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Near-field radiative heat transfer between nonpolar epsilon-near-zero dielectric-filled Si gratings
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Epsilon-near-zero (ENZ) materials have attracted significant attention in the far- and near fields of thermal
radiation in recent years because of their unique optical characteristics. However, it is not considered an optimal
carrier for near-field radiative heat transfer (NFRHT) due to the excessively low frustrated mode. In this paper,
we address this drawback with a metamaterial composed of artificial hypothetical nonpolar ENZ dielectric-filled
Si gratings. The behavior of NFRHT with ENZ has been investigated based on fluctuational electrodynamic
and rigorous coupled-wave analysis. An artificial mode named Meta-NP ENZ mode is presented to reveal the
significant enhancement of NFRHT, which can be demonstrated by the electric field intensity enhancement.
Furthermore, we find that the increasing imaginary part may lead to an anomalous amplification of heat flux
despite causing a recession in the Meta-NP ENZ mode, and this mode remains robust with respect to the
plasma frequency shift of grating material. Our findings demonstrate that the ENZ dielectric exhibits outstanding
performances similar to those observed in far-field radiation, surpassing the limitations of both Si gratings and
nonpolar ENZ dielectric in NFRHT.
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I. INTRODUCTION

Epsilon-near-zero (ENZ) materials have attracted a great
deal of attention in the field of radiation due to their unique
optical properties. Under far-field radiation conditions, as the
electromagnetic wave propagates in ENZ dielectric with a
permittivity approaching zero, the wavelength is stretched.
The strong field confinement can be maintained in subwave-
length dimensions. This leads to enhanced absorption for
highly directional emission, nonlinearity enhancement, and
others [1–4]. However, as the distance between two objects is
close to or less than the characteristic wavelength of thermal
radiation, these prominent effects disappear, because in the
near-field scenarios, the main carriers of energy transmission
are evanescent waves rather than propagation waves. When
there are no surface modes, the flux for evanescent waves
comes from the frustrated mode contribution only. As the
permittivity is less than 1, frustrated modes cannot exist. In
other words, the nonpolar ENZ dielectric cannot facilitate
photon tunneling under large wave vectors and thus cannot ex-
hibit strong enhancement on near-field radiative heat transfer
(NFRHT), which can exceed the blackbody limit by several
orders of magnitude [5–8].

This phenomenon contradicts the nonlinear enhancement
observed in far-field radiation within ultrathin ENZ medium,
posing a challenge for the application of nonpolar ENZ ma-
terials in NFRHT. Currently, it has been observed that polar
material with a permittivity less than zero exhibits enhanced
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support for evanescent waves due to its near-zero property.
However, nonpolar material with a permittivity greater than
zero seems to encounter a forbidden zone in terms of NFRHT
when it comes to the near-zero property. Although a remark-
able enhancement of NFRHT can be achieved due to the
epsilon-near-zero feature exhibited by hyperbolic materials
[9,10], natural materials manifest zero-crossing points for the
real part of the permittivity near-plasma or interband transition
frequencies which is typically observed within a narrow band.
The open question of whether nonpolar ENZ materials can
be made to function as magically for near-field radiative heat
transfer as they do for far-field radiation remains unanswered.
Thus, we employ a metamaterial to overcome this limita-
tion. Metamaterials are periodic artificial arrays composed of
subwavelength structures that exhibit extraordinary physical
properties not present in natural materials. They have solved
some insurmountable problems in the fields of optics and
acoustics such as perfect lenses [11,12], invisibility cloaks
[13–15], and sound attenuation [16–18]. This is attributed
to the perfect wave-absorbing properties. On the other hand,
the prominent contributions of metamaterials in improving
NFRHT by hybridizing various modes or polaritons have also
received attention [19–25].

Inspired by artificial metamaterials, we construct a meta-
material composed of Si gratings filled with an artificial
hypothetical nonpolar ENZ dielectric, characterized by a con-
stant permittivity. We investigate the impact of near-zero
values in real and imaginary parts of permittivity on NFRHT,
respectively. Our main focus is on calculating the energy
transmission coefficients and evaluating the near-field radia-
tive heat flux. Ultimately, our findings demonstrate that the
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FIG. 1. (a) Schematic of nonpolar ENZ-filled doped Si gratings. (b) Total heat flux of metamaterial. (c) Far-field radiative heat transfer
(FFRHT) of Si substrate covered with ENZ plate. (d) Near-field radiative heat transfer (NFRHT) of Si substrate covered with ENZ plate.
(e) Total heat flux of FFRHT and NFRHT.

extraordinary optical properties of nonpolar ENZ dielectric
paradoxically enhance NFRHT by facilitating a unique ENZ
mode that surprisingly couples surface plasmon polaritons
(SPPs) and magnetic polaritons (MPs) inherent in metama-
terials. The significance of confined MPs in grating grooves
as dominant polaritons in NFRHT requires further discussion,
while the LC circuits fail to accurately predict the resonance
frequency under ENZ conditions. In addition, we investigate
the loss of nonpolar ENZ dielectric and find that the imag-
inary part near zero cannot induce the maximum heat flux
as the real part does. Finally, we validate the robustness of
this metamaterial with respect to variations in metal plasma
frequency, which exhibits a more universal behavior. This
discovery breaks the limitations of nonpolar ENZ materials
in NFRHT and achieves a comparable enhancement effect to
that observed in far-field radiation.

