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Radiative thermal diodes based on two-element structures rectify heat flows thanks to a temperature depen-
dence of material optical properties. The heat transport asymmetry through these systems, however, remains
weak without a significant change in material properties with the temperature. Here we explore the heat transport
in three-element radiative systems and demonstrate that a strong asymmetry in the thermal conductance can
appear because of many-body interactions, without any dependence of optical properties on the temperature.
The analysis of transport in three-body systems made with polar dielectrics and metallic layers reveals that
rectification coefficients exceeding 50% can be achieved in the near-field regime with temperature differences of
about 200 K. This work paves the way for compact devices to rectify near-field radiative heat fluxes over a broad
temperature range and could have important applications in the domain of nanoscale thermal management.
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I. INTRODUCTION

Near-field radiative heat transfer [1–5] between two bodies
has attracted considerable interest in recent years. Theoret-
ical developments [6–14] and experimental measurements
[15–29] have confirmed the tremendous role played by
near-field heat exchanges between solids at subwavelength
separation distances and have highlighted the strong potential
of this transfer in a wide range of applications such as en-
ergy harvesting [30–33], heat-assisted data recording [34,35],
near-field infrared spectroscopy [36,37], and active control
of the heat exchange [38–40]. More recently, the near-field
radiative heat transfer in a set of objects in mutual interaction
was also investigated, for instance, considering a distribution
of nanoparticles [41–51] and structures with planar geometry
[52–63]. These works have revealed the existence of specific
effects that are attributed to many-body interactions and which
offer new degrees of freedom to passively and actively man-
age heat currents at the nanoscale, in a way similar to the
control of electric currents in solids. To date, many thermal
analogs of electronics building blocks have been proposed to
switch [64,65], focus [66], amplify [67–69], and even split
[70–72] heat fluxes using many-body systems. These systems
have also been suggested to store thermal information [73–75]
and to make basic logical operations with heat [76,77].

One of the fundamental building blocks in electronics is the
diode, a two-terminal component with a highly asymmetric
electric conductance which essentially conducts current in
one direction. Thermal analogs of these devices have been
proposed to rectify heat flux between two solids separated
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by a vacuum gap [78]. This thermal rectification exploits the
thermal dependence of optical properties of the materials in
interaction [79–82], which naturally breaks the symmetry in
the heat transport when the sign of the temperature gradient
between the two solids is changed. In addition, a large asym-
metry in the heat transport was reported in systems made with
materials undergoing a phase change, such as metal-insulator
transition materials [83–96] and normal metal-superconductor
transition materials [97–99]. However, this strong rectification
occurs only close to the critical temperature of these materials.
In the present work, we show that many-body systems can be
used to rectify heat fluxes over a broad temperature range. To
evidence this fact, here we consider a simple system made
up of three bodies separated by vacuum in which rectifica-
tion can be achieved even when the temperature dependence
of material properties is neglected. We demonstrate that
the asymmetry of the thermal conductance is a direct con-
sequence of many-body interactions in the system, and we
illustrate the efficiency of such rectifiers with concrete exam-
ples.

This paper is organized as follows. After a phenomeno-
logical description of the rectification mechanism in Sec. II,
we describe this effect in Sec. III using the rigorous frame-
work of fluctuational electrodynamics. Results in the concrete
configuration are analyzed in Sec. IV for systems where the
asymmetry is achieved by combining a polar material and a
metal. Finally, a summary and concluding remarks are pre-
sented in Sec. V.

