in energy harvesting and infrared camouflage.”!*
Zhang et al. generalized the traditional Kirchhoff’s law to make it
hold for both reciprocal and nonreciprocal materials.'* The gener-
alized Kirchhoff’s law equals to the traditional Kirchhoff’s law for
reciprocal materials, and they are different for nonreciprocal mate-
rials. Until now, Kirchhoff’s law for nonreciprocal materials, which
is of great importance in thermal radiation, has not been verified in
experiment.

To verify Kirchhoff’s law for nonreciprocal materials, the emis-
sivity and absorptivity should be measured directly. With current
measurement technologies, it is possible to accurately measure the

emissivity and absorptivity at wavelength smaller than and around
10 ym."”""” Both gyrotropic materials and Weyl semimetals can
break Lorentz reciprocity, in which NRR can be realized."”'* Con-
ventional gyrotropic materials possess weak magneto-optical effect
in mid-infrared band with external magnetic field."**’-*> Even
though strong NRR can be realized around a wavelength of 10 ym,
the external magnetic field should be as large as 3 T, which is unfa-
vorable to experiment.” On the other hand, the Weyl semimetals
are the most promising materials since they possess intrinsic non-
reciprocity without external magnetic field.'>"'> However, existing
structures based on them could only realize perfect NRR around a
wavelength of 15 ym, and the angle is as large as 60°.'°"'* In addi-
tion, according to Lambert’s cosine law, the emitted energy of any
object is smaller at larger angles. Thus, it is desirable to design struc-
ture that can realize perfect NRR near a wavelength of 10 m at small
angles. The nonreciprocity of Weyl semimetals has not been fully
investigated and should be explored further.”*~*°

In this work, by using attenuated total reflection, we demon-
strate that perfect NRR can be realized in a planar Weyl semimetal
film. Specifically, the difference between directional emissivity and

AIP Advances 11, 075106 (2021); doi: 10.1063/5.0055418
© Author(s) 2021

11, 075106-1


https://scitation.org/journal/adv
https://doi.org/10.1063/5.0055418
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0055418
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0055418&domain=pdf&date_stamp=2021-July-2
https://doi.org/10.1063/5.0055418
http://orcid.org/0000-0003-4283-9958
http://orcid.org/0000-0001-9774-7693
mailto:xiaohu.wu@iat.cn
https://doi.org/10.1063/5.0055418

AIP Advances ARTICLE

absorptivity can be as large as 0.99 at a wavelength of 10 ym at an
angle of 30°. We believe that such a design is promising in verifying
Kirchhoff’s law for nonreciprocal materials in experiment.

Il. MODELING

As shown in Fig. 1, the Weyl semimetal film with thickness
d, is on the top of a uniform silver (Ag) layer acting as a mir-
ror. The thickness of the Ag layer is 0.2 um, which is optically
thick. The prism is chosen with a relatively large refractive index so
that it can provide a larger wavevector to couple the incident light
with the guided resonances inside the Weyl semimetal.”® Here, we
consider a diamond prism with permittivity ¢, = 5.5.”” The thick-
ness of the air gap between the prism and Weyl semimetal film is
denoted by di. The permittivity of Ag is described by the Drude
model.”® The wavevector along the x-axis provided by the prism is
ky = V& sin Oko, where kg is the wavevector in the vacuum and 6 is
the angle of incidence.

In Weyl semimetals, the time-reversal symmetry needs to be
broken to split a doubly degenerate Dirac point a pair of Weyl nodes
with opposite chirality. Each pair of Weyl nodes is separated in
momentum space (denoted by wave vector 2b) by breaking time-
reversal symmetry. The presence of Weyl nodes changes the elec-
tromagnetic response, and the displacement electric field for Weyl
semimetals can be written as'’

- 2
1€
D=¢;E+ m(—2b0B+2be) (1)

