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Polaritonic excitation and management in ultra-thin polar crystals has recently received significant
attention and holds new promise for epsilon-near-zero (ENZ) modes. However, manipulation of the ENZ
mode via anisotropic magneto-optic (MO) material remains elusive. Herein, we provide an effective
strategy for constructing an ENZ polar thin film with dependence on Weyl semimetals (WSM). The
thermal radiation of the proposed device is explored with electromagnetic (EM) simulations that utilize
the anisotropic rigorous coupled-wave analysis (@QRCWA) method. Strong coupling of the ENZ mode to
WSM polaritons has been demonstrated, and the structural parameters hold tolerance on the order of
hundreds of nanometers, which is highly favorable for low-cost fabrication and high-performance
application. By changing both the azimuthal angle (¢) and angle of incidence (0), the nonreciprocity ()
can be effectively influenced. The distribution of # is symmetrical with ¢ = 180°, = 0 when ¢ = 90°
and ¢ = 270°. The mechanism of this proposal is owing to the hybrid polaritons supported by the polar
thin film and nonreciprocal radiation of WSM, which is validated by examining the amplitude distribution
of the magnetic field. The nonreciprocal emitter described herein allows simultaneous control of
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spectral distribution and polarization of radiation, which will facilitate the active design and application of
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1 Introduction

The hybrid light-matter nature of phonon polaritons (PhPs)
in layered thin films offers a promising platform for enabling
strong EM field confinement.'” Compared to bulk crystals, the
identified surface phonon polaritons (SPhPs) have recently
attracted great interest due to their unique properties, which
originate from the coupling of free-photons to optical
phonons.®™® Recent achievements in the domain of nanopho-
tonics have shown that SPhPs are promising constituents for
MIR technology, owing to the possibility to solve the intrinsic
loss challenge of plasmonics and offering great potential for
technological aspects, such as all-optical switching, highly
efficient sensing, or enhanced nonlinear-optical conversion
efficiency.'* ™

SPhPs are excitations that emerge from light-matter inter-
action with phonons in the strong coupling limit, yielding hybrid
modes with both phononic and EM characteristics.'”™®
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Depending on the vibration direction with respect to the
propagation direction, a contrast occurs between longitudinal
optical (LO) and transverse optical (TO) modes. And the spacing
between the two corresponding resonance frequencies wro and
oo is expected, which is not present for non-polar crystals.'®>°
The Reststrahlen band (RB) where the real part of ¢, is negative
is delimited by the respective wro and oro.2' The strong and
controllable dispersion of the SPhPs in the RB suggests an
ordinary way for changing and manipulating SPhP resonances.
When different polar dielectrics are combined together to
construct compound multilayers, the RBs may meet with over-
lapping and result in a variety of exciting effects such as strong
coupling, mode-splitting, and index-sensing, thus allowing for
the handling of unique hybrid polaritons with a separate
polaritonic response.>*>* Moreover, much more strong optical
field distribution will arise for the Berreman mode in an
ultrathin polar dielectric film, as the resonance wavelength
locates within close range of ENZ.>*™’

Stacking and combining functional materials into PhPs
involved heterostructure offers a flexible and promising way
to realize the active control of PhPs.’®?° As an attractive
material, graphene not only provides new insight into the
realization of tunable dispersion via applying extra gate voltage
in the MIR and terahertz frequency ranges, but also provides a
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higher degree of freedom for designing.*°*° In addition, phase
change materials (PCMs) are also appealing as their optical
properties undergo great changes under external stimuli.*®™*?
By incorporating PCMs with polar dielectric materials, transi-
tions of optical properties induced by a phase mutation can be
used to manage polariton dispersion.