II. METHOD

The near-field radiative heat transfer of two parallel meta-
materials is illustrated in Fig. 1(a). For one-dimensional
gratings, we set the initial geometrical parameters (period,
ridge width, height, vacuum gap) as Lx = 100 nm, w = 50
nm, h = 300 nm, and d = 60 nm. The temperatures of emitter
and receiver are expressed as T1 = 400 K and T2 = 300 K,
respectively. Based on the scattering theory, the near-field
radiative heat transfer between two periodic gratings is given
by [26,27]

Qexact = 1

8π3

∫ +∞

−∞

∫ +π/Lx

−π/Lx

∫ +∞

0
[�(T1, ω) − �(T2, ω)]

× ξ (ω, kx, ky)dωdkxdky, (1)

�(T, ω) = h̄ω

exp [h̄ω/kBT ] − 1
, (2)

where �(T, ω) denotes the mean energy of thermal harmonic
oscillators where kx and ky are x and y components of wave
vector k, respectively. Due to the periodicity in the x direc-
tion, kx is restricted to the first Brillouin zone, i.e., −π/Lx <

kx < +π/Lx, while ky is not bound by any restrictions, i.e.,
−∞ < ky < +∞. And, the energy transmission coefficient
ξ (ω, kx, ky) is expressed as [28,29]

ξ (ω, kx, ky) = Tr(DW 1D†W 2), (3)

D = (I − S1S2)−1, (4)
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−
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−1
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2
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S2 + S†
2
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1

−
ew∑
1

S2, (6)

where Tr means the trace of a matrix, D is the inverse of a
Fabry-Perot–like factor, S1 = R1, and S2 = exp(ikz0d ) · R2 ·
exp(ikz0d ). The projectors on the propagative and evanescent
waves are expressed as

∑pw(ew)
1(−1) = 0.5k1(−1)

z0

∏
pw(ew), where

kz0 is the vertical component of the wave vector in vacuum,
and

∏
pw(ew) are expressed as∏

pw
αα′ = δαα′

[
1 + sgn

(
k2

0 − k2
x,y

)]
, (7a)∏

ew
αα′ = δαα′

[
1 − sgn

(
k2

0 − k2
x,y

)]
, (7b)

where δαα′ is the Kronecker operator, and kx,y =
[kx + (2πn/Lx )]̂x + kyŷ is the total lateral wave vector.
Note that R1 and R2 represent the reflection matrixes of
objects 1 and 2 calculated by using the rigorous coupled-wave
analysis (RCWA) method, respectively. They both are
2(2N + 1) dimensions, where N is the truncated diffraction
order [30,31]. The p- and s modes are calculated in R, which
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is determined by

R =
[

Rpp
−N,N Rps

−N,N

Rsp
−N,N Rss

−N,N

]
. (8)

According to the RCWA, the grating region is a periodic
structure composed of alternating Si and ENZ material. To
solve the reflection matrix, the Fourier expansion of permit-
tivity of the materials in the grating region is expressed as

ε(x) =
∑

N

eN e j(2π /Lx )Nx, (9)

1

ε(x)
=

∑
N

ẽN e j(2π /Lx )Nx, (10)

eN =
{

(εSi − εENZ)(x2 − x1) + εENZ, N = 0
j(εSi−εENZ )

2πN [e− j2πNx2 − e− j2πNx1 ], N �= 0
, (11)

ẽN =
⎧⎨⎩

(
1
εSi

− 1
εENZ

)
(x2 − x1) + 1

εENZ
, N = 0

j
(

1
εSi

− 1
εENZ

)
2πN [e− j2πNx2 − e− j2πNx1 ], N �= 0

, (12)

where x2 and x1 represent the relative position coordinates
of Si grating in one period, respectively, and the difference
between the two can be used to determine the filling ratio
of Si grating. The range from −N to N means the order of
Brillouin zones. To ensure the accuracy of the results and to
minimize the calculation time, N is set as 101 to achieve rapid
convergence of the calculation results. As for doped Si, the
permittivity is attained by [32]: εSi = 11.7 − ω2

p/(ω2 + iγω),
where ωp and γ are taken as 1.08 × 1015 and 9.35 × 1013

rad/s, respectively.
On the other hand, the nonpolar epsilon-near-zero dielec-

tric can be regarded as an ideal material and its permittivity is
artificially given by εENZ = εreal + iεimag. In our work, we do
not consider the dispersion characteristics of permittivity with
frequency, and thus both real and imaginary parts are set as
constants.

III. RESULTS AND DISCUSSION

Current research has demonstrated that the giant field in-
tensity enhancement generated in dielectric can improve the
light-matter interactions due to the presence of ENZ mode and
enhance the absorption of electromagnetic waves in far-field
radiation [33]. However, nonpolar ENZ dielectric cannot facil-
itate the transmission of large wave-vector evanescent waves
in NFRHT, leading to a lower radiative heat flux compared
to that with high permittivity. Specifically, the contribution of
evanescent waves to the radiative heat flux for plates can be
calculated as follows:

qevan(ω) = qsurface + qfrustrated

= 1

π2
�(T, ω)

∫ ∞

k‖=k0

k‖e−2dIm(k⊥ )

×
∑

i=TE,TM

Im
(
ri

21

)
Im

(
ri

23

)∣∣1 − ri
21ri

23e2ik⊥d
∣∣2 dk‖. (13)

The frustrated-mode contribution qfrustrated is calculated by
integrating Eq. (13) on the k|| from k0 to

√
εk0, while the

surface-mode contribution qsurface results from the integration
from

√
εk0 to �. If ε is less than 1, frustrated modes cannot

exist. In the absence of surface modes, the disappearance of
frustrated modes must result in the evanescent-wave heat flux
being zero. Nevertheless, when Si gratings are filled with
nonpolar ENZ dielectric, the heat flux reaches its maximum
value at εreal near zero, as shown in Figs. 1(c) and 1(e). This
phenomenon has reignited our interest in comprehending the
behavior of nonpolar ENZ dielectric in NFRHT.

