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Strong Nonreciprocal Mid-infrared Radiation at Small Angles
Based on the Excitation of Guided Modes
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Abstract

A strong nonreciprocal radiation effect, which is achieved by inserting a magneto-optical film between a one-dimensional
metallic grating and a metallic reflector, is investigated. Strong nonreciprocal radiation is obtained at a wavelength around
15.5 um when the incident angle is only 12° and the external magnetic field is 2 T. Such phenomenon is attributed to the
critical coupling between the metal grating and guided mode resonances (GMRs) excited in the magneto-optical film. The
physical mechanism is revealed by investigating the magnetic field distributions and verified through the coupled mode
theory (CMT). In addition, the performances of thermal radiation for the designed emitter remain well in a wide range of
geometric dimensions, which is friendly for fabrication. This work provides a new approach for designing nonreciprocal
thermal emitters working at small angles. We believe that the designed structure can be employed to demonstrate Kirchhoff’s

law with nonreciprocal materials and enhance the efficiency of time-asymmetrical photovoltaics.
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1. Introduction

It is well known that the directional spectral absorptivity of a
structure is equal to the spectral emissivity in light of the
traditional Kirchhoff's law,1 which results from the Lorentz
reciprocity properties of Maxwell’s equations.[®) However, it is
recently found that an emitter that consists of nonreciprocal
materials, including magneto-optical materialst®® and Weyl
semimetals,[’*!? can completely violate the fundamental
Kirchhoff’s law. For the materials mentioned above, the
permittivity tensors are asymmetric, thus breaking the Lorentz
reciprocity.[*** The generalized Kirchhoff’s laws, validating
not only nonreciprocal devices but also reciprocal devices,
have already been proposed in recent years.[!517]
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When the emissivity is different from the absorbance, it is
usually referred to as nonreciprocal radiation. Zhu et al.
proposed a grating scheme made of magneto-optical material
(InAs), where strong nonreciprocal radiation is achieved
around 15.96 pm with a magnetic field of 3 T.[®l Later, Zhao et
al. proposed a novel structure consisting of an InAs film
inserted between a silicon carbide (SiC) grating and an
aluminum (Al) substrate, where near-complete nonreciprocal
radiation is achieved with a magnetic field of only 0.3 T.I"
Though the magnetic field used is small enough, the operating
wavelength is as long as about 25 pum. Various materials and
schemes have been designed to achieve nonreciprocal
radiation as strongly as possible. However, Kirchhoff’s law
with nonreciprocal material has not yet been experimentally
demonstrated until now.

Green has demonstrated that the nonreciprocal radiation is
promising to overcome the Shockley-Queisser (SQ) limit of
photovoltaics.l*8l Thus, novel energy-harvesting devices with
more advanced features can be achieved by the hybridization
of the traditional photovoltaic device with nonreciprocal
materials. To improve the efficiency of photovoltaics, the
angle between the light of the sun and the normal of the solar
cells should be as small as possible. Thus, achieving strong
nonreciprocal radiation with an incident angle as small as
possible is highly desirable. In addition, the difference in
absorption and emission is promising to be used in radiative
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cooling to improve the cooling power.*!

Besides, the energy of radiation at the direction of 6 (6
denotes the angle between the normal interface and the
direction of radiation) is proportional to cos €. Such a
phenomenon results from Lambert’s law. Thus, the thermal
emission signal is larger at smaller angles. In general, to
demonstrate Kirchhoff’s law with nonreciprocal materials, the
thermal emissivity should be accurately measured. Therefore,
realizing strong nonreciprocal radiation at smaller angles will
strengthen the thermal emission signal, which is an advantage
for measuring the emissivity in the experiment.[2-22

Whether from the perspective of practical application or
experimentally verification, it is of great importance to
achieve strong nonreciprocal radiation with the incident angle
as small as possible. Until now, the majority of the proposed
nonreciprocal emitters could achieve strong nonreciprocal
radiation for incident angles as larger as 60°.5% Wu et al.
utilized a magneto-optical material-dielectric multilayer
structure to achieve strong nonreciprocal radiation at 30°.12%
Their results indicated that the nonreciprocity can reach 0.87
at the incident angle of 30°, which results from the excitation
of Tamm plasmon polaritons at the interface of the
magnetophotonic crystal and the metal mirror. However, the
angle is not small enough and should be further modified.
Therefore, it is urgent to figure out an effective approach to
realize enhanced nonreciprocal radiation for angles smaller
than 30°.

