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Abstract

To violate Kirchhoff’s law is very important in the areas of thermal radiation. However, due to the weak nonreciprocity in
natural materials, it is necessary to engineer novel structures to break the balance between emission and absorption. In this
work, we introduce magneto-optical material into Fibonacci photonic crystals. Assisted by the nonreciprocity of the magneto-
optical material and the excitation of Tamm plasmon polaritons, strong nonreciprocal thermal radiation can be realized. The
difference between absorption and emission at wavelength of 16 um can reach 0.9 at the incident angle of 60°. The
distributions of the magnetic field are also calculated to verify the underlying physical origin. By engineering the parameters
of the structure, it is found that strong nonreciprocal thermal radiation can be achieved at shorter wavelength and smaller
incident angle. The results indicate that the Fibonacci magnetophotonic crystals are the promising candidate to engineer the

nonreciprocal emission for various requirements.
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1. Introduction

Thermal emission is a fundamental and ubiquitous process,
which is related to the conversion of the thermal motion of
particles in matter with non-zero temperature into
electromagnetic emissions.) Breaking inversion or time
reversal symmetries will have an impact on the
electromagnetic waves radiated by the matter, which can be
employed to control the thermal radiation and enable
manipulating of radiative heat.®@ Recent discoveries in
employing nonreciprocal materials have led to many novel
thermal radiation properties which are quite different from that
with reciprocal materials.[] Besides, nanostructures made of
nonreciprocal materials could violate the traditional
Kirchhoff’s law, ie., breaking the balance between
absorptivity and emissivity.'>?4  Nonreciprocal thermal
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emitters not only open up potential for manipulating
fundamental properties of thermal emission, but also provide
vast opportunities for applications in areas including solar
energy harvesting.[?® Moreover, the generalized Kirchhoff’s
law, applying for both nonreciprocal and reciprocal materials,
has been recently proposed and explored.[?6-29

In 2014, Zhu and Fan proposed grating structures to violate
the traditional Kirchhoff’s law near wavelength of 16 pum
around the incident angle of 60°.1*7 Since the pioneer work of
them, various nonreciprocal materials, mainly magneto-
optical materialst*? and Weyl semimetals, are engineered to
achieve a unity difference between absorption and emission.**
2231 The major of nonreciprocal systems can realize strong
nonreciprocal emission at long wavelength and large angle of
incidence, which greatly hinder the applications of
nonreciprocal thermal radiation. To meet different
requirements, it is necessary to propose new mechanism to
achieve strong nonreciprocal radiation at shorter wavelength
and smaller incident angle.

To maximally violate the difference between absorption
and emission, perfect absorption and emission are required.
Grating structures, ! photonic crystals, [ and
metamaterialst®3 are the promising candidates. Specifically,
Fibonacci photonic crystals have attracted much attention due
to its unique resonant property, which have already been
applied in optical absorption,®>®l,  photonic band
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engineering®! and omnidirectional reflection,**-#!! and so on.

Here, we introduce the magneto-optical materials InAs into
Fibonacci photonic crystals. Assisted by the exciting of Tamm
plasmon polaritons and the nonreciprocity of the magneto-
optical material, strong nonreciprocal thermal radiation can be
realized, i.e., the difference between absorption and emission
at wavelength of 16 um can reach 0.9 at the incident angle of
60°. The distributions of the magnetic field are employed to
verify the underlying physical origin. By engineering the
parameters of the structure, it is found that strong
nonreciprocal thermal radiation can be achieved at shorter
wavelength and smaller incident angle. The results indicate
that the Fibonacci magnetophotonic crystals are the promising
candidate to engineer the nonreciprocal emission for various
requirements.

2. Model

The proposed nonreciprocal thermal emitter is shown in Fig.
1, which consists of a Fibonacci quasi-periodic
magnetophotonic crystal 3(n) = (C"!'A)"C and a metal layer
M, where the n is the Fibonacci order.®® The generation
number of the Fibonacci magnetophotonic crystal is 3. In this
work, the material of medium A is chosen to be a kind of
magneto-optical materials InAs. When a magnetic field along
the direction of y-axis with intensity B is imposed on the InAs,
the relative dielectric constant tensor of InAs is described
by:[12,17]

&x O Exz
e =10 &, 0f (1)
&x 0 €22
where
_ _ _ wi(w+il)
Exx = Ezz = &» w[(w+i1‘)2—w§]’ (2)
_ . w%,wc
Exz EZX =1 w[(w_'_il—-)z_wg]’ (3)
Eyy = Ep— ©p )]
Yy © w(w+ir)

Here, the detailed definitions and parameter values shown in
Egs. (2)-(4) can be found in Refs.['? and . The dielectric
constant of the InAs does not vary with the temperature since
the temperature employed in our device is above 300 K.['*4 The
dependence of cyclotron frequency on the magnetic field is
described by: . = eB/m", where m" is effective electron
mass. The material of the medium C is chosen to be silica
(S10,) with a refractive index of 1.45.%4 The material of the
metal M is chosen to be aluminum (Al). The relative dielectric
constant of Al is obtained according to the Drude model.!

