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Enhanced radiative heat transfer via propagating surface modes in a dielectric nanowire
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The photon-mediated radiative heat transfer (RHT) in the near-field regime decays dramatically with the
increase of the separation distance. It is an open problem in applied physics to realize super-Planckian transport
behaviors over long distances. This work aims to theoretically explore RHT in a many-body system consisting of
nanoparticles (NPs) and a dielectric nanowire (NW). The results show that the coupling effect of localized surface
phonon polaritons (SPhPs) with propagating surface modes can enhance the RHT between two interacting NPs.
The maximum enhancement ratio in the presence of a NW can reach up to five orders of magnitude, higher than
that of the thin film and semi-infinite slab under the same conditions. In addition, we construct a dual waveguide
system consisting of a one-dimensional linear NP array and a NW. Due to the synergistic effect between the
strong interactions of localized SPhPs and the propagating surface modes along the NW, the dual waveguide
mode can compensate for the decrease in RHT due to the increase in spacing, thus achieving ultrastrong, long-
range energy transport between NPs at both ends. The present work has potential applications in the contactless
energy conversion and management of optoelectronic devices at the micro- and nanoscale.
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I. INTRODUCTION

As a contactless energy transport mechanism, radiative
heat transfer (RHT) mediated by photons has been playing
a crucial role in all scales of physics from microscopic to
macroscopic [1–3]. When the distance between two objects
is smaller than the characteristic thermal wavelength, RHT
occurs in the near-field regime where Planck’s law no longer
applies [4–6]. Since the excitation of evanescent electromag-
netic modes, such as surface plasmon polaritons (SPPs) and
surface phonon polaritons (SPhPs), near-field radiative heat
transfer (NFRHT) can be improved by several orders of mag-
nitude beyond the blackbody limit predicted by Planck’s law
[7–12]. Moreover, due to the rapid development of micro-
and nanoscale heat transfer and the urgent need for optical
devices, a great deal of attention has been recently paid to
NFRHT, which offers potential prospects for efficient utiliza-
tion of energy at mesoscopic scales [13–16]. However, the
near-field effect decays exponentially with the increase of
vertical distance from the emitting surface, which severely
limits the long-distance energy transport between objects [17].
Therefore, how to realize super-Planckian transport behavior
over long distances is an intriguing problem, which is of great
significance for the realization of high-performance thermal
management devices.

It is well known that, due to the evanescent waves playing
no role in the thermal radiation of an isolated object, the
near-field effect can only occur in systems including two
or more objects [1]. The problems of two-body systems on
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NFRHT are mainly carried out in the rigorous framework of
fluctuational electrodynamics (FE), involving structures such
as spheres, cylinders, and slabs [18–22]. Since many-body ra-
diative heat transfer theory was proposed [23], many scholars
have investigated the novel physical phenomena and trans-
port behaviors arising from the strong coupling of evanescent
modes in complex many-body systems [24]. It is found from
the literature that a lot of works have explored structures such
as a semi-infinite slab [25–27], single or multilayer thin film
[28–32], sphere [33], and metasurface [34–36] to enhance or
regulate the photon-mediated transport behaviors, and these
works are of great significance for the studies of NFRHT
caused by many-body interactions.

In addition, the literature review indicates that cylin-
drical nanowires with outstanding optical properties have
received considerable attention in NFRHT and Casimir forces
[19–21,37–40], but are less frequently reported in related
studies on energy transport mediated by propagating surface
modes. Recently, it has been reported that a perfectly conduct-
ing cylinder can transfer energy in the form of surface waves
over arbitrarily long distances with almost no loss [41], and
their works provide a different concept for enhancing RHT
between objects via surface modes. In this work, we employ a
dielectric nanowire (NW) to enhance photon-mediated energy
transfer in many-body systems. The effects of NW, thin film,
and semi-infinite slab on RHT between two nanoparticles
(NPs) are investigated by Green’s function method, respec-
tively. Subsequently, we propose a dual waveguide system
consisting of a one-dimensional linear NP array and a NW,
which can provide a reliable strategy for achieving ultra-
strong, long-range energy transport between arbitrary objects.
The structure of this paper is as follows: In Sec. II, the
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FIG. 1. The schematic of RHT between NPs via propagating
surface modes in a dielectric NW.

mathematical-physical model of the entire system described
by Green’s function method is established, and the expression
of the thermal conductance between any two NPs is given.
In Sec. III, we present the main results of RHT between two
NPs in the presence of different substrates. The effect of dual
waveguide mode on RHT is studied. Finally, in Sec. IV, we
give some conclusions and perspectives for this work.