Here, the enhanced nonreciprocal radiation effect with a
novel structure which consists of a top metallic grating, a
middle InAs film, and a bottom metallic mirror, is proposed
and studied. The emitter exhibits near-complete nonreciprocal
radiation at a wavelength of around 15.5 pm for a magnetic
field of 2 T and an incident angle of 12°. The distribution of
the normalized magnetic field magnitude as well as the CMT,
are used to reveal the physical origin. Besides, the influence
of the geometric dimensions on the radiation is studied in
detail. The structure proposed in this work outperforms the
structure proposed in Ref.l. Thus, it can be employed to
demonstrate the generalized Kirchhoff’s law. This work
provides a new approach for designing nonreciprocal thermal
emitters working at small angles.

2. Design and method

The designed structure is illustrated in Fig. 1, where the
direction of the magnetic field is along the y-axis. The
proposed emitter is composed of three layers: a top aluminum
(Al) grating, a middle InAs film, and a bottom Al mirror. The
emitter can be considered to be supported by a dielectric
substrate. The top Al grating is described by its period d,
grating ridge width w, and grating thickness 4. The thickness
of the InAs spacer is A;. The permittivity of the material Al is
calculated according to the Drude model (1):

2
— Wp

a1 =

€0 w?+iwl (1)
where e = 1,1 = 1.24x10' rad/s and w,=2.24x10'® rad/s.[2
The thickness of the metallic reflector is fixed at 0.2 pm,
which is optically thick and will prevent light from passing

through the device.

5i0),

Fig. 1 Schematic of the designed structure for near-perfect
nonreciprocal radiation.

In this work, the case of TM (transverse magnetic)
polarized light is considered. Now, the dielectric constant
tensor of InAs is described as(®?l:

gxx 0 ng
e=|0 &y 0} (2)
gzx O SZZ
where,
w3 (w+ir)
Exx = €22 = Eoo_ma 3)
. wiw,
€ = ~&x = I )
_ . @b
Eyy = & w(w+ir)’ )
The definite definitions and the parameter values

employed in Egs. (2)-(5) should be referred to Ref.[l The
dielectric constant of the InAs does not vary with the
temperature since the temperature employed in our device is
above 300 K.I?l The dependence of cyclotron frequency on the
magnetic field is described by: w.= eB/m*, where m* is the
effective electron mass. Therefore, the magnetic field can
influence the permittivity tensor by influencing the cyclotron
frequency w..

During the simulation, the directional spectral absorptivity
and directional spectral emissivity of the devices are
calculated according tof*S]

a0, ) = 1—-R(6, 1) —TO, 1), a(—=6, 1) = 1 —R(—6, 1) —T(-6, A),
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e(8, 1) = 1—R(=6, 1) —T(8, 1), e(=0, ) = 1—R(8, 1) —T(~6, 1)

where R and T denote the corresponding reflectivity and
transmissivity, respectively, and 6 and —6 denote the incident
angle, which is calculated by the mean of the rigorous
coupled-wave analysis (RCWA).[?6-281 [t is noted that Eq. (6) is
not explicitly presented in this form in Ref.[*%], the reason is
that the polarization conversion between the transverse
magnetic wave and the transverse electric wave is not
considered here. The difference between emission and
absorption measures the nonreciprocal radiation. Therefore,
the nonreciprocal radiation becomes stronger with the increase
of the difference. The RCWA has often been employed to solve
Maxwell’s equations with grating-based devices, where the
electromagnetic fields are expanded to the Fourier series.
Detailed information about this method can be found in a
previously published article.[?6]

