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The long-wave infrared band (8—14 pum) is essential for several applications, such as infrared detection, radiative cooling, and
near-field heat transfer. However, according to Kirchhoff’s law, the intrinsic balance between thermal absorption and emission
limits the further improvement of photon energy conversion and thermal management. Thus, breaking Kirchhoff’s balance and
achieving nonreciprocal thermal radiation in the long-wave infrared band are necessary. Most existing designs for nonreciprocal
thermal emitters rely on grating or photonic crystal structures to achieve nonreciprocal thermal radiation at narrow peaks, which
are relatively complex and typically realize bands larger than 14 um. Here, a sandwich structure consisting of an epsilon-near-
zero (ENZ) magneto-optical layer (MOL), a dielectric layer (DL), and a metal layer is proposed to achieve a strong nonreciprocal
effect in the long-wave infrared band, which is mainly attributed to the strengthening of the asymmetric Berreman mode by the
Fabry—Perot cavity. In addition, the impact of the incident angle, DL thickness, and DL refractive index on the nonreciprocal
thermal radiation has been investigated. Moreover, by replacing the ENZ MOL with the gradient ENZ MOL, the existence of the
DL can further improve the nonreciprocity of the broadband nonreciprocal thermal radiation. The proposed work promotes the
development and application of nonreciprocal energy devices.
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1 Introduction

The long-wave infrared band (8—14 um) is the operational
band of most infrared detectors or emitters, which is of great
significance in understanding the infrared radiation char-
acteristics of objects [1-4]. Traditional designs of infrared
detectors or emitters are based on Kirchhoff’s radiation law
[5-7], which defines the relationship between emission and
absorption; that is, emissivity is equal to absorptivity for a
given wavelength and angle. In other words, when an object
absorbs radiation, part of the energy is returned to the
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emitter, leading to an inherent energy loss. Therefore, if the
emission and absorption processes can be controlled sepa-
rately in the long-wave infrared band, then new design routes
for infrared camouflage [8], radiation cooling [9,10], near-
field heat transfer [11-13], and other applications [14—16]
can be realized.

Kirchhoff’s radiation law is a consequence of the Lorentz
reciprocity theorem rather than the second law of thermo-
dynamics, indicating that it is possible to break Kirchhoff’s
law for nonreciprocal materials, such as magneto-optical
(MO) materials, to disobey this detailed equilibrium. In
2014, the groundbreaking work of Zhu and Fan [17] de-
monstrated that Kirchhoff’s law can be violated by breaking
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time-reversal symmetry. Since then, nonreciprocal absorp-
tion and emission have been predicted in systems designed
based on MO materials [17-25], Kerr nonlinearity [26], and
time modulation [27]. Among them, MO materials have at-
tracted considerable attention because of their good non-
reciprocal characteristics in the infrared band [17,18,28].
Existing designs based on MO materials include grating
structures [17,19,21,24] and multilayer photonic crystal
structures [22,29], which rely on guided or cavity mode re-
sonances to realize narrowband nonreciprocal thermal ra-
diation at resonant wavelengths. However, broadband
emission or absorption is necessary for energy utilization,
such as radiative cooling. In response to this requirement,
several scholars have proposed a gradient epsilon-near-zero
(ENZ) multilayer structure to realize broadband non-
reciprocal thermal radiation at ENZ wavelengths via ex-
citation of the Berreman mode [30], which has been
experimentally verified [31]. However, the existing utiliza-
tion of a monolayer ENZ film typically requires placing it on
a substrate with a negative dielectric constant to achieve
strong nonreciprocal effects [30], which limits its application
in practice. In addition, nonreciprocal effects achieved by
most of the aforementioned works are usually at wavelengths
greater than 14 um, which cannot meet the needs of the long-
wave infrared band. Recently, several designs based on Weyl
semimetals can achieve the prediction of nonreciprocal ab-
sorption and emission in the long-wave infrared band [32].
However, the strong MO effect of Weyl semimetals has been
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theoretically realized only at low temperatures and has not
been experimentally verified in energy devices at room
temperature [33]. Therefore, simpler nonreciprocal narrow-
band or broadband thermal emitters/absorbers that can sa-
tisfy the long-wave infrared band need to be designed and
developed.