II. MANY-BODY THERMAL RECTIFICATION:
PHENOMENOLOGICAL APPROACH

The proposed rectification mechanism takes advantage of
asymmetric radiative interactions between a passive interme-
diate body and two external terminals defining the direction of
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FIG. 1. Schematic representation of a three-body passive thermal
rectifier. The device terminals at temperatures T1 and T3 (bodies 1
and 3, left and right, respectively) interact through an intermediate
passive element (body 2, middle) at a stationary temperature T st

2 . Two
different materials, denoted as M1 and M2, are considered in order to
introduce an asymmetry in the system. The quantities �1 and �2

represent the radiative energy flux in the two vacuum cavities with
thicknesses d1 and d2.

the heat flux. As shown in Fig. 1, the device consists of three
bodies in which bodies 1 and 3 are assumed to be semi-infinite
slabs at fixed temperatures T1 and T3, respectively, constituting
the external terminals. Bodies 1 and 3 are made of different
materials, denoted as M1 and M2, respectively. To maximize
the radiative coupling between the intermediate body and the
left and right reservoirs, for this body (denoted as body 2)
we consider a bilayer structure M1-M2 at temperature T2 with
thickness δ = δ1 + δ2, where δ1 and δ2 are the thicknesses of
the constituting layers. Body 2 is separated by a distance d1

from body 1 and by a distance d2 from body 3. Moreover, the
temperature of body 2 here is taken as the stationary temper-
ature T2 = T st

2 at which the net flux on this body vanishes, so
the intermediate body passively interacts with the two external
terminals.

The quantities �1(T1, T2, T3) and �2(T1, T2, T3) in Fig. 1
represent the energy flux in the two vacuum gaps, which are
computed as the averaged Poynting vector in the direction
perpendicular to the surfaces of the bodies (see Sec. III). The
stationary temperature T2 = T st

2 is then obtained by requiring
that the heat flux is the same in the two cavities,

�
(
T1, T st

2 , T3
) ≡ �1

(
T1, T st

2 , T3
) = �2

(
T1, T st

2 , T3
)
. (1)

Under these conditions and taking T1 = Th and T3 = Tc with
Th > Tc, the forward flux Jf can be defined as the energy flux
received by the terminal at temperature T3 = Tc,

Jf = �(Th, Tf , Tc), (2)

where Tf ≡ T st
2 is the stationary temperature of body 2 in

the forward scenario. The backward scenario corresponds to
the situation in which the temperatures of the terminals are
exchanged, taking T1 = Tc and T3 = Th. The backward flux Jb

can be obtained by exchanging the values of the temperatures
T1 and T3 in the forward flux together with a global change in
sign, so we can write

Jb = −�(Tc, Tb, Th), (3)

where Tb ≡ T st
2 is the stationary temperature of body 2 in the

backward situation. Furthermore, the rectification coefficient
accounting for the system dependence on the direction of the

heat flux is defined by

η = |Jf − Jb|
max(|Jf |, |Jb|) . (4)

If the system is fully symmetric, with materials M1 = M2

and separations d1 = d2, the rectification coefficient vanishes
when the temperature dependence of the material properties
is neglected. In contrast, we show below that an asymmetry
in combination with many-body interactions can realize a
nonvanishing rectification coefficient without any temperature
dependence of the material properties.

It is worth noting that the stationary temperatures Tf and
Tb in the forward and backward scenarios, respectively, do not
coincide, in general, when the thermal symmetry is broken.
We also point out that a trivial optical asymmetry is not
enough to induce rectification when the temperature depen-
dence of material properties is neglected. To highlight this fact
with examples, let us consider a three-body system with heat
fluxes following a power law of the form

�1 = ξ1
(
T α

1 − T α
2

)
, �2 = ξ2

(
T α

2 − T α
3

)
. (5)

If, for instance, α = 4, we have blackbody radiation with ξi =
σεi, where ε1 and ε2 are the emissivities which characterize
the heat transfer asymmetry on both sides of the intermediate
body, with σ being the Stefan-Boltzmann constant. If α = 2,
we have a theoretical limit for the heat transfer in the near-field
regime between two dielectrics [3,5] with ξi = k2

Bκ2
i /24h̄,

where κ1 and κ2 are some cutoff wave vectors characterizing
the asymmetry in this case, with kB and h̄ being the Boltzmann
constant and the reduced Planck constant, respectively. The
stationary temperature T2 = T st

