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Tuning the spectrum of near-field radiative heat transfer using Mie resonance based metamaterials
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Tuning the spectrum of near-field radiative heat transfer is crucial for many potential applications such
as near-field thermophotovoltaic and thermophotonic power generation. Mie resonance based metamaterials
are promising candidates for tuning the near-field spectra. In this manuscript, we utilize the Fourier modal
method to perform nonapproximate simulations of near-field radiative heat flux between Mie resonance based
metamaterials. By decomposing the electromagnetic response of the Mie resonators into contributions from
various multipoles, we identify the origins of the peaks in the near-field spectra. We study the effect of the
refractive index, extinction coefficient, shape, and interspacing of Mie resonators, as well as the separation
distance of the metamaterials on the spectrum of near-field heat flux. Our study shows that as the refractive
index of the metamaterial increases, the heat flux increases and the spectral locations of the Mie resonances
redshift. As the extinction coefficient increases, the near-field heat flux increases and the damping of the Mie
resonances eventually results in a broadband spectrum for the heat flux. Resonance splitting is observed when
the distance between the Mie resonators approaches the nanometer scale. While the existing studies suggest that
Mie resonance based metamaterials increase the near-field heat flux, the near-field heat transfer between these
metamaterials is smaller than that between two thin films of the same material and thickness. However, Mie
resonance based metamaterials are promising for tuning the spectrum of the near-field heat flux.
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I. INTRODUCTION

Radiative heat transfer (RHT) exceeds the blackbody limit
by orders of magnitude when the heat-exchanging media are
separated by a gap smaller than the thermal wavelength [1].
The enhancement of RHT at subwavelength separation gaps,
referred to as the near-field RHT (NFRHT), is due to the
tunneling of exponentially decaying evanescent waves that are
only substantial at subwavelength distances from the emitting
surface [1,2]. Near-field radiative heat transfer has several
promising applications such as nanogap thermophotovoltaic
[3] and thermophotonic [4] power generation, thermal rec-
tification [5,6], and near-field photonic cooling [7]. Tuning
the spectrum of NFRHT is imperative for the development of
these applications.

Metamaterials, which are materials engineered at the sub-
wavelength scale [8], have been proposed for tuning the
spectrum of NFRHT [9–15]. One class of the proposed meta-
materials is the Mie resonance based metamaterials which
are made of subwavelength particles of dielectric materials
[16]. These subwavelength particles can thermally emit at Mie
resonances causing sharp peaks in the spectrum of NFRHT.
The Mie resonance based metamaterials are promising for
NFRHT applications. They provide a mechanism for tuning
the spectrum of NFRHT for the dielectric media that do not
support surface phonon polaritons. Additionally, the spectrum
of NFRHT for Mie resonance based metamaterials can be
tuned to a great extent by changing the size, shape, and
material properties of the resonators. Despite this potential,
so far very few studies have focused on NFRHT in Mie
resonance based metamaterials [16–20]. Using the effective
medium theory (EMT), it was shown that the Mie resonance
based metamaterials can have negative effective permeabil-

ity, in addition to negative effective permittivity, and thus
they can emit the surface modes in both transverse electric
(TE) and transverse magnetic (TM) polarizations [16–19].
The TE-polarized surface modes, which cannot be emitted
from natural materials, introduce new peaks in the spectra
of near-field heat flux and provide an additional channel for
heat transfer [16–19]. The EMT, which treats the array of the
subwavelength resonators as a semi-infinite planar medium
with an effective permittivity and permeability, is known to be
invalid for predicting both the spectrum and the magnitude of
NFRHT [21]. Recently, NFRHT between two Mie resonance
based metamaterials made of two-dimensional periodic arrays
of tellurium cubes was studied using numerical simulations. It
was shown that the Mie resonances cause peaks in the near-
field spectra, and the locations of the peaks can be modulated
by changing the size of the Mie resonators [20]. However,
there is a knowledge gap about the origin of the peaks ob-
served in the spectrum of NFRHT and how these peaks evolve
as the material properties and the geometry of the array vary.