We initially compare the radiative heat flux between meta-
materials, gratings, and plates as depicted in Fig. 2. Both
ENZ plate and ENZ gratings fail to surpass the limitation of
blackbody radiation even at near-field distances, indicating
that evanescent waves are not present. When replacing the
nonpolar ENZ dielectric with Si, a significant enhancement
in NFRHT is observed. The radiative heat flux reaches its
peak near 2.9 × 1014 rad/s due to the SPPs supported by
Si material. In contrast, Si gratings exhibit superior perfor-
mance compared to Si plates. In addition to SPPs, unique
MPs found in gratings are essential for improving NFRHT
in the low-frequency range, as will be further discussed in
subsequent sections. However, when filling Si gratings with
nonpolar ENZ dielectric, the heat flux exceeds its limita-
tion and reaches a peak at 2.25 × 1014 rad/s. In other
words, nonpolar ENZ dielectric considerably enhances the
performance of Si gratings and modifies the inherent spectral
characteristics, even if it does not actively engage in NFRHT.
Such a filled structure exhibits remarkable distinctions from
heterostructures composed of gratings and two-dimensional
materials like graphene or black phosphorus [8,34]. Two-
dimensional materials can support SPPs that provide more
surface modes for heterostructures, contributing more to ra-
diative heat flux in different frequency bands. In contrast,
nonpolar ENZ dielectric plate apparently fails to support sur-
face modes, which raises questions about its diametrically
opposite effect in Si gratings’ behavior. Therefore, we will
conduct an extensive investigation into how nonpolar ENZ
dielectric affects NFRHT in Si gratings.

In order to demonstrate the crucial role of nonpolar ENZ
dielectric in enhancing the NFRHT between Si gratings, we
initially discuss the impact of εreal. Thus, we select eight
values of εreal ranging from 0.01 to 10 and calculate the energy
transmission coefficients according to Eq. (3), as depicted
in Fig. 3. Subsequently, we will elucidate three scenarios.
When εreal is equal to 1, the filled medium can be regarded
as a vacuum, i.e., the simple Si gratings in Fig. 3(e). Due
to the strong resonance at around 1.5 × 1014 rad/s caused
by magnetic polaritons induced by Si gratings, ξ extends
to about 0.3kx with the value close to 1 in the frequency
range of 1.0–2.0 × 1014 rad/s. This resonant mode provides
an additional channel for photon tunneling and facilitates the
transmission of evanescent waves [34,35]. On the other hand,
surface plasmon polaritons represent another mode where
the energy transmission coefficients similarly extend to 0.3kx

within the frequency range of 2.5–3.1 × 1014 rad/s. It is not
the same as MPs in that its maximum value is limited at
0.5. In other words, MPs exhibit stronger support for photon
tunneling compared with SPPs in Si gratings. When εreal is
greater than 1, the Si gratings are filled by nonpolar dielectric,
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FIG. 2. (a) Spectral heat fluxes of ENZ-Si gratings, Si gratings, Si plate, ENZ gratings, and ENZ plate. The vacuum gap d of all scenarios
is 60 nm. The temperatures of emitter and receiver are 400 and 300 K respectively. The permittivity of nonpolar ENZ material is ε = 0.01 +
0.0001i. (b) Total heat fluxes of ENZ-Si gratings, Si gratings, Si plate, ENZ gratings, and ENZ plate.

as shown in Figs. 3(f)–3(h). Photon tunneling dominated by
MPs shows a notable peak shift towards lower frequencies and
cannot occur under large wave vectors as εreal increases. Note
that this frequency shift characteristic can be predicted by LC
circuits, which will be analyzed below [36,37]. In contrast, the
spectrum broadens when the energy transmission coefficients
represented by SPPs approach 1 and grow in value. This is
because filling the dielectric is equivalent to augmenting both
the depth and width of grooves, resulting in more dispersive
SPPs [25].

When εreal is less than 1, it can be considered as the range
where epsilon is near zero. As εreal is equal to 0.01, the energy
transmission coefficients extend to 0.7kx wave vector near
2.1 × 1014 rad/s with a value exceeding 0.8, as depicted in
Fig. 3(a). In this case, ξ does not exhibit a distinct distribution
characterized by MPs or SPPs like in the vacuum-filled case.

Instead, a stronger and more homogeneous mode is formed
which is referred to Meta-NP ENZ mode. This mode not only
enhances the MPs and SPPs but also effectively couples the
two polaritons in metamaterials, leading to potential radiative
enhancement. As εreal increases from 0.1 to 1, the Meta-NP
ENZ mode splits and decouples into MPs and SPPs towards
lower and higher frequencies, respectively, accompanied by
ξ attenuating towards smaller wave vectors, as shown in
Figs. 3(b)–3(e). Hence, we have identified the range of εreal

from 0.1 to 1 as the transition state, and this intriguing phe-
nomenon can reveal the formation process of Meta-NP ENZ
mode.