Here, a sandwich structure consisting of a bottom metal
layer (ML), a top ENZ magneto-optical layer (MOL), and a
middle dielectric layer (DL), which can achieve a strong
nonreciprocal response in the long-wave infrared band, is
proposed. The effective impedance theory has been used to
explain the nonreciprocity mechanism, which is mainly at-
tributed to the synergistic action of the Fabry—Perot cavity
and the Berreman mode. In addition, the effect of the Fabry—
Perot cavity on gradient ENZ MO materials is explored,
where the nonreciprocal strength of broadband thermal ra-
diation can be enhanced by the presence of Fabry—Perot
cavities. This work can further promote the development and
utilization of devices for energy conversion and thermal
management.

2 Calculation methods

As shown in Figure 1(a), the nonreciprocal emitter consists
of a three-layer structure, including a bottom ML (Al), a top
ENZ MOL (InSb), and an intermediate DL (Ge). The mag-
netic field B is along the y-axis, and B = 3 T. Under the
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Figure 1 (a) Diagram of a nonreciprocal thermal emitter shaped like a sandwich structure. (b) Material permittivity of the MOL varying with wavelength,

and absorptivity and emissivity spectra of the emitter: without the DL (c) and with the DL (d). Effective impedance of the structure: without the DL (e) and

with the DL (f).
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applied magnetic field, the dielectric tensor of the MO ma-
terial InSb is asymmetric, that is [30]

ng 0 gxz
e=|0 ¢, 0] ()
SZV 0 SZZ
where
oXHw+i
Cxx T €T €T p(.—zl—’)’ (2)
wl(w+il) ~od]
olo,
Xz = 782.\' = 71.—2’ (3)
wl(w+il) ~od]
vy
Syy =&, W (4)

In Egs. (2)—(4), ¢, is the high-frequency permittivity, and
e, = 15.68; w, is the plasma frequency, and ®p=

0

b
Jne’/ (m'ey) ; w, is the cyclotron frequency, and w, = eB/ m”,
I' is the relaxation rate, and /"= e/ (m*u,). Here, e is the
elementary charge, and ¢, is the vacuum permittivity. » is the
doping concentration, and n = 8x 10** m™. 4, is the electron
mobility, and 1, = 6400 cm”> V' s~ [34]. m" is the effective
1

13 2 5 5 2
3 3] » where &

. h
electron mass, and p* = _[1+ 5(3) (Eg_m

is Planck’s constant, £, = 0.17 ¢V is the bandgap energy at
300K, m,=0.014m, is the electron effective mass at the
bottom of the conduction band, and m is the resting mass of
the electron [30,35]. In addition, germanium (Ge) is chosen
as the DL and the refractive index of the DL n, is 4. The
permittivity of the ML (Al) is obtained using the Drude
model, which is expressed as follows [19]:

o5 )
> w(w+il)’
where ¢.=1, a)p:2.24X1016 rads ', and '=1.24x10" rad s

The incident wave is a transverse magnetic wave in the x—z
plane, and the incident angle 6 is 70°. Here, the directional
spectral absorptivity a and emissivity € are expressed as
follows [17,19]:
a(@, ))=1-R(, 1) — T(6, 1), (6)
€@, 1) =1-R(-0, 1) — T(-6, 1), @)
where R(6, A) and T(6, 1) are the directional spectral
reflectance and transmittance, respectively. The directional
spectral reflectance and transmittance are calculated using
the transfer matrix, and the details are provided in Ref. [29].

EalT €

3 Results and discussion

Under the applied magnetic field, the asymmetric dielectric
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tensor of MO materials can cause asymmetric angular re-
flection and absorption to achieve nonreciprocal thermal
radiation. The ratio y of the asymmetric term e, to the
symmetric term |e,,| largely determines the degree of non-
reciprocity. Figure 1(b) shows the dielectric properties of the
MO materials InAs and InSb in the wavelength range of
10—-14 um, where the dielectric properties of InAs are ob-
tained from Ref. [17]. The value of y of InAs is only ap-
proximately 0.04, whereas the value of y of InSb reaches 1.91
when the wavelength is 12.445 um (that is, the ENZ
wavelength), which is the reason why InSb is chosen as the
MOL. Here, to better excite the Berreman mode of ENZ
MO material, according to the generalized Fresnel
formula, the thickness #y;q of single-layer ENZ film with the
minimum reflectivity is calculated using the following
equation [36]:

Agnz c0sO -1\,
Ivo = ZEnginZH(Im{g_m}) : ®)
where 6 is the incident angle, ., is the symmetric term of the
dielectric tensor of the ENZ MO material, and Agy; is the
ENZ wavelength. According to Eq. (8), fyo = 0.31 pm. In
addition, the dielectric material thickness #; is 0.5 pum, and

the ML thickness is 0.2 pm.