In this paper, we employ a nonapproximate numerical
method, namely, the Fourier modal method (also known as the
rigorous-coupled wave analysis) [22], to study the NFRHT
between periodic arrays of Mie resonators for different ma-
terial properties, separation gaps, and geometries. Using a
multipole expansion of the scattering cross section of the in-
dividual Mie resonators [23], we identify the origin of various
peaks observed in the spectrum of NFRHT. While previous
studies indicate that the Mie resonance based metamaterials
result in enhanced NFRHT [16–20], we show that indeed
NFRHT between these metamaterials is always less than that
for a thin film of the same material and thickness as the cor-
responding metamaterials. This study elucidates the physics
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FIG. 1. A schematic of the system under study. Two Mie reso-
nance based metamaterials made of two-dimensional periodic arrays
of microcuboids are separated by a gap of size d . One of the meta-
materials is at temperature T1 = 400 K, while the other one is kept at
temperature T2 = 300 K. Near-field radiative heat transfer between
the two metamaterials is desired.

underlying NFRHT between Mie resonance based metamate-
rials and can guide designing thermal emitters with the desired
NFRHT spectrum.

This paper is organized as follows. The problem under
study and the methods used for solving this problem are
described in Sec. II. The results are described in Sec. III, and
the concluding remarks are presented in Sec. IV.

II. DESCRIPTION OF THE PROBLEM AND METHODS

The problem under consideration is illustrated in Fig. 1.
Two identical Mie resonance based metamaterials made of

two-dimensional periodic arrays of microcuboids are sepa-
rated by a vacuum gap of size d . The cuboids have a side
length L, a width W , a height H , and an interspacing D. The
temperatures of the two metamaterials are fixed at T1 = 400 K
and T2 = 300 K. The objective is to analyze the spectrum of
NFRHT between the two metamaterials and study how the
spectrum evolves as the material properties, the separation
gap, and the geometry of the array change.

The near-field radiative heat flux between the metamate-
rials is found using the fluctuational electrodynamic theorem
[1,2], and by applying the Fourier modal method, as imple-
mented in the MESH software [22], for solving the stochastic
Maxwell equations. A summary of the Fourier modal method
used for numerical modeling of NFRHT is provided in the
Appendix. To identify the peaks observed in the spectrum
of the near-field heat flux, the scattering cross section of the
microcuboids is decomposed into contributions from electric
and magnetic dipoles and quadrupoles. The spectral locations
of the Mie resonances in the scattering cross section are
very close to those in the absorption cross section. As such,
and due to the availability of the multipole expansion for
the scattering cross section [23], we choose to decompose
the scattering cross section into multipole contributions in
this study. When an individual cuboid is illuminated with
an incident electric field, Einc(r, ω), a current is induced in-
side the cuboids. The induced current density is given by
Jω(r, ω) = −iωε0(εr−1)E(r, ω), where r, ω, E(r, ω), ε0, and
εr are the position vector, angular frequency, electric field,
permittivity of the free space, and dielectric function of the
microcuboids, respectively. The moments of the electric and
magnetic dipoles and quadrupoles are then found using the
induced current density as [23]

pα = − 1

iω

∫
Jω,α j0(kr)d3r − k2

2iω

∫
j2(kr)

(kr)2 [3(r · Jω )rα − r2 Jω,α]d3r, (1a)

mα = 3

2

∫
(r × Jω )α

j1(kr)

kr
d3r, (1b)

Qe
αβ = − 3

iω

{∫
j1(kr)

kr
[3(rβJω,α + rαJω,β ) − 2(r · Jω )δαβ]d3r

+ 2k2
∫

j3(kr)

(kr)3 [5rαrβ (r · Jω ) − (rαJω,β + rβJω,α )r2 − r2(r · Jω )δαβ]d3r
}
, (1c)

Qm
αβ = 15

∫
j2(kr)

(kr)2 {rα (r × Jω )β + rβ (r × Jω )α}d3r, (1d)

where pα and mα are the α (α = x, y, z) component of the
electric and magnetic dipole moments, respectively; Qe