To investigate the dispersion properties of Meta-NP ENZ
mode, we approximate the grating structure filled with ENZ
dielectric as a homogeneous anisotropic plate based on the
effective medium theory (EMT) [38,39]. The permittivity of

FIG. 3. Contour plots of energy transmission coefficients ξ of different εreal within the first Brillouin zone at ky = 0, and the imaginary part
is fixed as 0.0001. (a) εreal = 0.01, (b) εreal = 0.1, (c) εreal = 0.4, (d) εreal = 0.7, (e) εreal = 1, (f) εreal = 4, (g) εreal = 7, and (h) εreal = 10. The
dispersion properties calculated by EMT are plotted as the red solid lines. The white dots surrounded by the dashed white circles in (e)–(h)
represent the MPs’ frequencies at the maximum wave vectors where ξ exceeds 0.8.
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this homogeneous material can be regarded as a uniaxial
anisotropic material with an optical axis in the x direction,
and its permittivity tensor is expressed as

ε =

⎡⎢⎣εxx 0 0

0 εyy 0

0 0 εzz

⎤⎥⎦, (14)

εxx =
(

1 − fSi

εENZ
+ fSi

εSi

)−1

, (15)

εyy = εzz = (1 − fSi)εENZ + fSiεSi, (16)

where f is the filling ratio. In this case, the energy transmis-
sion coefficient ξ j(ω,kxy) is given by [40,41]

ξ j (ω, kxy) =

⎧⎪⎨⎪⎩
(1−|r j,E |2

)(1−|r j,R|2 )

|1−r j,E r j,Re2ikz0d |2 , kxy < k0

4Im(r j,E )Im(r j,R )e−2|kz0|d
|1−r j,E r j,Re2ikz0d |2 , kxy > k0

, (17)

where r j,E and r j,R indicate the Fresnel reflection coefficients
of the emitter and receiver, respectively. k0 = ω/c0 means the
magnitude of the wave vector, and kz0 = (k2

0–k2
xy)1/2 denotes

the z component of the wave vector in vacuum. To obtain the
asymptotic analysis of the near-field dispersion relation, the
radiative heat flux diverges when the denominator in ξ j(ω,kxy)
fulfills the following condition:

1 − r j,E r j,Re2ikz0d = 0. (18)

In terms of a surface wave with kxy � k0, the z component

of the wave vector can be estimated by kz =
√

εxxk2
0− εxx

εzz
k2

xy ≈
i
√

εxx
εzz

kxy = ψkxy, which enables us to further simplify the
solution of Eq. (18). The allowable value of momentum kz

obeys the Fabry-Perot condition, and the frequency-resonant
mode of ENZ-filled Si gratings can be expressed by invoking
the quasistatic approximation [42,43]:

kxy(ω) = − 1

ψh

[
mπ + 2 arctan

(
ψ

εzz

)]
, (19)

where integer m = 0 denotes the resonance order. The disper-
sion properties are obtained by substituting different values
of εreal into Eq. (19), as shown in red solid curves. When
εreal is set to 0.01 and 0.1, the two curves exhibit consid-
erable similarity at resonance frequency 2.16 × 1014 rad/s,
and they coincide well with the highlighted region of energy
transmission coefficients. This observation indicates that the
EMT method accurately predicts the Meta-NP ENZ mode
dispersion characteristics at εreal below 0.1.

However, when εreal is above 0.7, the resonance frequen-
cies calculated by EMT exhibit a higher magnitude compared
to those obtained by RCWA. This means that the dispersion
curves no longer align with the distribution of energy trans-
mission coefficients. As εENZ approaches zero, εxx also tends
to approach zero and the effect of εSi can be neglected. But, εyy

and εzz can be approximated as fSi εSi. This implies that the
Meta-NP ENZ mode is formed when εENZ is much smaller
than εSi and remains robust within an εreal range between 0.01
and 0.1. However, once εreal increases beyond this range, it

FIG. 4. Contour plot of spectral heat flux as a function of εreal.
The εreal range of Meta-NP ENZ mode is from 0.01 to 0.1. And, the
εreal range of 0.1 to 1 is the transition state where the Meta-NP ENZ
mode gradually decouples into MPs and SPPs.

leads to significant deviation in solving Eq. (19), since both
εxx and εzz cannot be approximated as zero and fSi εSi any-
more. Moreover, since EMT is employed for solving NFRHT
between plates, it fails to accurately capture unique properties
of MPs in original grating structures.

The distribution of energy transmission coefficients can
effectively predict the radiative heat flux. Consequently, the
spectral heat flux is calculated as depicted in Fig. 4. As
εreal is below 0.1, the spectral heat flux reaches a peak at
2.1 × 1014 rad/s, exceeding 0.6 nJ/(m2 rad). However, as
εreal gradually approaches 1, the heat flux attenuates and the
radiative spectrum becomes broader. In other words, when the
permittivity of the filled medium approaches zero, it breaks
the NFRHT limitation of vacuum-filled gratings and exhibits
a remarkable narrow-band characteristic. This is attributed to
the fact that the Meta-NP ENZ mode couples MPs and SPPs,
and supports the transmission of evanescent waves to large
wave vector. Subsequently, with an increase in εreal, there is a
further decrease observed in spectral heat flux. The resonance
peaks supported by MPs and SPPs become more distinct,
especially with a shift towards lower frequencies for the MPs
peak, while the Meta-NP ENZ mode completely disappears.
By integrating the spectral heat flux across frequencies, the
total heat flux as a function of εreal is obtained in Fig. 1(b).
The trend of heat-flux curve further confirms the conclusion
mentioned in the previous section. Specifically, within the εreal

range of 0.01−0.1, the total heat flux consistently exceeds
10.1 × 104 W/m2 and then sharply decreases. This observa-
tion highlights that the NFRHT performance of metamaterials
is highly sensitive to variations in εreal beyond 0.1.