II. THEORETICAL ASPECTS

In this work, we consider the RHT between two NPs P1

and P2 in the presence of a dielectric NW with a radius of Rc,
as shown in Fig. 1. The two NPs with a radius of R = 5 nm
are placed at the same distance z0 from the top of NW, while
the separation distance between them is set as d . The entire
configuration is based on a cylindrical coordinate system (r,
ϕ, z). The axis of the infinitely long NW is located on the
z axis. The coordinates of the two NPs are denoted as r1 =
(Rc + z0, 0, 0) and r2 = (Rc + z0, 0, d ), respectively.

To investigate the properties of energy transport mediated
by propagating surface modes, the RHT between two NPs in
the presence of a NW is calculated in this work. To reason-
ably simplify the mathematical-physical model, the NPs are
viewed as isotropic, linear, and nonmagnetic, and their sizes
are much smaller than the thermal wavelength [26,27]. The
present work is carried out in the framework of the dipole
approximation, where two NPs can be described as simple ra-
diating electrical dipoles [23,42,43]. The temperatures of NPs
Pi (i = 1, 2), NWs, and the vacuum environment are kept at Ti,
Tc, and Tenv, respectively. To drive the transport behavior from
P1 to P2, it is assumed that the entire system is thermalized at
a fixed temperature of T= 300 K, except P1 is slightly heated
to T+�T , i.e., T1 =T+�T , T2 = Ts = Tenv =T [32,44]. It is
worth noting that the cylinder here is considered as a boundary
condition that can modify the heat exchange between two
NPs, and the RHT between the NPs and the dielectric cylinder
is not considered theoretically [27]. When temperature differ-
ence �T tends to zero, the RHT between P1 and P2 can be
described by the thermal conductance h, which is expressed
by the Green function (GF) as [32,45]

h = 2
∫ +∞

0

dω

π
h̄ωn′(ω, T )k4

0χ
2Tr[(M−1G)(M−1G)∗],

(1)

where h̄ represents the reduced Planck constant, n’(ω, T)
is the derivative with respect to the temperature T of the
Bose-Einstein distribution n(ω, T ) = [exp(h̄ω/kBT ) − 1]−1,
and kB is the Boltzmann’s constant. k0 = ω/c. M = I −
k4

0α1α2GG∗ represents the multiple reflections between NPs,
and G is the GF of the entire system. Depending on the nature
of NPs (dielectric or metallic), the electric polarizability can

be expressed in the Clausius-Mossoti form,

α0
i (ω) = 4πR3{[ε(ω) − 1]

/
[ε(ω) + 2]}, (2)

where ε(ω) is the electric permittivity. It has been reported in
the literature that the average of GF should be used to correct
the polarizability [46]. In the present work, the contribution
of the scattering GF to polarizability is negligible due to the
large distance z0. Therefore, the dressed polarizability can be
obtained by radiative correction as [27,47]

αi(ω) = α0
i (ω)/

{
1 − i

[
k3

0/(6π )
]
α0

i (ω)
}
. (3)

The modified polarizability is expressed as

χ (ω) = Im[αi(ω)] − k3
0

6π
|αi(ω)|2. (4)

In the presence of the vacuum-material interface, the total
GF of the entire configuration can be written as

G = G0 + Gsc (5)

i.e., separated into a vacuum contribution and a scattering part.
The vacuum part can be described by the free-space GF as
[23]

G0 = exp(ik0r)

4πr
×

[(
1 + ik0r − 1

k2
0r2

)
I

+ 3 − 3ik0r − k2
0r2

k2
0r2

r̂ ⊗ r̂
]