αβ and
Qm

αβ are the αβ (β = x, y, z) element of the electric and
magnetic quadrupole moment tensors, respectively; r is the
magnitude of the position vector; i is the imaginary unit, k
is the magnitude of the wave vector in the free space, and
jn(kr) is the spherical Bessel function of the nth kind. The
induced current density, Jω, required for finding the multipole
moments using Eqs. 1(a)–1(d), is simulated using the COM-
SOL WAVE OPTICS MODULE. Once the electric and magnetic
multipole moments are found, the contributions from each
multipole to the total scattering cross section can be expressed

as [23]
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FIG. 2. (a) Near-field radiative heat flux between the two metamaterials shown in Fig. 1. The refractive index of the microcubes and the
separation gap of the metamaterials are ñ = 2.4 + 0.05i and d = 1 µm, respectively, while L = H = W = D = 2 µm. (b),(c) The scattering
cross section of an individual microcube normalized by the geometrical cross section, when the microcube is illuminated by an incident plane
wave. The incident electric field is polarized along the x axis, while it propagates along the z axis in panel (b) and at angle of 45° with respect
to the z axis in panel (c). See the insets of panels (b),(c) for schematics. (d) The near-field heat flux between two two-dimensional finite arrays
each made of 16 microcubes. L = H = W = 2 µm.

where c is the speed of light in the free space, and σ
p

s , σ m
s , σ Qe

s ,
and σ Qm

s are the contributions of the electric dipole, magnetic
dipole, electric quadrupole, and magnetic quadrupole to the
scattering cross section of the Mie resonators, respectively.
It should be noted that the contribution of the higher-order
modes to the scattering cross section is negligible. This is
confirmed by finding the total scattering cross section using
the COMSOL WAVE OPTICS MODULE and comparing the result
with the summation of σ

p
s , σ m

s , σ Qe
s , and σ Qm

s found using
Eqs. (2a)–(2d). Equations (2a)–(2d) are utilized to find the
spectral locations of Mie resonances associated with each
electric and magnetic multipole.

In addition to the scattering cross section of the Mie
resonators, the distribution of the electric field within the
resonators when the metamaterial is illuminated by an inci-
dent electric field is computed and used for identifying the
Mie resonances in the near-field spectra. The electric-field
distribution is modeled using the COMSOL WAVE OPTICS MOD-
ULE. The spectral NFRHT between nonperiodic arrays of Mie
resonators is also found using the SCUFF-NEQ package of the
SCUFF-EM electromagnetic solver [24] and is employed for
interpreting the spectrum of near-field heat flux.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the spectrum of NFRHT between two
identical Mie resonance based metamaterials made of mi-

crocubes with side lengths L = W = H = 2 µm, and a cube’s
interspacing of D = 2 µm. Cubical resonators have been se-
lected for this study since cubical microparticles can be
fabricated using the standard optical lithography process. The
complex refractive index and the separation gap of the two
metamaterials are assumed as ñ = 2.4 + 0.05i and d = 1 µm,
respectively. The considered refractive index is close to the
one for zinc selenide [24]. It should be noted that the con-
sidered refractive index may not follow the dispersion rule
and the Kramers-Kronig relations. However, we proceed with
this refractive index as the main objective of this study is to
understand the effects of metamaterial parameters, such as the
refractive index and extinction coefficient, on the spectrum of
near-field heat flux. Ten peaks are observed in the near-field
spectrum which are located at 3.4, 3.7, 4.2, 4.7, 5.4, 6.3,
6.6, 6.9, 7.8, and 9.6 µm. To identify the origins of these
peaks, the scattering cross section of an individual microcube
when illuminated by an external electric field is computed and
decomposed into contribution from the electric dipole (ED),
magnetic dipole (MD), electric quadrupole (EQ), and mag-
netic quadrupole (MQ). The incident electric field is directed
toward the x axis, and two incidence angles of 0° and 45°
with respect to the z axis (i.e., normal and oblique incidence,
respectively) are considered. Figures 2(b) and 2(c) show the
decomposed scattering cross section of the microcubes nor-
malized by the geometrical cross section (LW ) for angles of
incidence of 0° and 45°, respectively.
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Figure 2(b) shows that the scattering cross section of the
cubes for the normal incidence has three peaks which are
located at 3.2, 4.1, and 6.0 µm. Considering the contributions
from the ED, EQ, MD, and MQ modes to the scattering cross
section as presented in Fig. 2(b), it is found that the peak
at 3.2 µm is due to the EQ and MD modes (dominated by
the contribution from the EQ), the peak at 4.1 µm is due to
the EQ and MQ modes (with dominant contribution from the
EQ mode), and the peak at 6.0 µm is due to contributions
from the MD and ED modes (with dominant contribution
from the MD mode). The spectral locations of the peaks in
the spectrum of the scattering cross section for the oblique
incidence shown in Fig. 2(c) are approximately the same as
those for the normal incidence except for the peak associated
with the EQ-MQ modes, which is slightly shifted from 4.1 to
4.5 µm. The microcubes in an array are close to each other,
and thus the Mie modes of the neighboring microcubes can
spatially overlap. This overlap causes resonant shift and/or
splitting of the Mie resonances into a few peaks. For example,
the radiative heat flux between two two-dimensional arrays
made of 16 microcubes is simulated for separation gaps d and
interspacing D of 10 and 2 µm using the SCUFF-NEQ package
of the SCUFF-EM electromagnetic solver [25]. The results are
shown in Fig. 2(d). The spectral locations of the peaks in the
heat-flux spectrum for the case with D = d = 10 µm are very
similar to those of the scattering cross section of the individual
microcubes. From left to right, the peaks in the heat-flux
spectrum are due to the EQ-MD, EQ-MQ (observed for σs at
normal incidence), EQ-MQ (observed for σs at oblique inci-
dence), and MD-ED modes. When the interspacing decreases
to D = 2 µm, the MD-ED mode splits into two peaks. With
reducing the vacuum gap to d = 2 µm, the EQ-MD resonance
also splits.