Here, ¢; is the permittivity of the corresponding Dirac
semimetal, which has doubly degenerate bands with by =b = 0.
Below, we assume ¢, is isotropic. The first and the second terms in
Eq. (1) describe the chiral magnetic effect and the anomalous Hall

k, = JE,sinbk,

| X
\ Air di
N\

Evanescent waves
Weyl semimetal dp
-z

Ag

FIG. 1. Geometry of attenuated total reflection off the Weyl semimetal surface.
The plane of incidence is the x—z plane, and the thicknesses of the air gap and the
Weyl semimetal film are dy and dj, respectively. The silver substrate is optically
thick. The electric field is in the x-z plane, while the magnetic field is along the
y-axis. The angle of incidence is 6, and the permittivity of the prism is &,.
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effect, respectively. In this paper, we consider only materials where
the Weyl nodes have the same energy (i.e., by = 0). Considering 2b
along the z-direction (ie., b = bz ), the permittivity tensor of the
Weyl semimetal becomes'’

&4 0 —jea
e=|0 ¢ 0| (2)
jea O &4
where
be?
&= ——. 3
T 2m2hw ®

Since b # 0, &, becomes nonzero; therefore, the permittivity ten-
sor is asymmetric and breaks Lorentz reciprocity. The diagonal term
g4 is calculated by using the Kubo-Greenwood formalism within
the random phase approximation to a two-band model with spin
degeneracy. The explicit expression can be found in Ref. 10.

To compared with the results in Ref. 10, here the parameters of
the Weyl semimetal are the same to those in Ref. 10. At the temper-
ature 300 K, we plot &, and ¢4 as functions of wavelength, as shown
in Fig. 2. The real part of ¢, is negative as the wavelength is larger
than 8.63 ym. Besides, we have verified that the permittivity ten-
sor calculated in this work is consistent with that calculated from
Ref. 10.

We consider the transverse magnetic (TM) wave with electric
fields in the x-z plane, and thus, there is no polarization conversion
between two linearly polarized waves. For a homogeneous material
filling a half-space, and the radiation exchanged through a surface
element with a blackbody radiator at the same temperature under
angles 6 and -6, conservation of energy and detailed balance led to*

a(6) + R(6) = a(~0) + R(-0) = 1. ()

The second law of thermodynamics demands that*’

e(~0) + R(0) = e(0) + R(~0) = 1, 5)

where R, «, and ¢ are reflectivity, absorptivity, and emissivity, respec-
tively. According to Eqs. (4) and (5), one can get the absorptivity and
emissivity, respectively,

30

20t —Re(e,)

—Im(c,)

4

Permittivity
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FIG. 2. Components of the permittivity tensor of the Weyl semimetal.

AIP Advances 11, 075106 (2021); doi: 10.1063/5.0055418
© Author(s) 2021

11, 075106-2


https://scitation.org/journal/adv

AIP Advances ARTICLE

a(6) = 1-R(6) ©)

and
e(0) =1-R(-0). (7)

The difference between emissivity and absorptivity is defined
as 7(0) = le(6) — a(6)|, measuring the nonreciprocal radiation.
According to Egs. (4) and (5), the nonreciprocal radiation is iden-
tical for angles of 0 and 6.

Besides, once the reflectivity is obtained, the absorptivity, emis-
sivity, and nonreciprocal radiation can be calculated. The reflectivity
can be calculated by the standard transfer matrix method.””** Tak-
ing one Weyl semimetal film with thickness d,, for example, we
introduce the transfer matrix method. The electromagnetic fields in
the Weyl semimetal can be expressed as

H = U(z) exp(jwt — jkyx), where U = (0, U,,0), (8)
and
E :j(,uo/eo)l/ZS(z) exp(jwt — jkex), where S = (8,0,5;).  (9)

Note that & and y, are the absolute permittivity and permeability of
vacuum, respectively, and w is the angular frequency. By substituting
Egs. (8) and (9) into Maxwell’s equations and setting K = k/ko, we
obtain the following differential equations:

0 (U, _ eafeaKs  eg—e2feq|(Uy
aelo) el k)@ o

The electromagnetic fields in the Weyl semimetal film can be
described by the eigenvalues and eigenvectors of the coefficient
matrix. The electromagnetic fields in the Weyl semimetal with
thickness d, can be expressed as

Uy(z) = wiicr exp(koqiz) + wizca exp(koqz(z — dz2)), (11)