(6)

with the unit vector r̂ = r/r, r being the vector linking the
center of NPs P1 and P2; r = |r| and I denotes the unit dyadic
tensor. The scattering contribution Gsc from the vacuum-
cylinder interface can be described as [38,41]

Gsc = i

8π

∑
P,P′

∞∑
n=−∞

(−1)n
∫ ∞

−∞
dkzPout

n,kz
(r)⊗P

′out
−n,−kz

(r′)T PP′
n,kz

,

(7)

where kz is the z component of the wave vector in vacuum,
n represents the multipole order, and P, P′ = [M, N] denote
polarization (M for magnetic and N for electric). Based on the
electromagnetic boundary conditions of three components at
the vacuum-cylinder interface, the scattering matrix element
T PP′

n,kz
, corresponding to the scattering operator T , depends

on the radius Rc and the material properties, which can be
deduced as [37,38,41,48]

T MM
n,kz

= − Jn(qRc)

Hn(qRc)

I1I4 − K2

I1I2 − K2
, (8)

T NN
n,kz

= − Jn(qRc)

Hn(qRc)

I2I3 − K2

I1I2 − K2
, (9)

T NM
n,kz

= T MN
n,kz

= 2i

π
√

ε(ω)(qRc)2

K

(I1I2 − K2)[Hn(qRc)]2 ,

(10)

where Jn and Hn represent the Bessel function and the Hankel
function of the first kind of n order. qm and q are the wave vec-
tors perpendicular to the z axis inside the NW and in vacuum,
respectively, i.e., qm =

√
ε(ω)k2

0−k2
z and q =

√
k2

0−k2
z . These
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intermediate variables can be represented as

I1 = J
′
n(qmRc)

qmRcJn(qmRc)
− 1

ε(ω)

H
′
n(qRc)

qRcHn(qRc)
, (11)

I2 = J
′
n(qmRc)

qmRcJn(qmRc)
− H

′
n(qRc)

qRcHn(qRc)
, (12)

I3 = J
′
n(qmRc)

qmRcJn(qmRc)
− 1

ε(ω)

J
′
n(qRc)

qRcJn(qRc)
, (13)

I4 = J
′
n(qmRc)

qmRcJn(qmRc)
− J

′
n(qRc)

qRcJn(qRc)
, (14)

K = nkzc√
ε(ω)R2

cω

(
1

q2
m

− 1

q2

)
, (15)

where Mout
n,kz

(r) and Nout
n,kz

(r) are the outgoing
waves of cylindrical harmonics as a func-
tion of n and kz, which can be found in
Appendix A. J

′
n and H

′
n are the first order derivatives of Jn

and Hn, respectively. In addition, for the sake of completeness
of content, we also introduce the scattering Green’s function
for planar configurations, which can be found in Appendix
B. We now have all the elements needed to carry out RHT
calculations on the NPs and dielectric NW system.

III. RHT ASSISTED BY PROPAGATING SURFACE MODES

Based on the geometrical and mathematical-physical mod-
els constructed in Sec. II, this section aims to enhance RHT
between NPs with the help of propagating surface modes in
a NW. All material bodies are surrounded by fluctuating elec-
tromagnetic fields due to thermal and quantum fluctuations
in internal current density. Radiative heat exchange between
objects depends strongly on the dielectric properties of the
medium [1,2]. Thus, the material properties of a NW play
a critical role in the RHT between NPs. In this work, NPs
and NW are made of the same material, silicon carbide (SiC),
which is a typical polar dielectric material with a wide range
of applications in high-power optoelectronic semiconductors.
There are two main reasons for the choice of materials: (a)
The calculation of the scattering Green’s function of a NW
consists of the integration of the wave vector kz and the
summation of the Bessel function and the Hankel function
(the first kind) with respect to the order n, which involves
a complicated calculation. Thanks to the existence of a sin-
gle frequency-dependent resonance mode in the Reststrahlen
band, the material properties of SiC can be easily character-
ized and the whole calculation can be simplified. (b) Several
scholars have discussed the enhancement of RHT between
NPs by the semi-infinite slab and the thin films of different
thicknesses [27,49]. By comparing planar structures with a
NW, we can robustly confirm the superiority of energy trans-
port by a dielectric NW. The dielectric function of SiC can be
described by the Drude-Lorentz model