2

en = - wziz;wl"’ (5)
where e,= 1, ' = 1.24x10'* rad/s and w),= 2.24x10'® rad/s.!*]

The metal is optically thick, thus there is no transmission.
Since the plane of incidence is x-z plane, no polarization
conversion exists. When a plane wave with TM (transverse
magnetic, with the magnetic field along the direction of y-axis)
polarization is incident (in Fig. 1 from the left side) at an angle
6, the spectral directional absorption and the spectral

€0
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directional absorption emission could be obtained by:*2

a@, 1) = 1—R(6, 1), e(6, 1) = 1—-R(—6, 1). (6)
here, R(6, 1) and R(-6, A) are the spectral directional
reflectivity at the incident angle of 8 and -0, respectively. We
define the difference between emission and absorption asn =
|d —e|, which is used to measure the magnitude of
nonreciprocal radiation. During the simulation, the reflectivity
is obtained by using the transfer matrix method (TMM).#446l
This method consists of two steps. First, according to the
Maxwell’s equations, the dispersion relations and the
electromagnetic fields can be obtained. Second, by matching
the boundary condition for the fields propagating up and down
at each boundary, the reflection and transmission coefficients
can be obtained.

W sio, [] mas [T Al

Cr-lA

CrA

(.CW-T A)n

Fig. 1 Schematic of the proposed nonreciprocal thermal emitter.
The magnetic field B is along the direction of y-axis.

3. Results and discussion

The external magnetic field is fixed as 3 T in this work, which
is experimentally achievable.l*? The Fibonacci order is chosen
to be n = 6. We fix the incident angle at 60° and investigate the
influence of thicknesses /1 and %, on the absorption and
emission at wavelength of 16 um. As illustrated in Figs. 2(a)
and 2(b), the strong absorption and emission can be realized
by controlling the thicknesses. The difference between
emission and absorption, i.e. 7, is present in Fig. 2(c). It is
found that the difference is obvious at specific thicknesses.

From Fig. 2(c), we find the optimized thicknesses which
can realize strong nonreciprocal thermal radiation. When A =
1.5 um, /4,=0.63 pum, as shown in Fig. 3(a), the absorption and
emission at wavelength of 16 um are respectively 0.95, and
0.05, resulting in near-complete violation of the traditional
Kirchhoff’s law. The underlying mechanism for such strong
nonreciprocal thermal radiation will be disclosed later. Fig.
3(b) illustrates the absorption and emission as a function of the
incident angle. It is clear the difference between absorption
and emission is strong near angle of 60°. The absorption and
emission are almost identical with the incident angle less than
50°.

To explore the mechanism for such enhanced
nonreciprocity, we calculate the magnetic field distributions
(|H,|) for the wavelength of 16 um in Fig. 4. The red and blue
solid lines represent the cases at 8 = 60° and 6 = -60°,
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Fig. 2 The absorption (a), emission (b), and the difference between them (c) versus the changing of the thicknesses 41 and />. The
wavelength is 16 pm, the magnetic field is 3 T, and the incident angle is 60°.
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Fig. 3 (a) The absorption and emission changing with the wavelength for the incident angle of 60°. (b) The absorption and emission
as a function of incident angle at the wavelength of 16 um. The thicknesses 4 and 4, are 1.5 pm and 0.63 um, respectively.

respectively. Clearly, the amplitude of the magnetic field is
extremely high at the interface between the Fibonacci
magnetophotonic crystal and the metal layer at the incident
angle of 60° and it drops rapidly when it is away from the
interface. Such phenomenon indicates the excitation of the
TPPs at the interface. In the contrast, the amplitude of the
magnetic field don’t be enhanced at the incident angle of -60°.
Although the magnetic fields are almost the same at the
interface between the air and the Fibonacci magnetophotonic
crystal in two cases, the reflection is totally different. For
angles of incidence of 60° and -60°, the reflection coefficients
are 0.13+0.207 and -0.51-0.841, respectively.
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Fig. 4 The distribution of magnetic field at wavelength of 16 pm.
The thicknesses 4 and /; are 1.5 um and 0.63 um, respectively.
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It is well known that the TPPs can be excited at the
interface between two objects with high reflection.*’#8 To
further verify the excitation of the TPPs in this work, the
reflection of the bare Fibonacci magnetophotonic crystal and
the bare metal layer is calculated, as shown in Fig. 5. The
reflection is strong at wavelength of 16 pm, either for the bare
Fibonacci magnetophotonic crystal or the metal layer.
Therefore, the reflection spectra could partially verify the
formation of the TPPs at the interface between the Fibonacci
magnetophotonic crystal and the metal layer.
1 T —
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Fig. 5 The reflection of the bare photonic crystal and the metal