Sx(2) = warc1 exp(koqiz) + wazca exp(koqz(z — dz)), (12)

where wjy, is the corresponding element of the eigenvector matrix
W of the coefficient matrix in Eq. (10), g1 and gq; are the two eigen-
values of matrix A with the negative real part and positive real part,
respectively, and ¢; and ¢, are unknowns. By applying the bound-
ary conditions, i.e., the tangential components of the magnetic and
electric field vectors should be continuous at the interface, it can be

shown that
(L) ()0 ol @

W((l) eXp(kSqldz))(Z) - (—;Z)t’ (14)

where Z = sinf/n;, n; is the refractive index of the incident
medium, and r and ¢ are the reflection and transmission coeffi-
cients, respectively. From Eqs. (13) and (14), the reflection coeffi-
cient can be obtained. The reflection is R = |r|>. The transfer matrix
method can be expended for multilayer structures, and the detailed
information can be found in Refs. 29-32.

scitation.org/journal/adv

I1l. RESULTS AND DISCUSSIONS

According to Planck’s law, the blackbody emits the largest
energy at wavelength around 10 ym when the temperature is 300 K.
Hence, we first investigate the emissivity and absorptivity at 10 ym.
The emissivity and absorptivity varying with d; and d, are shown
in Figs. 3(a) and 3(b), respectively. The difference between them is
also shown in Fig. 3(c). The angle of incidence is 30°, which is much
smaller than that in Refs. 10 and 12. One can see that perfect emissiv-
ity can occur in Fig. 3(a), while the absorptivity in Fig. 3(b) is smaller.
As a result, the emissivity and absorptivity can be significantly dif-
ferent, resulting in completely violating the traditional Kirchhoff’s
law. Besides, it is clear that the emissivity is not much sensitive to
the thickness of the air gap. The underlying mechanism will be ver-
ified by showing the distribution of magnetic field and investigating
the dispersion relation in the following.

The proper choice of the thicknesses can be obtained from
Fig. 3(c). When the thicknesses of the air gap and Weyl semimetal
film are 2.02 and 0.137 pym, respectively, the absorptivity and emis-
sivity spectra at an angle of 30° are shown in Fig. 4. At a wavelength
of 10 ym, the emissivity can reach 0.999, while the absorptivity can
be as small as 0.007, and thus, the difference between them is 0.992.
As far as we know, it is the biggest difference between emissivity and
absorptivity until now.

To understand the mechanism for enhanced nonreciprocal
radiation, we discuss the possibility of the excitation of the surface
plasmon polaritons, which has been used to enhance the nonrecip-
rocal radiation in the Weyl semimetal film.'” The z-component of

the wavevector in the Weyl semimetal is k;» =/ svké — k2, where
£ = €4 — €2]eq. Ata wavelength of 10 ym, there is ¢ = —3.03 + 0.34j
and &, = 14.78. Therefore, the electromagnetic waves in the Weyl
semimetal film are propagating waves, rather than evanescent waves.
Thus, the surface plasmon polaritons cannot be excited in this case,
which is different from the previous study.'’ Because the electro-
magnetic waves in the air gap and Ag substrate are evanescent waves,
these are guided resonances excited in the Weyl semimetal film. To

3
25

1
&0
0

0.5
0 010203
d, (um)

h%]

d, (um)
d, (um)

d1 (pem)
o

-y

0
0 0.1020.3
d, (um)

0
0 010203
d2 (pem)

FIG. 3. (a) Emissivity and (b) absorptivity as a function of the thicknesses of the
air gap and the Weyl semimetal. (c) Difference between the emissivity and the
absorptivity as a function of the thicknesses of the air gap and the Weyl semimetal.
The angle of incidence is 30°. The wavelength is 10 um.
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5 10 15
Wavelength (pzm)

FIG. 4. Emissivity and absorptivity as a function of wavelength. The angle of inci-
dence is 30°. The thicknesses of the air gap and Weyl semimetal film are 2.02 and
0.137 um, respectively.

confirm the exciting of guided resonance, its dispersion relation can
be calculated from*

&d kzZ kzl

— 15
Sdkg - k,zc — eqkykz1 13

tan(kzzdz) =

where k;; = /k — k2 describes the exponential decay of the fields
in vacuum. At a wavelength of 10 ym, Eq. (15) can be roughly sat-
isfied at an angle of incidence of —30°, indicating that there is the
excitation of guided resonances, and it is the reason for the weak
reflectivity. However, Eq. (15) cannot be satisfied at an angle of inci-
dence of 30°, and it is the reason for weak absorptivity. Therefore,
the strong nonreciprocal radiation stems from the nonreciprocal
guided resonances.