Recently, it has been found that WSM showed stronger
nonreciprocity at MIR wavelengths without external magnetic
fields, which results in a great enhancement in nonreciprocal
thermal radiation.***° The objective of the present work is the
comprehensive characterization of the hybrid PhP modes in the
Otto heterostructure including their dispersion, spectral response
and field distribution. The considered system is composed of a
sandwiched construction with air/aluminium nitride (AIN)/WSM/
silver (Ag) and a coupling prism. In order to satisfy the excitation
conditions of attenuated total reflection (ATR), the coupling prism
is chosen as KRS5 with a high refractive index. Firstly, the basic
structural dimensions are obtained by employing the anisotropic
rigorous coupled-wave analysis (aRCWA) algorithm. The strong
coupling between ENZ and polaritons in WSM has been observed.
The influence of the geometrical dimensions on the nonreciprocal
radiation is investigated. The effects of incidence and azimuthal
angles on nonreciprocity are also tested. The field intensity
distributions and spectral responses are calculated to confirm
the physical origin.

2 Theoretical model and methods

The schematic of the proposed design is demonstrated in
Fig. 1, all regions of which are denoted by numbers 1 to 4. 0

Fig. 1 Schamatic of the proposed structure. All regions are denoted by
numbers 1 to 4.
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Table 1 Permittivity parameters for polar dielectrics
Parameter e (—) Lo (em™) wro (em™) 7 (em™)
[ 4.72 890 610 2.2
L 4.53 912 670 2.2

is the incident angle and ¢ represents the azimuthal angle.
In the following calculation and analysis, only the transverse
magnetic (TM) mode will be investigated. The permittivity
function of the polar crystal (AIN) at MIR frequencies can be
described by the Lorentz oscillator model:***

2 2 :
W™ — Oro,|(1)” — Y

AN (@) = Eoo |l(L) )2 — wr0,|(1)% — Wy

(1)

AIN is a uniaxial anisotropic material that can support the
propagation of SPhPs, the principle dielectric permittivities
differ and each of them can be defined by eqn (1) with a unique
set of material parameters. AIN is an uniaxial crystal that
features one extraordinary crystal axis (L) along which the
dielectric permittivity is different from that along the two
ordinary axes (||). Details of the used material parameters are
summarized in Table 1. ¢, is the high-frequency limit of the
dielectric constant, and y is the absorption relevant factor. RB is
the wavelength range where the real part of dielectric permit-
tivity &, is negative, and is delimited by wro and w;.>*

For the consistency of the symbol, the permittivity of iso-
tropic material KRS5 and air is also denoted in the form of a
tensor, as follows:

g, 0 0
g - 0 &n 0 (2)
0 0 g

n =1 and 2. The thickness of the air gap, ENZ thin layer and
WSM layer are denoted as d,, d; and d,, respectively.

Moreover, to simplify the study process of WSM-related EM
responses, we only consider the situation that the WSM hosts
two Weyl nodes with opposite chirality separated by a wave
vector 2b in momentum space. Then the permittivity tensor of
WSM can be described as:*®

&d 0 jea

ﬁz 0 gg O (3)
—jea 0 &g
where
be?
g = —— 4
b 2n2fiow )

We survey the diagonal term ¢4 based on the Kubo-Greenwood
(KG) formalism, and derive the random-phase approximation
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(RPA) for a two-band model with spin degeneracy:**

’ ?(Ek;)) Z] ‘

irsgo Q 580! 4
= oG(Z) = o
=t G(z) 6no |Q

()

66 - 6(3)
0] g

Here, ¢, and Ep denote the background permittivity and
chemical potential, respectively. Q = A(w + it ')/Ep is the
normalized complex frequency, t~ ' is the Drude damping rate,
G(E) = n(—E) — n(E), where n(E) defines the Fermi distribution
function, r, = e*/(4neohvy) is the effective fine-structure constant
that determines the strength of the EM force, vy is the Fermi
velocity, g, represents the number of Weyl points, and &, = E/Ef,
where E. is the cutoff energy beyond which the band dispersion is
non-linear. We will take a representative example throughout this
study with the following parameters: T=300 K, &, = 6.2, go =2, T =
1000 fs, é.=3,h=2 x 10° m !, and 1 = 0.83 x 10° m s~ *. These
parameters are similar to the announced results for Co;Sn,S, and
room temperature Co,MnGa.”*>¢