3.1 Influence of the DL on the single ENZ MOL

Here, to better compare the impact of the DL on non-
reciprocal thermal radiation, the absorption and emission
spectra without and with the DL are calculated, as shown in
Figure 1(c) and (d), respectively. First, without the DL, the
ENZ film is placed directly on the metallic aluminum layer.
The absorption and emission spectra are shown in
Figure 1(c), and the emissivity is close to 1 at the wavelength
of 12.395 um, indicating that the Berreman mode is well
excited near the ENZ wavelength. Second, the absorption
and emission curves do not overlap mainly because the
asymmetric Berreman mode is excited under the action of the
magnetic field, which leads to the nonreciprocity phenom-
enon near the ENZ wavelength [31]. In addition, the ab-
sorption and emission spectra of our proposed sandwich
structure are calculated, as shown in Figure 1(d). Strong
emission can still be observed near the ENZ wavelength,
indicating the excitation of the Berreman mode. The se-
paration degree of the absorption and emission spectra is
more obvious, which means that the degree of nonreciprocity
has been significantly improved. At the wavelength of
12.335 um, the emissivity is 0.925, whereas the absorptivity
is only 0.407, indicating the enhancement of the asymmetric
Berreman mode by the Fabry—Perot cavity. To better explain
the internal mechanism, the effective impedance matching
theory is used to explain the nonreciprocity phenomenon,
which is expressed as follows [37]:
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where S;; and S,; are the scattering parameters associated
with the reflection and transmission coefficients, respec-
tively. According to Eq. (9), the effective impedances of the
two structures have been calculated, as shown in Figure 1(e)
and (f). As the cause of nonreciprocity is generic, the com-
parison between the effective impedance of the sandwich
structure and the free space impedance Z; (Z, = 1) is taken as
an example to explain the nonreciprocal phenomenon. As
shown in Figure 1(f), the effective impedances at the oppo-
site incident angles are not equal, which means that the
structure has different dispersion relationships at opposite
angles. When the incident angle is 70°, the effective im-
pedance Z = 0.163 + 0.495i at the wavelength of 12.335 um
is poorly matched with the free space impedance Z,, in-
dicating weak absorption and strong reflection. By contrast,
when the incident angle is —70°, the effective impedance of
the structure is 0.671 + 0.331i, which is a better match with
the free space impedance, indicating stronger absorption and
weaker reflection at this time. According to Egs. (6) and (7),
when the incident angle is 70°, the spectra exhibit strong
emission and weak absorption.

3.2 Influence of the incident angle

Then, the effect of the incident angle on nonreciprocal
thermal radiation is investigated. Figure 2(a) and (b) show
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the variations of the absorption and emission spectra with the
incident angle in the absence of the DL, respectively. High
absorption and high emission near the ENZ wavelength are
present at a large angle, indicating the excitation of Berreman
mode. In addition, when the incident angle is lower than 50°,
absorption and emission decrease significantly, which in-
dicates that the structure has a certain directional radiation
capability. Here, to better reflect the degree of non-
reciprocity, the difference between emissivity and absorp-
tivity is calculated, as shown in Figure 2(c). Notably, a weak
nonreciprocity phenomenon occurs near the ENZ wave-
length under the action of the asymmetric Berreman mode.
Figure 2(d) and (e) reflect the relationship between the ab-
sorption and emission spectra of the sandwich structure with
the incident angle. The spectral distribution is still mainly
concentrated around the ENZ wavelength, and the difference
between absorption and emission spectra indicates high
emission and low absorption at a large angle. The degree of
nonreciprocity is also calculated, as shown in Figure 2(f).
When the incident angle is between 20° and 80°, a strong
nonreciprocal effect is observed. The comparison of the re-
sults in Figure 2(c) and (f) reflects the strengthening effect of
the Fabry—Perot cavity on the asymmetric Berreman mode.

3.3 Influence of the DL thickness

The effect of the DL thickness on nonreciprocal thermal
radiation is also investigated. Figure 3(a) shows the effect of
the thickness 74 on the absorption/emission spectrum in the
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Figure 2 (Color online) Simulated spectra varying with the angle and wavelength of different structures with B = 3 T. Absorptivity spectra: without the DL
(a) and with the DL (d). Emissivity spectra: without the DL (b) and with the DL (e). Difference between absorptivity and emissivity: without the DL (c) and

with the DL (f).
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Figure 3 (Color online) Simulated spectra of the sandwich structure varying with the thickness of the DL #, and wavelength when the incident angle is 70°.
(a) Absorptivity/emissivity spectra with B = 0 T; (b) absorptivity spectra with B =3 T; (c) emissivity spectra with B = 3 T; (d) difference between absorptivity

and emissivity with B =3 T.