To visually elucidate the underlying physical mechanism
of Meta-NP ENZ mode, we present the distributions of elec-
tric field intensity in a period unit at resonance frequencies,
as illustrated in Fig. 5. The results are obtained when the
plane wave is incident at the resonance frequency using finite-
difference time domain. Note that the resonance modes in
subpanels are different, with Fig. 5(a) representing the Meta-
NP ENZ mode, Fig. 5(b) representing the transition mode
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FIG. 5. Distributions of electric field of different εreal at the resonance frequencies. (a) εreal = 0.01, ω = 2.1 × 1014 rad/s; (b) εreal = 0.4,
ω = 1.98 × 1014 rad/s; (c) εreal = 1, ω = 1.51 × 1014 rad/s; (d) εreal = 4, ω = 1.02 × 1014 rad/s; and (e) εreal = 10, ω = 0.67 × 1014 rad/s.

where Meta-NP ENZ mode splits into MPs, and Figs. 5(c)–
5(e) representing the MPs mode. We employ a periodic
boundary condition in the x direction and a perfectly matched
layer in the z direction. It is evident from the figure that
when the groove is filled with a nonpolar dielectric, the field
intensity enhancement is mainly confined inside the medium.
Correspondingly, the electric field inside the Si gratings is
extremely weak and negligible. Moreover, as εreal increases
from 0.01 to 10, there is a gradual attenuation of electric
field intensity. Based on these observations and considering
continuity conditions,

(D1 − D2) · n̂ = 0, (20)

where subscript 1 refers to Si gratings, subscript 2 refers to the
nonpolar ENZ dielectric, and n̂ is the boundary unit normal.
For lossless medium, Eq. (20) can translate to the following
equation:

εSi(ω)ESi = εrealEENZ, (21)

where Ei is the component of the electric field of p-polarized
wave and εi is the permittivity. According to Eq. (21), the
presence of ENZ leads to a discontinuity in the electric field
component at the interface between gratings and nonpolar
ENZ dielectric, resulting in a field intensity enhancement
within the ENZ medium. A significant local electric field
arises at the junction of ENZ dielectric tip with Si gratings
and presents a field leakage mode into vacuum space as
shown in Figs. 5(a) and 5(b). This phenomenon is attributed
to the amplification of Si gratings SPPs by ENZ dielectric at
this frequency. In contrast, Figs. 5(c)–5(e) exhibit the char-
acteristics of MPs in gratings rather than SPPs. Considering
our previous establishment that Meta-NP ENZ mode can
simultaneously couple both SPPs and MPs at identical fre-
quencies, it is important to note that the impact of ENZ on
MPs is particularly significant. Consequently, we will con-
duct an extensive investigation into the physical mechanism
of MPs.

The LC circuits are typically used to predict the resonance
frequency of MPs. Figure 6(a) represents the LC circuit of Si
gratings within a periodic unit, which includes the effective
capacitance of the filled medium and the inductances of Si
gratings. Here, Ce is the capacitance, which can also be re-
garded as the channel between neighboring Si ridges. Lm and

Lk are the parallel ridge surface and kinetic inductances in Si
grating, respectively. They are expressed as follows:

Ce = c1ε0εENZ
h

f Lx
(22)

Lm1 = 0.5μ0
f Lx

Ly
(23)

Lk1 = − h

ε0ω2Lyδ

ε′

(ε′2 + ε′′2)
, (24a)

Lk2 = − f Lx

ε0ω2Lyδ

ε′

(ε′2 + ε′′2)
, (24b)

Lk3 = − (1 − f )Lx

ε0ω2Lyδ

ε′

(ε′2 + ε′′2)
, (24c)

where c1 = 0.35 is the correction factor, ε0 = 8.85 × 10−12

F/m is the permittivity of vacuum, μ0 = 4π × 10−7 is the
permeability of vacuum, Ly is the length of the Si grating in
the y direction and can be set to unity for one-dimensional Si
grating, and δ = c/[ω�Im(ε0.5

Si )] is the penetration depth of the
electric field. On the other hand, ε′ and ε′′ are the real and
imaginary parts of the permittivity of Si, respectively. Note
that Lk1, Lk2, and Lk3 represent the kinetic inductances of the
side surface, groove surface, and upper surface, respectively.
Hence, the total impedance Ztot of the circuit can be obtained
and expressed as

Ztot = jω(2Lk1 + 2Lm1 + Lk2 + Lk3) − j

ωCe
, (25)

MPs’ resonance condition is that the impedance Ztot = 0
and the resonance frequency is obtained as

ωMPs =
√

1

Ce(2Lk1 + 2Lm1 + Lk2 + Lk3)
. (26)