By selecting initial geometric dimensions and employing
the simulated annealing (SA) algorithm, we can obtain the
final parameters. The objective function is:

¢(d: w, h, hs) = “Amax (7

where, Anax = max (Ag=o 1(1)), Ag= o T(A) is the absorption
spectra for B = 0 T. The process of optimization is to find
appropriate geometric dimensions in order that ¢ (d, w, A, h;)
is minimum.

R — i i
————— B=0T aande|| ''1|
0.8L--- paTe i
—006"
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wavelength(um)

Fig. 2 The absorptivity (o) and emissivity (e¢) spectrum for 6 =
12°withB=0and B=2T.

3. Results and discussion

The structure parameters of the emitter are: d = 7.5 pm, h =
0.55 pm, w= 3.0 um, and /s = 2.15 um. Then, we simulate the
absorptivity spectra and the emissivity spectra for = 12° with
B =0T and 2 T, respectively, shown in Fig. 2. Obviously, the
absorptivity and emissivity spectra are the same for B = 0. In
contrast, with the magnetic field increasing from B =0 to B =
2 T, the absorptivity spectra shift to a smaller wavelength
while the emissivity spectra shift to a larger wavelength, which
presents a violation of the typical Kirchhoft’s law. Moreover,
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(6)

the nonreciprocity, namely the difference between the peaks
of emission and absorption, is nearly 0.911 at the wavelength
of 15.5 pm, which shows near-complete nonreciprocal
radiation. Compared to Ref.?)], the proposed structure in this
work can reach stronger nonreciprocal radiation at smaller
angles. Thus, this structure can be employed to demonstrate
the generalized Kirchhoff’s law and improve the efficiency of
photovoltaics.

To reveal the physical origin of this effect, we show the
calculated normalized magnetic field distribution at 4 = 15.5
pm of 8= 12° and § =-12° in Figs. 3(a) and 3(b), respectively.
Here, the magnetic field magnitude is normalized to the
incident magnetic field. Clearly, when 8 = 12°, the magnitude
Hy is intensively enhanced and strongly concentrated in the
InAs film, which exhibits the characteristic of GMRs.[2°3% The
maximum magnetic field enhancement can be larger than 20.
As a result, the critical coupling is achieved due to the
excitation of GMRs, which leads to perfect absorption in the
devices. By contrast, the enhancement of the magnetic field in
the middle InAs spacer for 8 = -12° is much weaker than that
for & = 12°, which leads to a tiny absorption. The maximum
magnetic field enhancement, in this case, is smaller than 7.

[ HH, |

20

15

10

z(um)

z(um)

Fig. 3 The distribution of |H,,/H,| for (a) 6 = 12° and (b) 6 = -
12°.

To further confirm the critical coupling, the CMT is
employed, as presented in Fig. 4. The reflection coefficient can
be described asl®-%2

(w—wy)+6-y

= i(w—wg)+6+y’ (8)

where w, is the angular frequency at resonance, é and y are
the external leakage rate and the intrinsic loss rate, respectively.
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The absorptivity can be expressed infs1:32
_ 46y