absence of an external magnetic field. At this time, no
nonreciprocity phenomenon occurs, and the absorption/
emission intensity periodically increases and decreases with
the increase in cavity thickness near the ENZ wavelength.
When B = 3 T, the changes in the absorption and emission
spectra with the DL thickness are shown in Figure 3(b) and
(c), respectively. Compared with Figure 3(a), the overall
absorption spectrum shifts to the left, whereas the overall
emission spectrum shifts to the right because of the asym-
metric dielectric tensor of MO material. To show the non-
reciprocity more clearly, the difference between absorption
and emission is calculated, as shown in Figure 3(d). The
nonreciprocal thermal radiation also presents a periodic
change with the increase in cavity thickness.

3.4 Influence of the refractive index of the DL

The influence of n4 on nonreciprocal thermal radiation is also
explored. Figure 4(a)—(c) show the variations of the ab-
sorptivity, emissivity, and nonreciprocity of a sandwich
structure with ngy. First, the absorption and emission spectra
are significantly different under the asymmetric Berreman
mode. Near the ENZ wavelength, the absorptivity decreases

with the increase in the refractive index, whereas the emis-
sivity remains high. Therefore, the degree of nonreciprocity
gradually increases with the increase in the refractive index
ng, as shown in Figure 4(c). The investigation of the impact
of the refractive index on nonreciprocal thermal radiation
shows that in addition to choosing Ge as the DL, silicon (Si)
can also play a role in strengthening nonreciprocal thermal
radiation, providing more diverse material choices.

3.5 Influence of the DL on the gradient ENZ MOL

The theoretical work of placing a gradient ENZ MO thin film
on a metal to achieve broadband nonreciprocal thermal ra-
diation has been investigated [30]. However, when the ENZ
wavelength is reduced to a certain degree, the degree of
nonreciprocity will be considerably attenuated in the
broadband nonreciprocal thermal radiation. Here, the effect
of the Fabry—Perot cavity on nonreciprocal broadband ther-
mal radiation is determined by replacing the top ENZ MOL
with a gradient ENZ magneto-optical layer (GMOL) to form
a GMOL-DL-ML sandwich structure,
Figure 5(a).

The gradient ENZ layer consists of six layers of MO

as shown in



6 Chen Z H, et al.

1.0 (b) 14

—
)
~—
-
'S

Absorptivity,a

w
=
w

T — B
512. 312
£ 06 g
gﬂ %11
® 04 B
§ 10 § 10
9 0.2 9
8
& 2 3 pily 1 2
Ny

Emissivity,e

Sci China Tech Sci

10 (C) 14 le-al 06

Wavelength (um)
2 =

©

Ny

Figure 4 Simulated spectra of the sandwich structure varying with the refractive index of the DL ny and wavelength when the incident angle is 70°.
(a) Absorptivity spectra with B = 3 T; (b) emissivity spectra with B = 3 T; (c) difference between absorptivity and emissivity with B =3 T.

o
(@) |
z
l GMOL .
X _
DL
ML

(c) 10 =

—a-0T
—e-0T

8 10 12 14
Wavelength (um)

0.0

(b) 25

(d) 1.0

n=6x10m
20 n=8x10% m*
&l ——n=10%x10?* m?
~ ——n=12x10* m™®
W10 —— n=14x10% m*®
i . — 24 S
5 e n=17x10**m
g
-10 :

8 9 10 11 12 13 14
Wavelength (um)

t=0.5 um

0.8

0.6

0.4

0.2

8 10 12 14
Wavelength (um)

0.0
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material InSb with different doping concentrations. The
doping concentration of gradient ENZ MO films gradually
decreases along the z-axis, and the specific parameters of
each ENZ film are shown in Table 1. To more clearly show
the relationship between ENZ wavelength and doping con-
centration of MO materials, the changes of the real part of ¢,
with wavelength under different doping concentrations have
been determined, as shown in Figure 5(b). Notably, the ENZ
wavelength decreases with the increase in doping con-
centration.

To better show the effect of the Fabry—Perot cavity on
broadband nonreciprocal thermal radiation, the absorption
and emission spectra without and with the DL are calculated,
as shown in Figure 5(c) and (d), respectively. Without the DL

and with the applied magnetic field of 0, the absorption and
emission spectra overlap and show broadband absorption
and emission, which means that nonreciprocal thermal ra-
diation is not achieved. When an external magnetic field is
applied, absorption is suppressed, and emission is enhanced
in the ENZ wavelength range, showing a broadband non-
reciprocal effect [30]. However, as the ENZ wavelength
decreases, nonreciprocity gradually decreases.