2 is defined by the condition
�1 = �2, so that

(
T st

2

)α = ξ1T α
1 + ξ2T α

3

ξ1 + ξ2
. (6)

Under these conditions, the fluxes in the system can be written
explicitly as a function of only T1 and T3,

�(T1, T3) = ξ1ξ2

ξ1 + ξ2

(
T α

1 − T α
3

)
. (7)

Hence, in this case the forward flux Jf = �(Th, Tc) coin-
cides with the backward flux Jb = −�(Tc, Th), leading to a
vanishing rectification coefficient. Notice that the stationary
temperature (6) is not invariant under the exchange T1 ↔ T3,
so this temperature is, in general, different in the forward and
backward cases, even though there is no rectification. Notice
also that the same result applies if the ξi’s somehow depend
on the separation distances, for instance, through the cutoff
wave vectors [100]. These arguments demonstrate that a triv-
ial optical asymmetry is not sufficient to induce rectification.
To observe rectification, the asymmetry must introduce some
effective temperature dependence on the transport properties
of the system.

III. RIGOROUS DESCRIPTION OF THE
RECTIFICATION MECHANISM

The radiative heat exchange between macroscopic bodies
can be rigorously described with the Landauer-like formalism.
In this case, the energy flux �γ in the cavity γ = 1, 2 as

045410-2



RADIATIVE THERMAL RECTIFICATION IN MANY-BODY … PHYSICAL REVIEW B 104, 045410 (2021)

sketched in Fig. 1 can be written as [53,54]

�γ =
∫ ∞

0

dω

2π
h̄ω

∑
p

∫ ∞

0

dk

2π
k
(
n12T̂ 1

γ + n23T̂ 2
γ

)
, (8)

where ω, k, and p = TM, TE are the frequency, wave
vector parallel to the surfaces, and polarization of the

electromagnetic radiation, respectively, while ni j = ni − n j

set the difference of thermal distribution functions nj =
1/(eh̄ω/kBTj − 1) at temperature Tj associated with body j. In
expression (8), T̂ j

γ are the Landauer-like coefficients, which
define the energy transmission associated with mode (ω, k, p)
through the system. For planar geometry, these coefficients are
given by [58]

T̂ 1
2 = pw|τ2|2(1 − |ρ1|2)(1 − |ρ3|2)

|1 − ρ1ρ
−
2 ei2kzd1 |2|1 − ρ12ρ3ei2kzd2 |2 + ew4|τ2|2Im(ρ1)Im(ρ3)e−2Im(kz )(d1+d2 )

|1 − ρ1ρ
−
2 ei2kzd1 |2|1 − ρ12ρ3ei2kzd2 |2 ,

T̂ 1
1 = pw(1 − |ρ1|2)(1 − |ρ23|2)

|1 − ρ1ρ23ei2kzd1 |2 + ew4Im(ρ1)Im(ρ23)e−2Im(kz )d1

|1 − ρ1ρ23ei2kzd1 |2 ,

T̂ 2
2 = pw(1 − |ρ12|2)(1 − |ρ3|2)

|1 − ρ12ρ3ei2kzd2 |2 + ew4Im(ρ12)Im(ρ3)e−2Im(kz )d2

|1 − ρ12ρ3ei2kzd2 |2 , (9)

where kz =
√

(ω/c)2 − k2 is the normal component of the
wave vector in vacuum and pw = θ (ω − ck) and ew =
θ (ck − ω) are the propagating and evanescent wave projec-
tors, respectively, with c being the speed of light and θ (x)
being the Heaviside step function. The remaining coefficient
is obtained as T̂ 2

1 = T̂ 1
2 , an equality which is valid for re-

ciprocal media. In Eqs. (9) we have introduced the optical
reflection coefficients ρ1, ρ

+/−
2 , and ρ3 of bodies 1, 2, and

3, respectively, the optical transmission coefficient τ2 of body
2, and the two-body reflection coefficients given by