Considering the splitting and shift of the peaks caused by
the spatial overlap of the Mie modes of the neighboring mi-
crocubes and using the decomposed scattering cross sections
in Figs. 2(b) and 2(c), the peaks of NFRHT between the two
metamaterials can be identified as follows. The peaks at 3.4
and 3.7 µm are both due to the EQ and MD modes (with
dominant contribution from EQ), the peak at 4.2 µm is due
to the EQ and MQ modes (with dominant contribution from
MQ), the peak at 4.7 µm is due to the MQ modes supported
at oblique incidence angles [see Fig. 2(c)], the peak at 5.4 µm
is due to the ED mode, and the last five peaks at 6.3, 6.6, 6.9,
7.8, and 9.6 µm are all due to the ED and MD modes (with
dominant contribution from the MD mode). The electric-field
distributions within the cubes when the metamaterial is illu-
minated by an external electric field are also computed at the
peaks’ wavelengths. The electric fields are plotted in the y-z
plane in the middle of the cubes (i.e., in the x = L

2 plane),
when the metamaterial is excited by an electric field polarized
in the x direction and incident at the normal direction [see
Fig. 3(a)]. The magnitude of the incident electric field is
assumed to be 1 V/m. The electric-field distributions at the
peaks’ wavelengths are provided in Fig. 3(b), and they are
in agreement with the multipole decomposition analysis. It
should be noted that as seen in Fig. 2(a), the NFRHT between
the two Mie resonance based metamaterials is dominated by
resonant thermal emission and absorption of the MD mode of
the microcubes.

To study the effect of the refractive index on the spectrum
of NFRHT between the Mie resonance based metamateri-
als, we increase the refractive index of the microcubes to
n = 3.5, which is close to the refractive index of germa-
nium telluride [26]. The other parameters of the array remain
the same (i.e., κ = 0.05, L = W = H = D = 2 µm, and d =
1 µm). Figure 4(a) shows the spectral heat flux for this case.
The normalized scattering cross sections for the normal and
oblique incidence angles are also plotted in Figs. 4(b) and
4(c), respectively. Several new peaks appear in the heat-flux
spectrum with increasing the refractive index. The appearance
of the new peaks can be explained by comparing the scattering
cross sections in Figs. 4(b) and 4(c) with those for a smaller
refractive index of n = 2.4 presented in Figs. 3(b) and 3(c).
It is seen that the spectral locations of the Mie modes are
redshifted toward longer wavelengths as the refractive index
increases. The magnetic modes, namely, the MD and MQ,
experience the largest redshift. As n increases, the short-
wavelength Mie modes redshift inside the considered spectral
band, where they can be thermally excited. This redshift of the
peaks results in the appearance of the new peaks in the heat
flux spectra when n increases to 3.5.