For the sandwich structure, as shown in Figure 5(d), the
absorption and emission are weaker than that without the DL
with B =0 T, which indicates that the existence of the DL has
a certain hindering effect on the excitation of the Berreman
mode. However, when an external magnetic field is applied,
the separation of the absorption and emission spectra is
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greater in the ENZ wavelength range; that is, the broadband
nonreciprocal thermal radiation effect is more significant,
indicating that the Fabry—Perot cavity can strengthen the
asymmetric Berreman mode. Here, to more intuitively show
the influence of the Fabry—Perot cavity on broadband non-
reciprocal thermal radiation, the parameter ¢ is defined to
represent the degree of average wavelength nonreciprocity
over a wide spectrum, which is specifically expressed as
follows:

€ave  Cave
p = fue Cand (10)

{€aver aave}max ’
where ¢,,, and a,,, are the average emissivity and average
absorptivity over a wide spectrum, respectively. In addition,
{€aves Oavet 15 the maximum value of the average emis-

sivity and average absorptivity. According to Eq. (10), when
the band ranges from 9.5 to 14 pum, the values of ¢ without
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and with the DL are 0.455 and 0.558, respectively. Notably,
the existence of the Fabry—Perot cavity can further enhance
the effect of the broadband nonreciprocal thermal radiation.

Finally, the influence of the incident angle on the broad-
band nonreciprocal thermal radiation is discussed, as shown
in Figure 6. First, without the DL, the changes of absorptivity
and emissivity with the incident angle are calculated, as
shown in Figure 6(a) and (b), respectively. Notably, in the
ENZ wavelength range, the absorption intensity is weaker
than the emission intensity, and the larger the wavelength is,
the more obvious the nonreciprocity effect, which has been
demonstrated in the literature [30]. In this work, based on the
original, the GMOL-DL-ML sandwich structure has been
considered, and the spectral effect is shown in Figure 6(d)
and (e). In the ENZ wavelength range, the absorption in-
tensity is further suppressed, and the emission intensity still
maintains a strong broadband emission effect at the design

Table 1 Specific parameters of different ENZ MO films
n (10%*m?) o em’ V's™h Apxz (wm) fyio (um)
6 7350 13.72 0.36
8 6400 12.445 0.31
10 5540 11.54 0.286
12 5070 10.85 0.26
14 4720 10.305 0.24
17 4330 9.65 0.215
(a) i Absorptivity,a 1.0 (b) 14 ‘Emlss&‘ 1.0 (0)14
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Figure 6 (Color online) Simulated spectra varying with the incident angle and wavelength of the broadband emitters with B = 3 T. Absorptivity spectra:
without the DL (a) and with the DL (d). Emissivity spectra: without the DL (b) and with the DL (e). Difference between absorptivity and emissivity: without
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angle (@ = 70°), which can achieve a stronger and more
uniform nonreciprocal effect.

Here, to better compare the nonreciprocal effects of the
two structures, the difference between absorption and
emission is calculated, as shown in Figure 6(c) and (f). The
sandwich structure with the DL has a more obvious non-
reciprocal effect than the sandwich structure without the DL,
and the smaller the ENZ wavelength is, the better the en-
hancement effect, which indicates the strengthening effect of
the Fabry—Perot cavity on broadband nonreciprocal thermal
radiation.

4 Conclusions

In this work, a sandwich structure consisting of the ENZ
MOL, DL, and ML, which can achieve strong nonreciprocal
effects in the long-wave infrared band, is proposed. The
analysis of the internal mechanism shows that the strong
nonreciprocal effect is mainly attributed to the strengthening
effect of the existence of the Fabry—Perot cavity on the
asymmetric Berreman mode. In addition, by replacing the
top ENZ MOL with the GMOL, the change of single-band
nonreciprocal thermal radiation to broadband nonreciprocal
thermal radiation is realized. To better characterize the de-
gree of broadband nonreciprocity, the parameter ¢ is pro-
posed to characterize the degree of mean wavelength
nonreciprocity in a wide band. The values of the parameter ¢
with and without the DL are 0.558 and 0.455, respectively,
indicating that the existence of the DL can further improve
the design effect of the existing broadband nonreciprocal
thermal radiation. The proposed work promotes the devel-
opment and application of broadband nonreciprocal energy
devices.
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