ρ12 = ρ+
2 + (τ2)2ρ1ei2kzd1

1 − ρ1ρ
−
2 ei2kzd1

(10)

and

ρ23 = ρ−
2 + (τ2)2ρ3ei2kzd2

1 − ρ+
2 ρ3ei2kzd2

, (11)

where the superscript + indicates reflection to the right by
body 2 and the superscript − indicates reflection to the left (all
these coefficients depend on ω, k, and p). The dependence on
the reflection direction in the coefficients ρ

+/−
2 accounts for

the fact that the intermediate body is a bilayer, while trans-
mission across this body does not depend on the direction of
the transmitted field. Single-body reflection and transmission
coefficients are given in the Appendix. As can be interpreted
from Eq. (8), the coefficients T̂ γ

γ quantify the transmission
amplitude of modes participating in the heat exchange in
cavity γ , while T̂ j

γ with j �= γ quantifies the transmission of
contributing modes from cavity j to cavity γ .

Using Eqs. (1) and (2) to express the forward flux such
that Jf = 1

2 [�1(Th, Tf , Tc) + �2(Th, Tf , Tc)] and taking into
account Eq. (8), this flux can be written as

Jf = 1

2

∫ ∞

0

dω

2π
h̄ω

∑
p

∫ ∞

0

dk

2π
k

× (
nhT̂ 1

1 − ncT̂ 2
2 − n f

[
T̂ 1

1 − T̂ 2
2

] + nhcT̂ 1
2

)
, (12)

where nh and nc are the distribution functions evaluated at
temperatures Th and Tc, respectively, for which nhc = nh − nc,
and n f is the distribution function evaluated at the stationary

temperature Tf of the intermediate body in the forward sce-
nario. An expression analogous to Eq. (12) can be obtained for
the backward flux. Considering materials with temperature-
independent optical properties, the transmission coefficients
do not depend on the scenario, and we have

Jf − Jb = 1

2

∫ ∞

0

dω

2π
h̄ω(nh + nc − n f − nb)

×
∑

p

∫ ∞

0

dk

2π
k
(
T̂ 1

1 − T̂ 2
2

)
, (13)

where nb is the distribution function evaluated at the stationary
temperature Tb of the intermediate body in the backward case.
From Eq. (13) we note that an asymmetry in the efficiency
of modes coupling between the subblocks of the system (i.e.,
T̂ 1

1 �= T̂ 2
2 ) can induce a rectification of the heat flux. This

forces the system to be dissymmetric as well. We also ob-
serve that the value of the equilibrium temperature of the
intermediate body in the forward and backward scenarios
plays a fundamental role in the dissymmetry of heat transport.
In the next section we illustrate the many-body rectification
by considering a simple system made with two materials of
radically different natures, a polar material and a metal.

IV. MANY-BODY RECTIFICATION:
SOME CONCRETE EXAMPLES

As discussed in the previous section, the ability of the sys-
tem to rectify heat flows is characterized by the asymmetry in
the transmission coefficients T̂ 1

1 and T̂ 2
2 . Such an asymmetry

can be realized by choosing the materials M1 and M2 con-
stituting the cavities with resonances at different frequencies.
Here we will consider these resonant frequencies to be well
separated in the spectrum and take M1 to be a polar material,
whose resonance lies in the infrared and can be excited at
the considered temperatures, and M2 to be a metal, whose
resonance is beyond the infrared and is not thermally excited
in the working temperature range.
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To describe the polar material, let us consider the Drude-
Lorentz model for the permittivity

ε(ω) = ε∞
ω2

L − ω2 − i�ω

ω2
T − ω2 − i�ω

, (14)

where ε∞ is the high-frequency dielectric constant, ωL is the
longitudinal phonon frequency, ωT is the transverse phonon
frequency, and � is the damping constant. In order to study the
influence of resonant waves in the rectification mechanism,
we tune the optical properties of the material by introducing
a shift � in the phonon frequencies in such a way that the
permittivity is written as