In total, there are 16 peaks in the spectrum of near-field
heat flux which can be identified using the decomposed scat-
tering cross sections in Figs. 4(b) and 4(c) as well as the
spatial distributions of the electric field inside the microcubes.
The electric-field distribution at the peaks’ wavelengths is
shown in Fig. S1 of the Supplemental Material [27] for the
incident electric field illustrated in Fig. 3(a). The wavelengths
and the origins of the heat-flux peaks are listed in Fig. 4(a).
Figure 4(a) also shows that the heat flux increases compared
to the previous case with a smaller refractive index of n = 2.4.
The greatest enhancement is seen in the wavelength range
of 8–10 µm, where the MD modes are located. Thermal
emission and absorption by the microcubes due to the MD
modes are proportional to the imaginary part of the magnetic
polarizability, Im[αm] [28]. The imaginary part of the mag-
netic polarizability is proportional to Im[ε], where ε is the
dielectric function of the microcubes [28]. As n increases,
Im[ε] and Im[αm] increase, which results in higher emission
and absorption by the microcubes, thus increasing the heat
flux. It should be noted that, similar to the case with a smaller
refractive index of n = 2.4, the heat flux is dominated by the
contribution from MD modes.

In Fig. 5, the refractive index of the microcubes is further
increased to n = 5.0, which is approximately the same as the
refractive index of tellurium [29]. The decomposed scattering
cross sections at the normal and oblique incidence are pro-
vided in Figs. S2(a) and S2(b) of the Supplemental Material
[27] for this case. With further increase of the refractive index,
the Mie modes redshift and the heat flux increases further.
The heat flux has 16 peaks associated with Mie resonances,
which are identified and reported in Fig. 5. The heat flux is
dominated by the contribution from six peaks located at 6.8,
7.2, 8.1, 8.9, 12.1, and 12.7 µm (peak numbers 8, 9, 10, 11,
15, and 16 in Fig. 5), which are due to the MD, EQ, MQ,
ED, MD, and MD modes, respectively. Figure 5 shows that,
similar to the case with n = 3.4, the MD modes significantly
contribute to the heat flux. It is also seen that the contributions
from the ED and EQ modes to the heat flux are greater for this
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FIG. 3. (a) An electric field polarized along the x axis and propagating in the z direction is incident on the metamaterial. The magnitude
of the incident field, Einc, is 1 V/m. (b) The spatial distribution of the induced electric field within the microcubes at the spectral locations of
the NFRHT peaks. The electric field is plotted in the x = L

2 plane. The complex refractive index is ñ = 2.4 + 0.05i, while L = W = H = D =
2 µm and d = 1 µm. The unit for the color bar is V/m.

case compared to the cases with smaller refractive indices of
n = 2.4 and n = 3.5.

Next, we study the effect of extinction coefficient κ on
the spectrum of heat flux. Figure 6(a) shows the NFRHT
between two Mie resonance based metamaterials with n = 5.0
and three levels of extinction coefficient, namely, κ = 0.05,
0.1, and 0.5. With increasing κ from 0.05 to 0.1, the spectral
locations of the Mie resonances do not change. However, there
is an enhancement of the heat flux at all wavelengths. As κ

increases, Im[ε] and thus the thermally fluctuating current of
the microcubes, given by the fluctuational electrodynamics
[1,2], increase at all wavelengths. With increasing κ further to
κ = 0.5, the broadband enhancement of the heat flux and the
damping of the Mie resonances result in a broadband spectrum
for the heat flux. Figure 6(a) shows that the extinction coeffi-
cient is a key factor in determining the shape of the heat-flux
spectrum (spectrally selective or broadband).

The effect of microcube interspacing D on the NFRHT be-
tween the two Mie resonance based metamaterials is studied
in Fig. 6(b). This figure shows the heat flux for three interspac-
ing of D = 2 µm, 1 µm, and 100 nm as well as for a thin film
with the same material and thickness as the metamaterials.
The refractive index is fixed at ñ = 5.0 + 0.05i, while the
sizes of the microcubes and vacuum gap remain the same as in