The substate is selected as Ag, whose relative permittivity
can be characterized using the Drude model:*’

2
o) =[5 ©

where ¢, = 3.4 indicates the relative permittivity of the medium
at infinite frequency, I' = 2.7 x 10" rad s~ is the collision
frequency, and o, = 1.39 x 10'° rad s~ indicates the plasma
frequency. Ag substrate offers a broad unity reflectivity in the
MIR spectrum, thus the spectral absorptivity and emissivity can
be calculated by:*®

a(0,2) =1—R(0,1)
)

e(0,)) =1—R(—0,2)
R(0,2) and R(—0,4) indicate the reflectivity corresponding to the
incident angle of 6 and —6, respectively. All of the related
reflectivity as well as absorptivity and emissivity are investi-
gated through the aRCWA. The difference between o and e is
defined as n = |«(0,4) — e(0,4)|, which is employed to measure
the nonreciprocal radiation.

3 Strong coupling of the ENZ mode to
WSM polaritons

As demonstrated in Fig. 1, the heterostructure is constituted with
the top KRS5 prism with dielectric constant ¢, the lower air gap
with thickness d, and permittivity ¢,, the ENZ layer is the AIN film
with thickness d; and permittivity e, the thickness of WSM is d,.
When a TM-polarized plane wave incidences onto the structure, the
EM fields take the following form in the region z < —dj:

H, = Ae'Prekz (8)

32338 | Phys. Chem. Chem. Phys., 2023, 25, 32336-32344

View Article Online

Paper
1 ; a
E, = —id——kePets 9)
WENE4
E. = fA—ﬁ g/Pxgkaz (10)
- WENEY
For the fields in region —d; < z < 0, we have:
Hy, = Be'*ek + cell e % (11)
. 1 ifx k3z . 1 ifx \—k3z
E.=—iB kse' e +iC fse'PYe™"37 (12)
wWeNE3 wWeNE3
E: - _B ﬂ ei[}xe/qz _C ﬁ ei/?xe—lqz (13)
wWeNE3 weéne3
For the fields in region 0 < z < d,, we have:
Hy, = De e % 4 ge'feks (14)
. 1 ifx \—kyz . 1 ifx kyz
E,. = iD——kye'"e ™ — [E——k3e'Pre? (15)
weEpéy wWeNEL
E. = —D—ﬁ elfre=haz _ E—ﬁ elPxehaz (16)
WENEL WeYEL
For the fields in region z > d, we have:
_ paifxa—k
Hy, = Fe'P ek (17)
E. =iF kye'Prekiz (18)
WEYE]
E. = —Fieiﬂ"‘e_klz (19)

WeNEY

By employing EM boundary conditions at the interfaces with
continuity of the electric field in tangential orientation and
magnetic field in vertical orientation, the dispersion of the
hybrid structure can be obtained as follows:

2kod-
o2kady _ 01722 — O

0 10, 20)

k ky k ky Kk
a-(EEEEES) o

€1 %) & &3 &4 &3

[k K 2 k3 (ka K3
h <82 81> (82 * 83) (84 83) (22)
o-(EE)EEES) @

€1 &2 & &3 &4 &3

[k k) (ka k3 4 k3
Qi = <81 82> (82 83) (84 * 83) (24)
kn? = kpng® — koZen n=1,2,3,4 (25)

where kgnz and ko represent the wave vectors of ENZ and air
layers. k, is the component of the wave vector perpendicular to
the interface of the separate median n.
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Fig. 2 (a) Reflectivity map of the KRS5/air/AIN/Ag system, where the mode at
Jenz = 154 um is considered as the ENZ mode. d, = 5 pm, dz = 0.15 um.
(b) Reflectivity map of the KRS5/air/AIN/WSM/Ag system. d> = 5 um, ds =
015 um, dg =1 um.
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Fig. 3 1 spectra versus the change of d,. dz = 0.15 pm, d4 = 1 pm, 0 = 30°,
¢ =0°
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For the proposed four-layer phononic system, reflectivity can
be given by the Lorentzian response:*