ε(ω) = ε∞
(ωL + �)2 − ω2 − i�ω

(ωT + �)2 − ω2 − i�ω
. (15)

Taking into account this permittivity, the frequency ωSPP of
the surface phonon polariton (SPP) supported by the material
is given by Re[ε(ωSPP)] = −1 and can be approximated as

ωSPP ≈
[
ε∞(ωL + �)2 + (ωT + �)2

1 + ε∞

]1/2

. (16)

When this resonance is thermally excited, the heat transfer
in the near field is strongly dominated by the contribution
of modes around this frequency. To define the material, here
we take ε∞ = 4.9, ωL = 3.03 × 1014 rad/s, ωT = 2.57 ×
1014 rad/s, and � = 1.0 × 1012 s−1, which correspond [101]
to hexagonal boron nitride (hBN) when � = 0. Hence, the
material specified by the permittivity (15) will be denoted
as hBN�. Furthermore, we consider copper as the metal and
describe its permittivity with the Drude model,

ε(ω) = ε∞ − ω2
p

ω(ω + i�)
, (17)

where ωp = 1.12 × 1016 rad/s is the plasma frequency and
we take ε∞ = 1 and � = 1.38 × 1013 s−1 [102].

Following the scheme shown in Fig. 1, we first consider
materials M1 = hBN� and M2 = Cu with fixed separation
distances d1 = d2 = 50 nm. For all configurations considered
throughout the paper, the thicknesses of the layers in the
intermediate body are set to δ1 = δ2 = 1 μm. We compute
the rectification coefficient according to Eq. (4) and plot it
in Figs. 2(a) and 2(b) as a function of ωSPP for Tc = 200 K
and Tc = 300 K, respectively. The frequency ωSPP and the
rectification coefficient are parametrized with the shift fre-
quency �, which in the figures varies from −2 × 1014 to
4 × 1014 rad/s. Rectification factors of about 61% and 57%
are observed in Figs. 2(a) and 2(b), respectively, for a tem-
perature difference of Th − Tc = 400 K. Although the intrinsic
temperature dependence of the optical properties has been
neglected, rectification is achieved through the effective tem-
perature dependence of the heat fluxes induced by many-body
interactions. The main contribution to this temperature depen-
dence arises because of the change in the overlap between
the SPP supported by the polar material and the distribution
function of this material when evaluated at Th and Tc. The
rectification coefficient increases for increasing ωSPP because
this resonance is efficiently excited in the forward scenario
when the polar material is thermalized at Th. As ωSPP increases
beyond the Planck window defined by Th, the rectification
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FIG. 2. Rectification coefficient for a system with materials
M1 = hBN� and M2 = Cu as a function of the resonance frequency
ωSPP supported by hBN�. The cold temperature is set to Tc = 200 K
in (a) and Tc = 300 K in (b). For low ωSPP, the rectification increases
for increasing ωSPP because this resonance is efficiently excited in
the forward scenario. For high ωSPP, the rectification decreases for
increasing ωSPP because the overlap between the resonance and
the distribution function evaluated at Th in the forward scenario is
reduced.

decreases because the SPP is not efficiently excited. Notice
that the height and width of the rectification peaks in Figs. 2(a)
and 2(b) depend not only on the temperatures but also on the
properties defining the asymmetry such as the permittivities
of the two materials and separation distances.