the previous cases (i.e., L = W = H = 2 µm and d = 1 µm).
As D decreases from 2 to 1 µm, the heat flux increases in a
broadband manner (i.e., at both resonance and nonresonance
wavelengths). This enhancement is due to a larger volume of
the Mie resonators per unit area of the metamaterials for the
smaller interspacing of D = 1 µm. Reducing the interspac-
ing to D = 1 µm also results in the splitting of some of the
Mie resonances such as the ED resonance at 10.2 µm. The
resonance splitting is due to the spatial overlap of the Mie
modes of the neighboring microcubes as described before.
When D = 100 nm, the neighboring microcubes are placed at
a near-field distance from each other. At near-field distances,
the destructive interactions between the Mie modes result in
damping of the heat-flux peaks except for the dominant dipole
mode between 8 µm and 10 µm, which is split into two peaks.
However, the heat flux increases in a broadband manner when
D decreases to 100 nm. As D → 0, the spectrum of NFRHT
approaches that for a thin film as shown in Fig. 7(b). It should
be noted that the four peaks observed in the spectrum of heat
flux for the thin films at 4.0, 5.0, 6.6, and 9.8 µm are due
to the fifth, fourth, third, and second Fabry-Perot interfer-
ence resonances, respectively. The Fabry-Perot resonances are
excited inside the thin films at wavelengths λ = 2nH

N , where
H (=2 µm) and N are the thickness of the film and the order of
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FIG. 4. The same as Fig. 2 except for a complex refractive index of ñ = 3.5 + 0.05i.

the resonance, respectively. It should also be noted that, unlike
in previous studies [16–20], the total heat flux for the Mie
resonance based metamaterials is less than that for the thin
films with the same refractive index and thickness. However,
the Mie resonance based metamaterials provide more degrees

of freedom for designing the spectrum of NFRHT when com-
pared to thin films.

To study the spectrum of NFRHT at smaller separation
gaps, the spectral heat flux between two Mie resonance based
metamaterials separated by a gap of size d = 100 nm is

FIG. 5. The same as Fig. 2(a) except for a complex refractive index of ñ = 5.0 + 0.05i.
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FIG. 6. The spectrum of near-field heat flux between the two Mie resonance based metamaterials schematically shown in Fig. 1. (a) The
effect of the extinction coefficient κ on the heat flux. L = W = H = D = 2 µm, n = 5.0, and d = 1 µm. (b) The effect of cube interspacing D
on the heat flux. L = W = H = 2 µm, ñ = 5.0 + 0.05i, and d = 1 µm. (c) The effect of the separation gap d on the heat flux. L = W = H =
D = 2 µm and ñ = 5.0 + 0.05i. (d) The effect of the geometry of the Mie resonators on the heat flux. ñ = 5.0 + 0.05i, d = 1 µm, and L = W .
The array pitch is 4 µm, and the volume of the Mie resonators is 8 µm3.

compared with the one for d = 1 µm in Fig. 6(c). The com-
plex refractive index of the microcubes is assumed to be
ñ = 5.0 + 0.05i for both cases. As expected, the heat flux
increases as the gap size decreases. However, as the gap size
decreases by one order of magnitude, the total (spectrally
integrated) heat flux increases only by a factor of 2. This
shows that the Mie resonance based metamaterials are suitable
for intermediate near-field gaps (i.e., d > 500 nm) which are
experimentally more attainable. With decreasing the separa-
tion gap, the spectral locations of some of the Mie peaks such
as the EQ slightly redshift. Additionally, the spatial overlap
of the Mie modes results in splitting of the ED, MD, and MQ
modes [see Fig. 6(c)].

Lastly, we show that the spectral locations and the relative
intensity of the NFRHT peaks can be modulated to a great
extent via varying the geometry of the Mie resonators. By
changing the geometry of the resonators, it is possible to
have several scattered peaks in the spectrum, or to spectrally
overlap the Mie modes into a dominant peak. For exam-
ple, Fig. 6(d) compares NFRHT for the microcube geometry
studied so far (L = W = H = 2 µm) with that for a cuboidal
geometry with edge lengths of L = W = 1.26 µm and

H = 5.04 µm. The former has a height over width of H
W = 1,

while this ratio for the latter is H
W = 4. The volume (=8 µm3)

and the array pitch (=4 µm), and thus the emitting volume per
unit area of the metamaterials, are the same for both geome-
tries. The refractive index is assumed to be ñ = 5.0 + 0.05i
for both cases. It is seen that for the case with H

W = 1, there
are four dominant peaks at 8.1, 8.9, 12.1, and 12.7 µm, which,
as discussed before, are due to the MQ, ED, MD, and MD
modes, respectively. When H