4(Kohm + Frad ) Krad 26)

2
(R = res) =+ (1N 4 1eVSM 4 1cKRSS)

R=1-

where k means spatial decay rates: kiny, represents Ohmic loss
in AIN, and x@ag" and xkg® represent radiative leakage into
WSM and KRS5, respectively. PhPs in AIN can be excited when
the incident light’s k, matches with k.. Zero reflectivity occurs
when <85 = 1N | +1cWsM, which is known as critical coupling.

We calculated the reflectivity maps of two different structures
KRS5/air/AIN/Ag and KRS5/air/AIN/WSM/Ag, as shown in Fig. 2.
Fig. 2(a) shows reflectivity (R) for light incident from air onto the
KRS5/air/AIN/Ag hybrid structure. The plot shows a flat dispersion

1 , : : :
” n H ” —d3=0.1 pm
| —d =013 ym
——d,=0.16 ym
- —d =019 pm
<
0.4 1
027 1
0 L
10 12 14 16 18 20
Wavelength (um)

Fig. 4 # spectra versus the change of dz. d, = 5um, ds = 1 um, 0 = 30°,
¢ =0°.

1 :
” n "'.I _d4:0.5 pm
0.8+ |t —d,=0.8 um -
Il —d,~L1um
0.6 ---d=14pm -
S ’ !
0.4} '.| ]

10 12 14 16 18 20
Wavelength (um)

Fig. 5 # spectra versus the change of d4. d> = 5 pm, ds = 0.15 um, 0 = 30°,
¢ =0°.
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in the vicinity of Jgnz = 15.4 pm, implying the excitation of the
radiative ENZ mode. What’s more important, the dispersion of WSM
polaritons and the AIN ENZ mode can intersect with each other near
Jznz, Tesulting in the feasibility of strong coupling.®®®! Fig. 2(b)
shows R spectra of the combined WSM-ENZ mode, revealing sub-
stantially modified reflection features. An obvious anti-crossing of
resonances can be found in the vicinity of Agnz, related to a splitting
of the total dispersion into upper and lower dual branches.

4 Influence of structural parameters
on nonreciprocal radiation

It is well known that the Otto geometry is beneficial for an
arrangement where the propagation features are not a priori

View Article Online
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known, and the polariton dispersion is evaluated under critical
coupling. The thickness of the air gap (d,) can be estimated
from the condition for the constructive interference supported
in the two surfaces:

dz\/Ecosﬁz(m—i—%))v m=1273... (27)

where ,/¢; = 1 is the refractive index of air, 0 is the incidence
angle, and y, characterizes the phase retardation because of the
reflection from the ENZ-WSM hybrid surface. Fig. 3 provides
the predicted nonreciprocity curves for the KRS5/air/AIN/WSM/
Ag Otto configuration with different d, values. As can
be verified from the results, when d; = 0.15 pum, d; = 1 um,
0 = 30° and ¢ = 0°, the projected d, for critical coupling is
around 5 pm.

1
0.5 1 | e 2
d, (um)

1 1.5
d, (um)

Fig. 6 (a) o, (b) e, and (c) n varying with d, and d4. dz = 0.15 um, 6 = 30°,
and ¢ = 0°, 1 =12.8 ym.
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Fig. 7 Calculated absorptivity (), emissivity (e), and nonreciprocity (i) of
the structure as a function of wavelength and angle. (a) o, (b) e, and (c) 7.
do =5pm, dz =015 um, ds =1 pm, ¢ = 0°.
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Ultra-thin AIN film demonstrates unique absorption reso-
nances for TM-polarized light in the ENZ region. It has been
discussed that the bounded surface modes on the upper
and the lower interfaces of the film can interact with each
other and lead to hybridized symmetric and antisymmetric
modes.?® With the further decrease of the film thickness,
the symmetric mode will meet a flat dispersion band near
the ENZ frequency. The AIN-WSM stacks form a dual-band
nonreciprocal thermal emitter near the ENZ regions for TM-
polarized light with an incidence angle of 30° (Fig. 4). As p
owns a large variance with varying dj;, the nonreciprocal
radiation can be controlled by altering d;. As d; decreases in
an ENZ film, the peak of nonreciprocity spectra is red-shifted
thus the optimal resonance wavelength for thin films is not
always at ENZ.