For given materials and working temperatures, the per-
formance of the rectifier can be optimized by taking the
appropriate separation distances d1 and d2 between the bodies.
We now consider D = d1 + d2 fixed and take D = 100 nm.
Under these conditions, the rectification coefficient can be
seen as a function η(d1), and we are interested in the optimum
value ηm such that ηm = maxd1 η(d1). Here we consider mate-
rials M1 = hBN, described by the permittivity (14), and M2 =
Cu. Taking Tc = 200 K, in Fig. 3(a) we plot the optimized
rectification coefficient ηm for this configuration as a function
of the temperature difference Th − Tc. A rectification of about
50% is observed for a temperature difference close to 200 K.
In the inset, we show η(d1) for several hot temperatures Th,
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FIG. 3. Rectification for a system with M1 = hBN and M2 = Cu. (a) Optimized rectification coefficient ηm obtained by choosing the
separation d1 leading to maximum rectification for the considered temperatures, with D = d1 + d2 = 100 nm and cold temperature Tc = 200 K.
The inset shows the dependence of the rectification coefficient η on the separation distance for several hot temperatures Th. The corresponding
forward and backward fluxes, Jf and Jb, respectively, are shown in (b), while the stationary temperatures of the intermediate body, Tf and Tb,
are plotted in (c). The same quantities are represented in (d)–(f), but taking the cold temperature as Tc = 300 K.

highlighting the dependence of the rectification coefficient on
the separation distances. As can be seen in this inset, on the
one hand, when d1/D approaches zero, meaning that the hBN
surfaces of body 1 and body 2 are close to contacting, a strong
thermalization [62] mediated by the SPP resonances enforces
that a two-body system is recovered in this limit. Since the
temperature dependence of material properties is neglected
here, the rectification coefficient vanishes in this case. On
the other hand, when the Cu surfaces of body 2 and body
3 are close to each other with d1/D approaching unity, the
temperature difference T st

2 − T3 between these bodies is small
but finite [62] since only radiative channels for heat exchange
are considered, and no resonances are excited in metals at
the working temperatures. Thus, a nonzero rectification co-
efficient can be observed at small separations, provided other
channels for heat exchange are not active. At contact, thermal-
ization is driven by conduction, and the two-body behavior
with a vanishing rectification coefficient is recovered.

The forward and backward fluxes corresponding to the
optimal coefficient ηm in Fig. 3(a) are plotted in Fig. 3(b),
while the stationary temperatures of the intermediate body, Tf

and Tb in the forward and backward scenarios, respectively,
are shown in Fig. 3(c). Interestingly, maximum rectification
is achieved for separation distances yielding similar values
of Tf and Tb. This behavior contrasts with that obtained

with trivial asymmetries as discussed in Sec. II, in which
asymmetric configurations always lead to different Tf and
Tb, but the rectification coefficient identically vanishes. The
optimized rectification coefficient ηm for the same configura-
tion but assuming Tc = 300 K is shown in Fig. 3(d). In this
case, the rectification coefficient can reach values up to 35%
for temperature differences Th − Tc above 200 K. Compared
with the previous case in which Tc = 200 K, the reduction
in the rectification coefficient can be attributed to the fact
that the SPP supported by hBN is more efficiently excited
in the backward situation with Tc = 300 K, so the difference
in fluxes in the forward and backward scenarios is relatively
smaller. The fluxes Jf and Jb leading to ηm for this case are
shown in Fig. 3(e), while the stationary temperatures of the
intermediate body in the two scenarios are represented in
Fig. 3(f). Also in this case we observe a similar value for Tf

and Tb in configurations yielding maximum rectification.
We stress that the temperature drop inside the intermediate

body induced by the Kapitza resistance can be neglected.
Indeed, at the interface between a polar material and a metal,
the boundary thermal conductance hK takes typical values
of 108 W m−2 K−1 [103], so the corresponding Kapitza resis-
tance RK is about 10−8 m2 K W−1. With the heat flux level
we get in our device at the considered operating temperatures
(J ∼ 104 W m−2), the temperature drop �T at the interface
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between the materials M1 and M2 is �T = RK J ∼ 10−4 K.
Moreover, the thermal conductivity in both materials (κhBN =
30 W m−1 K−1 and κCu = 400 W m−1 K−1) leads to a temper-
ature variation through the intermediate body of the order
of 10−4 K with layers 1 μm thick, so this variation can be
neglected as well.