— _ 2
@ =1-I" = o

©

From Eq. (9), it is found that the critical coupling condition is
achieved when § = y and w w,- At this point, the energy
of the incident plane wave will be completely absorbed by the
device. y and § can be achieved by fitting the simulated and
theoretical results. Only the absorptivity spectrum is used to
verify the critical coupling. The fitting values are § = y
0.28 THz at w, = 1.216 x 10* rad/s (15.5 um). The
excellent fitting in the neighborhood of the resonant
wavelength validates the underlying mechanism.
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Fig. 4 Simulated and theoretical absorption spectra for the
incident angle of 12° under the magnetic field of 2 T.
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For practical application, the designed emitter should be
fabricated at a low cost. Under this circumstance, the effect of
the geometric parameters on the absorptivity and emissivity
spectra are calculated and shown in Fig. 5. From Fig. 5(a), we
found that both the absorptivity and emissivity spectra show a
redshift when the period d increases from 7.4 um to 7.6 um.
In addition, perfect absorptivity and emissivity can remain.
When the width of the strips w increases from 2.9 pm to 3.1
um, the absorptivity and emissivity spectra exhibit a redshift,
with both peak absorptivity and emissivity remaining stable,
as clearly shown in Fig. 5(b). Fig. 5(c) denotes the absorptivity
and emissivity spectra with two different grating thicknesses
h. It can be seen that the absorptivity and emissivity spectra
are not sensitive to / as the peaks of the absorptivity and the
emissivity are almost unchanged. Fig. 5(d) illustrates the
absorptivity and emissivity spectra when 4, increases from 2.1
pm to 2.2 um. Clearly, both peaks exhibit redshifts with the
increasing of /4. Besides, a relatively stable absorptivity and
emissivity above 97.7% can be obtained. Generally, the near-
complete nonreciprocal radiation performance, as well as
perfect absorptivity and emissivity, remain excellent in a large
geometric dimensions range, which should be an advantage
for real manufacture. In addition, the sensitivity of the
nonreciprocal radiation on the structure dimensions could also
be used to change the operating wavelength of the
nonreciprocal radiation.
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Fig. 5 a and e versus the change of: (a) d, (b) w, (¢) A, and (d) 4.
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Fig. 6 a and e as a function of the incident angle at A = 15.5 um
withB=2T.

The absorptivity and emissivity spectra versus the change
of the angle of incidence are plotted in Fig. 6. The maximum
absorptivity and emissivity are located at 12° and 17.3°,
respectively. Both peaks are very sharp and their values of
them can reach 0.99. The absorptivity and emissivity spectra
almost overlap when the incident angle is more than 25°. In
addition, they are smaller than 0.06 when the incident angle is
more than 25°. Clearly, the angular widths for the absorptivity
and emissivity spectra are about 2.9° and 2.6°, respectively.
Since the inverse relation of the coherence length to its angular
width,®3 the proposed structure exhibits excellent spatial
coherence. The such phenomenon indicates that the proposed
structure in this paper could act as a highly directional thermal
emitter and performs similarly to an antenna.[3-%]

Up to now, most of the designed nonreciprocal thermal
emitters are operated under an incident angle as large as 60°
since strong nonreciprocity is more easily achieved at a larger
incident angle.8%61 Only recently, some research had been
proposed to realize strong nonreciprocal radiation around
30°.[337401 However, these structures usually suffer from low
nonreciprocity (less than 0.9),2°l large sizel*’<8 along with not
small enough incident angle (larger than 25°).2337-4) Therefore,
the key innovation of this work is that a nonreciprocity as large
as 0.911 is achieved at an incident angle of only 12° along with
a simple structure, which is superior to the schemes proposed
in previous works.

4. Conclusions

In conclusion, the enhanced nonreciprocal radiation effect
with a novel structure which consists of a metallic grating, an
InAs spacer, and a bottom metallic mirror, is studied. Strong
nonreciprocity, as larger as 0.911, can be achieved with a
magnetic field of 2 T under an incident angle of 12°. The
physical origin is disclosed by studying the normalized
Besides, the

magnetic field magnitude distributions.

202 | Eng. Sci., 2022, 19, 198-204

mechanism is further confirmed by the CMT. In addition, the
performances of the nonreciprocal radiation are maintained
excellent within a wide varying range of geometric parameters,
which should be beneficial for real manufacture. The proposed
structure will prompt the development of nonreciprocal
emitters and time-asymmetrical photovoltaics.
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