At the wavelength range between 10 pm and 20 um, # spectra
as a function of wavelength with changing thickness (d,) of WSM

(a)

10 12 14 16 18
Wavelength (pum)

10 12 14 16 18
Wavelength (pum)

0
10 12 14 16 18
Wavelength (um)

Fig. 8 (a) o, (b) e, and (c) n varying with wavelength and the azimuthal
angle ¢. d> = 5um, dz = 0.15 um, dg = 1 um, 0 = 30°.
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is shown in Fig. 5. One can see that another peak at resonance of
10.2 pm appears in the spectra when d, increases to 1.4 pm. With
the increase of d,, higher orders of FP resonance will be excited.
However, the first order FP resonance is strong, while the other
orders are weak. As shown in Fig. 5, it is clear that the non-
reciprocal radiation is strong at the first order FP resonance.

The spectra of o, e and # as a function of d, and d, are shown
in Fig. 6(a), b and (c), respectively, at a wavelength of 12.8 um
with an incident angle of 30°. The o and e show large contrast,
leading to perfect nonreciprocity. It is apparent that unity
values of o and 7 could be realized by varying d, and d,.
Besides, it can be found that the resonance position of 7 is
not much sensitive to d, as the full width at half maxima
(FWHM) of the spectra, which is consistent with the results
suggested in Fig. 3. In one word, all the parameters of the
design owns more than tens to hundreds of nanometers
tolerance, which are beneficial and highly favourable for low-
cost fabrication with high performance.

180

0 (°)

0 ()

Fig. 9 The variation of (a) «, (b) e, and (c) n with 6 and ¢ when 7 = 12.8 pm.
The other parameters are fixed at d> = 5 um, dz = 0.15 pm, ds = 1 pm.
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5 Influence of incidence and azimuthal
angles on nonreciprocal radiation

The effect of incidence angle 6 on 7 is also tested. Fig. 7 shows
the angle-dependent «, e and # spectral maps of the proposed
emitter. The parameters are chosen as d, = 5 um, dz = 0.15 pm,
d, =1 um, ¢ = 0°, and TM wave incidence. From Fig. 7(a) and (b),
it is evident that near-unity « and e can be achieved, and the peaks
don’t overlap, thus two branches of near-unity # can be main-
tained under TM polarization, as shown in Fig. 7(c). Moreover, the
angle dependent performance of the design suggests a feasible
approach for designing nonreciprocal thermal emitters.

The azimuthal angle performs the function of an index of
polarization orientation, which as a consequence could lead to
modification of the peak value of 1.>%® To explore the impact
of azimuthal angle ¢, we have performed infrared nonrecipro-
city calculation when the TM-polarized wave is incident at a
fixed angle of 0 = 30°. The a, e and # spectra for a 360° rotation
of ¢ are given in Fig. 8(a), b and (c), respectively.