layer. The thicknesses 4; and 4, are 1.5 pm and 0.63 pm,

respectively.
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As presented in Fig. 3(b), the nonreciprocal radiation
occurs at large angle of incidence, i.e., around 60°. Here, we
explore if the proposed structure can realize nonreciprocal
radiation under smaller incident angle. Following the same
process shown in Fig. 2, we calculated the emission and
absorption as functions of the thicknesses /1 and /». The
wavelength is fixed at 16 pm and the angle of incidence is
fixed at 30°. The optimized thicknesses can be found by
looking at the difference between the absorption and emission.
The results are not shown here, and we only give the optimized
results. When /1= 1.44 um, > = 0.5 um, the absorption and
emission varying with the incident angle is shown in Fig. 6(a).
It is seen that the absorption can reach 0.998, while the
emission is smaller than 0.1, thus the difference between
absorption and emission is also significant. The nonreciprocal
radiation of the structure at angle of 10° is also explored. When
h1=1.23 pm, s = 0.54 um, as shown in Fig. 6(b), there is still
sufficient large nonreciprocity, i.e., around 0.65.

According to the plot of the permittivity of InAs, as shown
in Fig. 2 in Ref. [17], the nonreciprocal effect is enhanced as
the wavelength increases. Thus, it is more challenging to
achieve strong nonreciprocal thermal radiation at shorter
wavelength. Following the same process shown in Fig. 2, we
calculated the emission and absorption as functions of the
thicknesses /1 and /.. The wavelength is fixed at 14 pm and
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Fig. 6 The absorption and emission varying with the incident angle at wavelength of 16 um: (a) 4= 1.44 pm, A= 0.5 um; (b) 4=
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Fig. 7 The absorption and emission changing with the wavelength at the incident angle of 60°: (a) ;= 1.03 pm, 4,=0.61 um; (b) A,

=0.86 um, iy =0.48 pum.
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Fig. 8 The absorption and emission changing with the wavelength at incident angle of 60°: (a) ;= 1.3 um, A= 0.72 um; (b) A1 =

1.32 um, ,=0.7 pm.

the angle of incidence is fixed at 60°. When /1= 1.03 um, i, =
0.61 pm, the absorption and emission varying with the
wavelength is shown in Fig. 7(a). The difference between
absorption and emission at wavelength of 14 um can reach 0.9.
When /1= 0.86 um, 4= 0.48 um, the absorption and emission
changing with the wavelength is shown in Fig. 7(b). The
difference between absorption and emission at wavelength of
12 pm can reach 0.76.

The magnetic field with B = 3 T usually requires
electromagnets with superconducting coils. For real
applications, it should be more attractive if the magnetic field
employed can be reduced.*®! When the magnetic field is 2 T,
following the process in Fig. 2, we optimized the structure at
wavelength of 16 um and angle of incidence of 60°. When 4;
= 1.3 um, A2 = 0.72 um, the nonreciprocity can reach 0.86, as
illustrated in Fig. 8(a). When B=1T, and /1= 1.32 um, s, =
0.7 pum, one can see that the difference is 0.7. Therefore, the
proposed structure can still obtain strong nonreciprocal
radiation with B = 1 T. It is worth noting that Zhao et al.
designed a novel structure to break the balance between
absorption and emission with a 0.3 T magnetic field. Although
the magnetic field is greatly reduced, the wavelength is much
larger than 16 um.%

4. Conclusions

In summary, by combining TPPs with the nonreciprocity of
the magneto-optical materials, strong nonreciprocal thermal
radiation is realized in Fibonacci magnetophotonic crystals.
The physical origin of the strong nonreciprocal thermal
radiation is revealed by the distribution of the magnetic field.
The proposed structure can significantly break the balance
between absorption and emission at wavelength shorter than
16 um and small angle of incidence. It is hoped that the method
proposed in this work will promote the development of novel
nonreciprocal thermal emitters.
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