ε(ω) = ε∞
ω2

L − ω2 − i	ω

ω2
T − ω2 − i	ω

, (16)

with ε∞ = 6.7, ωL = 1.83 × 1014 rad s−1, ωT = 1.49 × 1014

rad s−1, and 	 = 8.97 × 1011 rad s−1. SiC material supports
the SPhPs in the range between ωT and ωL, i.e., the so-called

Reststrahlen band, where the permittivity ε(ω) is negative
[43]. According to the condition ε(ω)+2 = 0, the resonance
frequency of NPs ωnp is predicted by the electric polarizabil-
ity, where ωnp = 1.756 × 1014 rad s−1. The surface resonance
ωm = 1.786 × 1014 rad s−1 for a single SiC surface corre-
sponds to the condition ε(ω)+1 = 0.

A. Two NPs in the presence of a dielectric NW

The RHT between two NPs in the presence of a dielec-
tric NW is numerically calculated. To illustrate the unique
properties of the system, we also calculate the conductance
in the presence of thin film and semi-infinite slab, respec-
tively, for comparison. In addition to material properties, the
separation distances d and z0 are also important parameters
affecting the RHT of NPs. The strategy we first design is to
fix z0 = 50 nm. The effects of interparticle distance d on the
thermal conductance h for different substrates are explored,
as shown in Fig. 2(a). It can be intuitively found that the h of
all systems decreases with increasing d . When d < 0.04 µm,
the conductance h produced in the presence of substrates is
approximately equal to that of two isolated NPs in a vacuum.
This suggests that when d is small, the interactions of local-
ized SPhPs arising from NPs play a dominant role in heat
exchanges, while the scattering contributions of substrates are
almost negligible. However, as d increases, the surface effects
from the vacuum-substrate interface come to the fore, leading
to RHT higher than that of two NPs in vacuum. We find
that the NW with a radius of Rc = 0.1 µm has a remarkable
property for energy transport as compared to other substrate
structures.

To visually show the amplification of substrates, a nor-
malized dimensionless parameter 
 = h/h0 is defined. h0 is
the thermal conductance produced by two NPs in a vacuum.
Figure 2(b) shows 
 as a function of d for different systems. It
can be found that for the NW with a radius of Rc = 0.1 µm, the

 produced by the two NPs first increases and then remains
almost constant. The maximum enhancement ratio goes be-
yond five orders of magnitude, which is significantly higher
than that of other systems. For the case of Rc = 1 µm, the 


has the same trend and is lower than that of Rc = 0.1 µm at
long distances. This indicates that the size of the dielectric
NW also affects RHT between NPs, which is discussed in the
following. Different from the NW systems, the 
 induced by
the thin film with a thickness of 0.2 µm and the semi-infinite
slab first increases and then decreases with the increase of
d . The maximum enhancement ratio can reach up to four
orders of magnitude and two orders of magnitude, respec-
tively. It is worth noting that for comparison with the NW
of Rc = 0.1 µm, the thickness of the thin film is selected as
δ= 0.2 µm. In addition, the two NW systems still maintain
a high enhancement ratio when d = 10 − 100 µm. An inter-
esting phenomenon is that with the increase in d , the RHT
in the presence of a NW is approximately the same trend as
that of two isolated NPs in vacuum. This may be attributed to
the geometric properties; namely, compared with the planar
structures, the axial surface waves of the NW may have a
longer propagation length, which can enhance heat exchanges
between NPs over long distances. Therefore, based on the
above analysis, it is concluded that dielectric nanowires have
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FIG. 2. (a) Thermal conductance h between two NPs in the presence of dielectric substrates as a function of d located at z0 = 50 nm. (b)
Enhancement ratio 
 for different systems.

superior performance in terms of enhancement of RHT as
compared to planar substrates.