From Fig. 8(a) and (b), it is noted that the distribution of o
and e as functions of ¢ and wavelength A is symmetrical with
¢ = 180°. Thus when ¢ falls within the range of 0 and 2m,
a(¢p, 1) =e(m + ¢, 1) at a determined 1. Fig. 8(c) confirms that 7 is

1
(@) ﬁ —a
0.8 i I —e
T K
=o6r I ||
) it [
- 1 |1 ; |
SEVES S I
A *}
02f | U L
0
10 12.5 15 17.5 20
Wavelength (pm)
8 : : ‘ ‘
(©) —9=30°
6t - - -60=-30°
="
Air gap AIN
2 L
0 . S et ks rr”
0 1 2 3 4 5 6 7
Z (ppm)
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symmetric along ¢ = 180°. And # = 0 when ¢ = 90° and ¢ = 270°.
This is due to the fact that ¢ correlates with the angle between the
plane of incidence and the Weyl nodes of WSM, » = 0 while they are
perpendicular to each other. Moreover, it is obvious that multiple
band strong nonreciprocity can be realized with appropriate ¢.

For a certain wavelength (4 = 12.8 um), we then seek to study
the effects of 0 and ¢ on «, e and 5. To well propose strong
nonreciprocal thermal emitters and explore the physical origin,
the variation of «, e and 5 with 6 and ¢ has been illustrated in
Fig. 9, where 1 = 12.8 pm, d, = 5 pm, d; = 0.15 pm, d, = 1 um.
It is noticeable from Fig. 9(a) and (b) that both o and e have
double branches of near-unity intensity. Fig. 9(c) shows that 7 is
symmetrical along the Azimuthal angle ¢ = 90°.

Fig. 10(a) shows the 7 spectra as a function of wavelength,
and 7 at wavelengths of 11.22 pm, 12.34 pm, and 14.13 pm, can
reach 0.802, 0.677 and 0.942, respectively. The amplitude of the
incident magnetic field is considered as unity. As shown in
Fig. 10(b) and (c), the magnetic fields are significantly
enhanced in the ENZ and WSM layers when 6 = 30°. In contrast,
with 0 = —30°, the |H,| inside each layer is much weaker,
implying that most of the incident energy is absorbed, o is
much larger than e in these two cases. In contrast, at a

wavelength of 14.13 pm, when 0 = —30° |H,| is greatly
6
(b) —6=30° |
- - -6=-30° '
4 L
T
T
2 L
~~~~~~~~~~~~~ 1{ ,/‘
O L LIS
o 1 2 3 4 5 6 17
Z (pm)
8 T T T T L]
(d) —6=30° s

0 1 2 3 4 5 6 7
Z (pm)

Fig. 10 (a) Calculated absorptivity («), emissivity (e), and nonreciprocity (n) of the structure as a function of wavelength. d, = 5 pm, dz = 0.15 um, d4 =
1um, ¢ = 60°, 0 = 30°. (b) The distribution of |H,| at a wavelength of 11.22 uym when 0 equals 30° and —30°. (c) The distribution of |H,| at a wavelength of
12.34 ym when 0 equals 30° and —30°. (d) The distribution of |H,| at a wavelength of 14.13 um when 0 equals 30° and —30°.
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enhanced in the ENZ and WSM layers, which is presented in
Fig. 10(d), and « is much smaller than e. In addition, the
magnetic field amplitude tends to decrease as it moves away
from the Ag metal under the considered wavelengths.

6 Summary and conclusion

In conclusion, we have studied the spectral responses in an
Otto structure, which consisted of an incident medium given by
a high-index KRS5 prism and an air gap, followed by AIN and
WSM layers on the surface of the Ag substrate. The presented
proposal enables us to study the hybrid PhP excitations at the
surface of AIN-WSM layers in terms of varying Azimuthal and
incident angles. We have also explicitly obtained the effect of
structural parameters on the induced strong nonreciprocal
radiation. We have demonstrated that the ENZ polariton sup-
ported in ultra-thin AIN layer can be used to enhance the
nonreciprocal radiation. Overall, ultra-thin polar dielectric
materials and the excited ENZ modes not only provide a low-
loss alternative to plasmonics, but open up exciting opportu-
nities for the manipulation of nonreciprocal radiation in the
MIR region. The origin of these modes has been further
analyzed by means of the |H,|-field distribution. The hybridized
modes have the characteristics of improved field confinement,
which offers a novel approach to control the light-matter
interaction and nonreciprocity.
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