W = 4, the MD modes at 12.1
and 12.7 µm blueshift, while the MQ mode at 8.1 µm and
the ED mode at 8.9 µm redshift. With the shift of the modes
with changing the geometry, the MD, MQ, and ED modes
spectrally overlap which results in a dominant peak in the
spectrum of the near-field heat flux as seen in Fig. 6(d). In
addition to the ratio H

W , the location and relative magnitude
of the heat flux peaks can be tuned by varying the ratio L

W of
the cubes (for example, the spectral heat flux for two cases
with L

W = 1.0 and L
W = 1.5 can be compared in Fig. S3 of

the Supplemental Material [27]). It should be noted that even
though a refractive index of n = 5.0 is assumed in Fig. 6,
the effects of κ , D, d , and H

W on the spectrum of near-field
heat flux for a smaller refractive index of n = 2.4 remain the
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same as those found for n = 5.0. The spectral heat flux for a
refractive index of n = 2.4 as a function of κ , D, d , and H

W is
shown in Fig. S4 of the Supplemental Material [27].

IV. CONCLUSIONS

The spectrum of near-field radiative heat transfer between
two Mie resonance based metamaterials is studied using
nonapproximate numerical simulations. The effects of the re-
fractive index, extinction coefficient, shape, and interspacing
of the Mie resonators as well as the separation gap of the
two metamaterials on the near-field spectrum are analyzed.
It was shown that as the refractive index increases, the Mie
resonances redshift and the heat flux increases. The number of
Mie resonances that can be thermally excited increases with
increasing the refractive index. As the extinction coefficient
increases, the heat flux increases at all wavelengths and the
Mie resonances start to damp until the spectrum eventually
becomes broadband. It was also found that as the interspac-
ing of the Mie resonators decreases, the interactions between
neighboring resonators initially cause resonance splitting and
eventually result in the disappearance of most of the Mie
peaks except for the electric dipole mode. The heat flux
monotonically increases with decreasing the interspacing and
eventually converges to that for a thin film with the same
thickness as the Mie resonators. With decreasing the separa-
tion gap of the metamaterials, the heat flux increases while
the Mie resonances split into a few peaks due to the spatial
overlap of the modes. Lastly, it was shown that the spectral
locations of the Mie resonances are significantly dependent
on the geometry of the Mie resonators. By modulating the
geometry, the Mie resonances can spectrally overlap and form
a sharp peak in the heat-flux spectrum. The results of this
study provide insight into the mechanisms of near-field radia-
tive heat transfer between Mie resonance based metamaterials
and can provide a guide for designing materials with a desired
near-field spectrum.
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APPENDIX: MODELING NEAR-FIELD RADIATIVE HEAT
TRANSFER USING THE FOURIER MODAL METHOD

Near-field radiative heat flux between the two Mie res-
onance based metamaterials is calculated using the Fourier
modal method as implemented in the MESH electromagnetic
solver [22]. A schematic of the system under study is shown
in Fig. 7. The two metamaterials, labeled as media 1 and 3,
have a height of H along the z axis and they are periodic in
the x and y directions. The spectral heat flux can be found
using the z component of the Poynting vector as [22]

Qω = 1
2 [�(ω, T3) − �(ω, T1)]Re{Tr[�ᵀ〈EH∗〉]}, (A1)

where �(ω, T ) is the mean energy of an electromagnetic state
[1,2]; ω is the angular frequency; T1 and T3 are the tempera-
tures of the two metamaterials; E and H are the electric and
magnetic fields, respectively; Re indicates the real part of a
complex tensor; Tr and subscripts * and ᵀ refer to the trace,

FIG. 7. A schematic of the system under study. Two Mie reso-
nance based metamaterials with a height of H (media 1 and 3) are
periodic in the x-y plane and are separated by a vacuum gap.

complex conjugate, and transpose operations, respectively;
and �r,α;r′,β = πzαβ with r and r′ being the position vectors
in the x-y plane and πzαβ being the three dimensional Levi-
Civita symbol. The electric and magnetic fields can be written
using the electric (Ge) and magnetic (Gh) Green’s functions
as

E = GeJ, (A2a)

H = GhJ, (A2b)

where the stochastic current density J is the source of thermal
radiation. The mean value of the stochastic current density is
zero, while its spatial correlation is given by the fluctuation
dissipation theorem as [1,2]

〈Jα (r, z)J∗
β (r′z′)〉 = 4ε0ω

π
�(ω, T )δ(z − z′)�αβ. (A3)

In Eq. (A3), ε0 is the permittivity of the free space, δ is
the Dirac function, and �αβ is defined as �αβ = γαβδ(r − r′)
where γ is the imaginary part of the dielectric function tensor.