To gain insight into this amplification mechanism, we turn
attention to the spectral analysis of RHT thermal conductance.
Based on the fixed distance z0 = 50 nm, the spectral con-
ductance h(ω) between NPs is investigated for the cases of
d = 0.1 µm and d = 1 µm, respectively, as shown in Fig. 3.
It can be seen in Fig. 3(a) that when d = 0.1 µm, the h(ω) in
the presence of substrates can only produce an insignificant
enhancement as compared to that of two NPs in a vacuum.
The coupling interactions of localized SPhPs dominate the
resonance transport behaviors, and the surface effects excited
by the vacuum-substrate interface make a negligible contribu-
tion at small distances. When d = 1 µm [see Fig. 3(b)], the
increase of d weakens the coupling effect of localized SPhPs
between two NPs, and the propagating surface modes arising
from substrates play a critical role in RHT. Thus, the spectral
conductance h(ω) in the presence of substrates is significantly
higher than in a vacuum. In addition, the h(ω) of the NW
with a radius of Rc = 0.1 µm is higher than that of other
systems in the explored frequency domain, suggesting that
the propagating surface waves along the NW are significant

in enhancing the spectral transport intensity. It can be found
that the interparticle RHT for all systems is dominated by
the resonance mode, and thus, the single-frequency ωnp may
represent the transport behaviors in the full-frequency domain.

By observing the two NW systems in Fig. 2, it is found
that the radius of NW can affect the RHT between NPs. In
this section, the enhancement ratio 
 as a function of Rc (or
0.5δ) and d at ωnp is investigated, as shown in Fig. 4. To
reasonably compare the transport properties, we consider that
the thickness of the thin film is equal to the diameter of NW,
i.e., δ= 2Rc. Compared with the thin film, the enhancement
ratio of a NW goes beyond five orders of magnitude at a
larger range of d; especially at a long-distance regime, the
NW exhibits excellent thermal transport properties. When
d > 0.1 µm (approximatively), the 
 produced by the two
systems first increases and then decreases with the increase of
Rc. Therefore, it is considered that the size effect of substrate
structures has a significant impact on the RHT between NPs.

Based on the above analysis, the surface modes induced by
the vacuum-substrate interface play a dominant role in achiev-
ing long-range energy transport, thus enhancing RHT between
two objects. To further understand the underlying physical

FIG. 3. Spectral analysis between two NPs located at z0 = 50 nm for (a) d = 0.1 µm and (b) d = 1 µm.
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FIG. 4. Enhancement ratio 
 as a function of Rc (or 0.5δ) and d
at ωnp for NW and thin film.

mechanisms, the traces of the scattering GF Tr(GscG∗
sc) as

a function of ω and kz/β0 for the four systems—(a) the NW
of Rc = 0.1 µm, (b) the NW of Rc = 1 µm, (c) the thin film
of δ= 0.2 µm, and (d) the semi-infinite slab—are shown in

Fig. 5. It is noted that here that the propagation property can
be characterized by the wave vector kz = β + αi along the
direction of the axis, where the real part β is the propagation
constant and the imaginary part α is the attenuation constant
relating to propagation loss of SPhPs. In Fig. 5, we consider
that both the frequency and the wave vector are in real space,
i.e., kz =β. In addition, the wave vector kz can be normalized
by β0 = ω0/c with ω0 = 1014 rad s−1 [29].

To gain insight into the propagation properties of energy
on the vacuum-substrate interface, the dispersion relations of
different systems are plotted, as shown by the grey solid line in
Fig. 5. Based on the optical waveguide theory, the fundamen-
tal mode (TM0 mode) is one of the best propagation modes in
cylindrical waveguides, and plays a pivotal role in the propa-
gation of electromagnetic waves in a dielectric NW [50–53].
When the order n = 0, by applying the boundary conditions of
the electromagnetic field at r = Rc on the cylindrical surface,
the dispersion equation of the fundamental mode for the two
structures of NW [see Figs. 5(a) and 5(b)] can be expressed as
[51,54]

ε(ω)

qmRc

J1(qmRc)

J0(qmRc)
− 1

qRc

H1(qRc)

H0(qRc)
= 0 (17)

where the variables can be found in Sec. II. According to the
thin film theory, the evanescent fields of the SPhPs at each
interface of the thin film are able to interact with each other,