Due to the fixed geometrical parameters, the ωMPs are
solely influenced by the permittivity of dielectric. By solv-
ing Eq. (26), it can precisely predict the MPs frequency at
1.51 × 1014 rad/s when εreal is equal to 1, indicating the
vacuum-filled gratings. To further explain the mechanism of
MPs, Fig. 6(b) illustrates the distribution of magnetic field
and induced currents at the frequency of 1.51 × 1014 rad/s.
Parallel- and opposite induced currents are generated at the
interface between adjacent ridges and vacuum, which is a
distinctive characteristic of MPs. This observation aligns well
with Fig. 3(e), confirming both the existence of MPs and the
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FIG. 6. (a) The configuration of LC circuit in the unit period. (b) Distribution of magnetic field in xz plane, where the white lines indicate
the induced current, the arrows indicate the direction, and the lengths indicate the magnitude. (c) Prediction of resonance frequencies by LC
circuit compared to RCWA.

accuracy of LC circuit predictions. In addition, we calculate
ωMPs as a function of εreal by solving Eq. (26) and com-
pare them with the resonance frequencies obtained from the
RCWA method as shown in Fig. 6(c). The results predicted
by LC circuit precisely coincide with those of the RCWA
method only when εreal exceeds 1. As εreal approaches 0 from
1, the resonance frequencies of LC circuit increase expo-
nentially, while those of RCWA still increase linearly. This
implies that the LC circuit is expected to fail when εreal is
less than 1. This is due to the permittivity of hypothetical
nonpolar ENZ dielectric, which is a lossless and nondisper-
sive material, exerting its influence solely on the capacitance
Ce in the LC circuit. According to Eq. (22), there exists a
linear correlation between Ce and εreal, meaning that when
permittivity approaches zero, Ce also tends towards zero. As
a result, the solutions obtained from solving Eq. (26) increase
exponentially. It has been established that as εreal is below 1,
the MPs are gradually hybridized and eventually get replaced
by Meta-NP ENZ mode, where prediction using LC circuit
becomes invalid. This perspective can be further verified by
geometrical parameter studies.

First, we compare the distribution of energy transmission
coefficients of two states with Si grating filling ratios f of 0.2
and 0.8, respectively (the filling ratio in Fig. 3 is 0.5). The
grating structure tends to resemble a plate when f approaches
1 under vacuum conditions, resulting in an enhancement of
SPPs in Si and an attenuation of MPs in Figs. 7(a) and 7(b).
This suggests that the energy transmission coefficients of MPs
decay towards lower wave vectors. However, changes in f
do not cause any frequency shift for MPs. According to LC
circuit prediction, f has a weak influence on frequency shift.
When Si gratings are filled with nonpolar ENZ dielectric,
SPPs and MPs can hybridize to form Meta-NP ENZ mode
at any value of f in Figs. 7(c) and 7(d), demonstrating the
robustness of this mode with respect to the filling ratio.

In addition, we compare the distribution of energy trans-
mission coefficients of two states with Si grating height h of
0.1 and 0.5 µm, respectively (the height in Fig. 3 is 0.3 µm).
When the filling medium is a vacuum, the MPs’ frequency
shifts towards lower frequencies with increasing h, which can
be accurately predicted using LC circuit in Figs. 7(e) and

7(f). In contrast, the SPPs’ frequency remains unaffected as h
changes. When h is 0.1 µm, the MPs’ frequency approaches to
the SPPs frequency, facilitating hybridization of both modes.
However, when the filling medium is nonpolar ENZ dielectric,
Meta-NP ENZ mode can still be formed at any h by coupling
the MPs with SPPs, which extends to larger wave vectors than
that in Fig. 7(e) and exhibits superior performance as shown
in Figs. 7(g) and 7(h). It should be noted that the superiority
of Meta-NP ENZ mode becomes more prominent at higher
heights where its resonance frequency always lies between
MPs’ and SPPs’ frequencies. This implies that similar to MPs
frequency, there is a redshift occurring with increasing height
for Meta-NP ENZ mode.

Although we can adjust the geometrical parameters to
achieve a close frequency match between MPs and SPPs, the
coupling effect remains inferior compared to Meta-NP ENZ
mode. First, tuning the geometrical parameters is severely
limited by the intrinsic frequency of SPPs, meaning that the
grating size can only be designed near a fixed frequency.
However, the Meta-NP ENZ mode not only enables tuning
of MPs’ frequency towards higher frequencies but also facil-
itates tuning of SPPs’ frequency towards lower frequencies,
ultimately resulting in a unified resonant mode. This makes
the grating size independent of SPPs’ frequency and allows
for significant enhancement of NFRHT simply by reducing
permittivity of filling nonpolar dielectric. Such flexibility can
not be achieved solely through changes in geometrical pa-
rameters. Compared to hybridization of MPs and SPPs by
reducing height, the Meta-NP ENZ mode requires not only
achieving hybridization of modes but also further enhancing
this effect. This amplification surpasses limitations imposed
by large-size gratings as well. Therefore, the Meta-NP ENZ
mode represents a versatile mode that significantly enhances
NFRHT in any gratings while remaining independent from
geometrical parameters.