Substituting for E and H using the Green’s functions pre-
sented in Eq. (A2) and utilizing Eq. (A3), the net heat flux
given by Eq. (A1) can be written as

Qω = 2ε0ω

π
[�(ω, T3)−�(ω, T1)]

∫ H

0
Re{Tr[�ᵀGe�G†

h]}dz′,

(A4)
where the superscript † refers to the Hermitian operator. The
Green’s functions Ge and Gh relate the electric and magnetic
fields at point r generated due to emission by a source J
located at r′. To find the Green’s functions, the in-plane elec-
tromagnetic fields e‖ and h‖ at a given location z are first
expanded into eigenmodes as [22]

e‖(z) = MeF (z)a, (A5a)

h‖(z) = Mh F (H − z)b, (A5b)

where the matrix Me (Mh) includes the expansion coefficients
of e‖ (h‖) in terms of the modal basis; a and b vectors contain
the modal amplitudes for the forward and backward propa-
gating modes (see Fig. 7), respectively; and F is a diagonal
matrix defined as Fnn = e−iqnz with qn representing the nth
eigenvalue. The modal amplitudes are found using the scat-
tering matrix method and substituted in Eqs. (A5a) and (A5b)
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as [1]

e‖ = ReLM−1
s PJ, (A6a)

h‖(z) = RhLM−1
s PJ. (A6b)

In Eqs. (A6a) and (A6b),

L =
[

Fs(H−z′) O

O Fs(z′)

]
,

P =

⎛
⎜⎜⎜⎝

1
iωε0

∂
∂x ηzx

1
iωε0

∂
∂x ηzy

1
iωε0

∂
∂x ηzz

1
iωε0

∂
∂y ηzx

1
iωε0

∂
∂y ηzy

1
iωε0

∂
∂y ηzz

0 1 0
−1 0 0

⎞
⎟⎟⎟⎠,

and [
Re

Rh

]
= Mr

[
Fr (z0)D1

Fr (H − z0)D2

]
K−1

1 [I K2],

where K1 = I − FsS12(s−, 0)FsS21(s+, 4) and K2 =
−FsS12(s−, 0), and D1 = [I − S12(s+, r)S21(r, N )]−1S11(s+, r)
and D2 = S21(r, N )D1 [22]. In these equations, the subscripts
s and r refer to the source and receiver layers, respectively;
Si j (m, n) is the element i j of the scattering matrix between
layers m and n; I is the unit matrix; z′ is the z component
of the location of the source; z0 is the location at which the
electromagnetic field is evaluated; η is the inverse of the
dielectric tensor ε; and s+ and s− are two artificial layers with

a thickness of 0 defined at the top and bottom surfaces of
emitting layer s, respectively. The s+ and s− layers have the
same dielectric function as layer s.

Comparing Eqs. (A6) with (A2), the electric and magnetic
Green’s functions are found as

Ge = ReLM−1
s P, (A7a)

Gh = RhLM−1
s P. (A7b)

Substituting Eqs. (A7a) and (A7b) into Eq. (A4) and eval-
uating the integral, the spectral heat flux between the two
metamaterials is found as [22]

Qω = 2ε0ω

π
[�(ω, T3) − �(ω, T1)]Re

× {
Tr

[
�ᵀRe

{[
M−1

s P�P†(M−1
s

)†] ◦ Y
}
R†

h

]}
, (A8)

where ◦ indicates the Hadamard product and matrix Y =
[
y1 y2

y2 y1
] is defined as [22]

Y1,(mn) = 1 − e−i(qm−q∗
n )H

i(qm − q∗
n )

, (A9a)

Y2,(mn) = eiq∗
nH − e−iqmH

i(qm − q∗
n )

. (A9b)

In Eq. (A9), qm and qn are the mth and nth eigenvalues of
the electromagnetic field, respectively.
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