To further investigate the mechanism, the distribution of the
absolute of the magnetic field along the y-axis is also plotted.
Figure 5(a) shows the results at a wavelength of 10 ym for angles of
incidence of —30° and 30°. The magnitude of the incident magnetic
field is set to unity. For an angle of incidence of —30°, the magnetic
field is greatly enhanced in the interface between Weyl semimetal
and Ag, resulting in perfect absorption and small reflection. Accord-
ing to Eq. (3), the emissivity is very weak at angle of 30°. In contrast,
for an angle of incidence of 30°, the magnetic field in the interface
between Weyl semimetal and Ag is much weaker, indicating that
most of the incident power is reflected, resulting in a low absorp-
tivity. Therefore, the perfect NRR is attributed to the nonreciprocal
guided resonances excited in the Weyl semimetal film, which can be
verified by the magnetic field distribution. In addition, the distribu-
tion of the magnetic field is shown in Fig. 5(b) when there is no air
gap between the prism and the Weyl semimetal film. In this case,
the difference in the magnetic field for angles of incidence of —30°
and 30° is smaller than that shown in Fig. 5(a). Therefore, the non-
reciprocity is weaker in this case. The magnetic field distribution can
well explain the results shown in Fig. 3(a).

The emissivity and absorptivity as functions of the angle of inci-
dence are shown in Fig. 6. One can see that the nonreciprocal radia-
tion occurs around an angle of incidence of 30°. When the angle of
incidence is larger than 60°, both the emissivity and absorptivity are

ARTICLE scitation.org/journal/adv
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FIG. 5. The distribution of the absolute of the magnetic field along the y-axis at a
wavelength of 10 um when the angles of incidence are —30° and 30°. The dashed
black lines indicate the interfaces. (a) The thickness of the air gap is 2.02 ym,
and the thickness of the Weyl semimetal film is 0.137 um. (b) There is no air gap
between the prism and the Weyl semimetal film, and the thickness of the Weyl
semimetal film is 0.137 ym. The magnitude of the incident magnetic field is set to
unity.

close to zero. When the angle of incidence is smaller than 60°, the
emissivity is always larger than the absorptivity.

In experiment, the emissivity and absorptivity of the proposed
structure shown in Fig. 1 should be directly measured. It is noted that

0 30 60 90
Angle of incidence (°)
FIG. 6. Emissivity and absorptivity as functions of the angle of incidence. The

wavelength is 10 um. The thicknesses of the air gap and Weyl semimetal film are
2.02 and 0.137 um, respectively.
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the direct measurement of the emissivity spectra of quartz and amor-
phous has been successfully operated with the existing of a prism.*
Therefore, the adding of the prism should not be a problem in the
measurement.

It is noted that the absorptivity is asymmetry in this work.
Previous studies have shown that in reciprocal materials, such as
quartz crystal, asymmetry absorptivity can also be obtained.”~*¢ It
should be emphasized that the focus of this work is the difference
between emissivity and absorptivity, rather than asymmetric absorp-
tivity. Nonreciprocal radiation cannot be achieved with reciprocal
materials since they do not break the Lorentz reciprocity. Besides,
hyperbolic antiferromagnets, which break Lorentz reciprocity, have
been studies to achieve asymmetry reflectivity.”” Such materials are
promising to realize strong nonreciprocal radiation. As far as we
know, Weyl semimetals are the most promising candidates for real-
izing nonreciprocal radiation because they do not need external
magnetic field.

IV. CONCLUSIONS

In summary, by using attenuation total reflection, we demon-
strated that the perfect nonreciprocal radiation at a wavelength of
10 ym at an angle of 30° could be realized. The difference between
directional emissivity and absorptivity can be as large as 0.99, which
is the best result until now, as far as we know. The perfect nonrecip-
rocal radiation is attributed to the nonreciprocal guided resonances
excited in the Weyl semimetal film, which is confirmed by the mag-
netic field distribution and the dispersion relation. Such a design is
promising to be utilized to verify Kirchhoff’s law for nonreciprocal
materials.
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