Previously, we have demonstrated the impact of nonpo-
lar ENZ dielectric with εreal approaching zero on NFRHT
and established the existence of Meta-NP ENZ mode. How-
ever, it is essential to note that this conclusion relies on the
assumption that the ENZ dielectric is lossless, i.e., the εimag

also approaches zero. In far-field radiation, the presence of
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FIG. 7. Contour plots of energy transmission coefficients ξ as the function of Si grating filling ratio f (a)–(d) and height h (e)–(h) at ky = 0.
(a) fSi = 0.2, εreal = 1; (b) fSi = 0.8, εreal = 1; (c) fSi = 0.2, εreal = 0.01; (d) fSi = 0.8, εreal = 1; (e) h = 0.1 µm, εreal = 1; (f) h = 0.5 µm,
εreal = 1; (g) h = 0.1 µm, εreal = 0.01; and (h) h = 0.1 µm, εreal = 0.01.

loss poses an inevitable challenge, obscuring various intrigu-
ing phenomena such as optical superlensing and topological
protection [44–46].

We analyze the distribution of energy transmission co-
efficients by varying εimag from 0.0001 to 2, as illustrated
in Fig. 8. In this paper, we consider three scenarios: when
εimag is less than 0.1, the distribution of energy transmission
coefficients remains largely unchanged and consistently ex-
hibits characteristics of Meta-NP ENZ mode. They extend
towards large wave vectors, and increasing εimag has negli-
gible effect, as shown in Figs. 8(a)–8(c). The resonance peak
gradually becomes broader and less sharp within the range
of 0.1–1, which is not sustainable at large wave vectors.
The distribution becomes flatter compared to Fig. 8(a) when
εimag exceeds 1, and the resonance peak shifts towards higher

frequencies. This indicates that an increase in εimag signifi-
cantly inhibits the formation of Meta-NP ENZ mode, thereby
highlighting its sensitivity to the imaginary part. This con-
clusion is further supported by integrating spectral radiative
heat flux. Figure 9(a) illustrates that the spectral heat flux ex-
ceeds 0.55 nJ/(m2 rad) in a narrow band of 2.0 − 2.6 × 1014

rad/s as εimag is below 0.01. It can be observed that the
Meta-NP ENZ mode is not affected by εimag in this range.
However, when εimag is above 0.01, the radiative heat flux in
the low-frequency range is significantly enhanced, resulting in
a broadening of the radiation spectrum.

The spectral range in which the value exceeds 0.55 nJ/(m2

rad) is 1.4−2.7 × 1014 rad/s when εimag is equal to 0.7. The
trend of total radiative heat flux with εimag can be intuitively
determined from Fig. 9(b). It is not necessarily true that a

FIG.8. Contour plots of energy transmission coefficients ξ of different εimag within the first Brillouin zone at ky = 0, and the real part
is fixed as 0.01. (a) εimag = 0.0001, (b) εimag = 0.001, (c) εimag = 0.01, (d) εimag = 0.1, (e) εimag = 0.4, (f) εimag = 0.7, (g) εimag = 1, and (h)
εimag = 2. The dashed rectangular box plots the range of frequencies and wave vectors where the resonance mode are located, which correspond
to the range of spectral heat flux greater than 0.35 nJ/(m2 rad).
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FIG. 9. (a) Contour plot of spectral heat flux as a function of εimag, and the real part is fixed as 0.01. The εimag range of Meta-NP ENZ mode
is from 0.0001 to 0.01. (b) Total heat flux as a function of εimag.

closer proximity of εimag to zero may result in a higher heat
flux. Instead, there exists a point of maximum value beyond
which the heat flux drops dramatically. The increase in the
imaginary part leads to a loss of ENZ material, thereby caus-
ing the Meta-NP ENZ mode to be less prominent. Despite
broadening the radiative spectrum, this also causes the energy
transmission coefficients to recede towards small wave vectors
and eventually flatten out. In other words, this amplification
of radiative heat flux represents a mutation occurring during
a transitional phase, which broadens the radiation spectrum
while simultaneously maintaining energy transmission coeffi-
cients at large wave vectors.

Thus, the increase in εimag suppresses the Meta-NP ENZ
mode, aligning with an unfavorable finding in far-field ra-
diation regarding the loss of ENZ materials. However, this
increase does not lead to a monotonically decreasing radia-
tive heat flux, suggesting that an increase in losses within a
reasonable range can paradoxically improve the performance
of ENZ materials. Therefore, εimag does not need to be as
close to zero as εreal to achieve the peak heat flux, and
its role in broadening the radiation spectrum should not be
underestimated.

The loss of material can be determined from the divergence
of the Poynting vector, which eventually takes the following
form:

P = 0.5ωεimag|EENZ|2. (27)

Thus, the distributions of losses for different εimag are cal-
culated as shown in Fig. 10. It is clear that as εimag approaches
zero, the loss of nonpolar ENZ dielectric decreases, which
can be directly explained by Eq. (27). It should be noted that
|EENZ|2 represents the field intensity enhancement that occurs
inside the ENZ dielectric due to the Meta-NP ENZ mode. The
result obtained from Eq. (21) appears to be directly substituted
into Eq. (27), but this assumption holds true only when the
dielectric is lossless. In case of a lossy dielectric, the electric
field can be expressed as

EENZ = εSi(ω)

[0.01 + iεimag]
ESi. (28)

This suggests that the electric field intensity no longer
approaches infinite because of losses, even if εreal is close to
zero. Consequently, EENZ reduction is the main reason for the
suppression of Meta-NP ENZ mode. Thus, the loss of ENZ
material presents a problem for near-field radiation as well
as restricts far-field radiation, and its impact on the Meta-NP
ENZ mode cannot be disregarded.