V. CONCLUSIONS

We have introduced a rectification mechanism for the near-
field radiative heat transport in many-body systems. Unlike
the classical thermal rectification in two-terminal systems
which require a noticeable temperature dependence of the
optical properties of the materials, here the asymmetry in the
heat transport is induced by many-body interactions. More-
over, we have shown that this mechanism can rectify heat
fluxes even without a temperature dependence of the optical
properties. By investigating this effect in a three-body sys-
tem, we have demonstrated that the existence of a privileged
direction for the heat transport results from the interplay be-
tween the asymmetric coupling of the passive intermediate
body with the external terminals and the temperature reached
by this body in the stationary state. Rectification coefficients
larger than 50% have been highlighted in the near-field regime
with simple systems made with polar dielectrics and metallic
layers. A thermo-optical optimization of these systems should
increase this coefficient. These thermal rectifiers are funda-
mentally different from the previous ones. They do not require
the use of phase-change materials, and they can be designed to
operate over a broad temperature range. Hence, these devices
could find wide application in the field of thermal manage-
ment and thermal regulation at the nanoscale.
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APPENDIX: OPTICAL REFLECTION AND
TRANSMISSION COEFFICIENTS

Here we give the single-body optical reflection and trans-
mission coefficients which are required to compute the energy
transmission coefficients. For bodies 1 and 3, which are as-

sumed to be semi-infinite and homogeneous, we have

ρ1 = rp
01, ρ3 = rp

02, (A1)

where rp
ab is the Fresnel reflection coefficient of the interface

between media a and b,

rTE
ab = kza − kzb

kza + kzb
, rTM

ab = εbkza − εakzb

εbkza + εakzb
, (A2)

in which a = 0 refers to vacuum and a = i refers to material
Mi. Here εa is the complex permittivity of medium a, and
kza =

√
(ω/c)2εa − k2 is the normal component of the wave

vector inside this medium. To describe the scattering proper-
ties of the intermediate body, we also introduce the Fresnel
transmission coefficients t p

ab of the interface between media a
and b, which are given by

tTE
ab = 2kza

kza + kzb
, tTM

ab = 2
√

εaεbkza

εbkza + εakzb
. (A3)

The intermediate body is a bilayer and has three interfaces, so
that

ρ+
2 = rp

02 + t p
02t p

20rp
210ei2kz2δ2

1 + rp
02rp

210ei2kz2δ2
, (A4)

ρ−
2 = rp

01 + t p
01t p

10rp
120ei2kz1δ1

1 + rp
01rp

120ei2kz1δ1
, (A5)

where rp
abc are the reflection coefficients of the two-interface

system constituted by the interfaces between media a and b
and between media b and c, which here take the form

rp
210 = rp

21 + t21t12rp
10ei2kz1δ1

1 + r21r10ei2kz1δ1
, (A6)

rp
120 = rp

12 + t12t21rp
20ei2kz2δ2

1 + r12r20ei2kz2δ2
. (A7)

Last, the optical transmission coefficient of the intermediate
body reads

τ2 = t p
01t p

120eikz1δ1

1 + rp
01rp

120ei2kz1δ1
, (A8)

where t p
abc is the two-interface transmission coefficient for

which

t p
120 = t p

12t p
20eikz2δ2

1 + rp
12rp

20ei2kz2δ2
. (A9)

[1] D. Polder and M. Van Hove, Phys. Rev. B 4, 3303 (1971).
[2] J. J. Loomis and H. J. Maris, Phys. Rev. B 50, 18517 (1994).
[3] J. B. Pendry, J. Phys.: Condens. Matter 11, 6621 (1999).
[4] K. Joulain, J.-P. Mulet, F. Marquier, R. Carminati, and J.-J.

Greffet, Surf. Sci. Rep. 57, 59 (2005).
[5] A. I. Volokitin and B. N. J. Persson, Rev. Mod. Phys. 79, 1291

(2007).
[6] G. Bimonte, Phys. Rev. A 80, 042102 (2009).
[7] A. W. Rodriguez, O. Ilic, P. Bermel, I. Celanovic, J. D.
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