We have demonstrated that the real and imaginary com-
ponents of permittivity near zero significantly enhance the
NFRHT, respectively. Specifically, our proposed Meta-NP
ENZ mode not only overcomes the limitations of Si grating
performance but also enables effective utilization of nonpo-
lar ENZ materials in near-field radiation. However, further
discussion is required to determine whether this property is

FIG. 10. Distributions of losses of different εimag at the resonance frequencies. (a) εimag = 0.0001, ω = 2.1 × 1014 rad/s; (b) εimag = 0.01,
ω = 2.21 × 1014 rad/s; (c) ε = 0.4, ω = 2.5 × 1014 rad/s; (d) εimag = 1, ω = 2.85 × 1014 rad/s; and (e) εimag = 10, ω = 2.98 × 1014 rad/s.
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FIG. 11. (a) Total heat flux as a function of �ωp. (b) Total heat flux vs vacuum gap d from 0.04 to 1 µm. The temperatures of emitter and
receiver are fixed as T1 = 400 K and T2 = 300 K in all cases.

exclusive to Si gratings. Therefore, we employ a parametric
study in which we artificially introduced a frequency shift
�ωp for the plasma frequency of Si in Drude model to in-
vestigate whether the amplification of radiative heat flux by
nonpolar ENZ dielectric is robust with respect to grating ma-
terials.

Considering the ωp of Si mentioned in Sec. II is 1.08 ×
1015 rad/s, we explore the range of �ωp from −0.5 ×
1015 to 1.0 × 1015 rad/s, and the results are shown in
Fig. 11(a). Overall, it can be observed that the total radiative
heat flux consistently reaches its maximum value at εreal =
0.01, meaning the robustness of nonpolar ENZ dielectric-
induced enhancement with respect to �ωp. However, this
amplification is not sustained. When �ωp is negative, the heat
flux generally surpasses that in the Si case, and there exists a
significant disparity in flux at different εreal. At �ωp is equal
to −0.4 × 1015 rad/s, the maximum value exceeds by four
times compared to the minimum value. However, when �ωp

becomes positive, the heat flux exhibits a monotonically de-
creasing trend with a corresponding decrease in flux disparity.
At �ωp is equal to 1.0 × 1015 rad/s, the maximum value
is only about 1.5 times larger than its minimum value. This
is because the permittivity of ENZ dielectric does not have
dispersion property, and only the modification in plasma fre-
quency can lead to a frequency shift of Meta-NP ENZ mode.
When �ωp is negative, as the resonance frequency approaches
the characteristic wavelength of thermal radiation, there is
an increase in heat flux, resulting in significant variations at
lower-frequency bands due to integration. Conversely, when
�ωp exceeds zero, both the resonance frequencies of Meta-
NP ENZ mode and SPPs–MPs blueshift. Despite maintaining
its advantage in terms of Meta-NP ENZ mode, the radiative
energy transfer becomes naturally less intense in the high-
frequency band due to limitations imposed by Eq. (2), thereby
reducing disparity in values.

Finally, we compare the total radiative heat flux as a
function of vacuum gap d under different εreal, as shown
in Fig. 11(b). The value decreases exponentially with the
increasing d and remains its most outstanding performance
when εreal is equal to 0.01. Notably, the heat flux of
nonpolar ENZ dielectric-filled grating diminishes at a sig-
nificantly faster rate compared to its normal dielectric-filled

counterpart, indicating the rapid decay of Meta-NP ENZ mode
and its sensitivity to vacuum gap. When d exceeds 0.4 µm,
there is virtually no disparity in radiative heat flux across var-
ious εreal values, just approaching the limitation of blackbody
radiation. This observation implies a complete breakdown of
Meta-NP ENZ mode beyond near-field radiation.

IV. CONCLUSIONS

In this work, we present an artificial mode called Meta-NP
ENZ mode based on the nonpolar ENZ dielectric-filled Si
gratings metamaterial to achieve the enhancement of near-
field radiative heat flux. The concept of this mode breaks the
conventional near-field limitation of nonpolar ENZ dielectric.
As the real and imaginary parts of permittivity approach zero,
respectively, we reveal the evolvement rule of Meta-NP ENZ
mode according to the distributions of energy transmission
coefficients and electromagnetic fields, demonstrating the ro-
bustness of this effect.

It can be confirmed that Meta-NP ENZ mode is a unique
mode independent of geometrical parameters that arises from
the hybridization of surface plasmon polaritons (SPPs) and
magnetic polaritons (MPs). In particular, it cannot be accu-
rately predicted by LC circuit for determining the resonance
frequency of MPs under ENZ conditions. Similar to far-field
radiation, the nonpolar ENZ dielectric itself does not partici-
pate in radiative heat transfer but can create a remarkable field
intensity enhancement inside the structure, which is primarily
responsible for Meta-NP ENZ mode. On the contrary, the
imaginary part near zero does not allow the radiative heat
flux to reach maximum value. Although the Meta-NP ENZ
mode gradually deteriorates as the imaginary part increases,
there exists a transient state within the narrow range from
0.1 to 1, exhibiting an anomalous amplification in heat flux.
Furthermore, this enhancement of heat flux is robust with
respect to the frequency shift of metal plasma frequency.
The applicability of this theory can extend to other types of
gratings, enabling the exploration of higher-dimensional and
more intricate metamaterials. Our proposed Meta-NP ENZ
mode paves the way for an avenue in near-field radiative heat
transfer.
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