FIG. 5. Tr(GscG∗
sc ) as a function of ω and kz/β0 in the four systems at d = 1 µm. The black dotted lines denote ωnp, and the blue dotted

lines represent ωm. The grey solid lines indicate the dispersion relations for different systems.
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leading to the dispersion curve that splits into antisymmetric
(higher frequency than ωm) and symmetric (lower frequency
than ωm) modes. Finally, they can gradually approach the fre-
quency ωm with the increase of wave vector kz. The dispersion
relation for a thin film as shown in Fig. 5(c) can be derived
from the denominator of the reflection coefficient being equal
to zero, which is deduced as [2]

tanh(ikxmδ)

(
k2

xm

[ε(ω)]2 + k2
x

)
− 2kxmkx

ε(ω)
= 0, (18)

where the variables can be found in Appendix B. In addition,
for a single semi-infinite slab, as shown in Fig. 5(d), the
dispersion relation is written as [2,17]

K = ω

c

√
ε(ω)

ε(ω) + 1
. (19)

Based on the investigation of Tr(GscG∗
sc) and the disper-

sion relations for different systems, it is possible to do the
following analysis. First, it can be intuitively seen from Fig. 5
that compared to the other three systems, the NW with a radius
of Rc = 0.1 µm has larger values in the explored wave vector
and frequency space, which can prove that it has strong energy
transport properties. In addition, by comparing Figs. 5(a) and
5(b), the wave vector kz at the fixed frequency on the dis-
persion curve increases as the radius Rc decreases, and thus
the transverse field distribution tends to be better localized.
The performance of energy transport for the NW with a small
radius may be superior. However, the propagation loss caused
by the attenuation constant α increases accordingly, and the
propagation length may become very small for the NW with
a small radius. This leads to too much energy loss in the
transport process along the NW surface. Therefore, the energy
transport can first increase and then decrease with the increase
of radius Rc. This strongly confirms the conclusion drawn in
Fig. 4, where the enhancement ratio 
 first increases and then
gradually decreases as the radius increases at a long distance
d . For a thin film as shown in Fig. 5(c), as the thickness
decreases, the splitting of the resonance at ωm may become
more pronounced, and the property of energy transport for
the thin film may also first increase and then decrease. For
a thicker film, the dispersion relation for the two modes (the
antisymmetric and symmetric modes) asymptotically approx-
imates the dispersion curve of a single semi-infinite slab [see
Fig. 5(d)] with the increase of kz/β0. The transport behavior
of thicker films gradually approaches that of the semi-infinite
slab.

Based on the conclusion drawn from the spectral analysis,
the single-frequency ωnp plays a dominant role in RHT, which
may represent the transport behavior in the full-frequency do-
main. To intuitively display the energy transport properties of
different structures, the electric field energy density ue(r, ω)
distribution at ωnp is calculated for the four systems when
d = 0.3 µm, as shown in Fig. 6. Here, the numerical model
of ue(r, ω) can be expressed as [32]

ue(r, ω) = (
2ε2

0/πω
) ∑

j

Im(α j )(ω, Tj )Tr[Qr jQ
∗
r j], (20)

where Qr j = ω2μ0Gr j[I − A]−1, and (ω, Tj ) = h̄ω/ exp
[(h̄ω/kBTj ) − 1] represents the mean energy of the Planck

FIG. 6. The electric field energy density ue(r, ω) distribution for
the cases of ωnp at d = 0.3 µm. (a) NW with Rc = 0.1 µm. (b) Thin
film with δ= 0.2 µm. (c) Semi-infinite slab. (d) Vacuum.

oscillator at the temperature Tj . It can be seen that the energy
density produced by the NP P1 is much higher than around
it and decays rapidly with increasing distance from P1. Com-
pared with the two NPs in a vacuum, the strong coupling of
the localized SPhPs arising from NPs with the surface effects
can enlarge the area of the high-energy density region. The
substrates can produce an extra channel for energy transport
from P1 to P2, thus enhancing the RHT between two NPs.
In addition, the coupling effect between the surface modes
produced by NW and the localized SPhPs is stronger than
that of the thin film and semi-infinite slab, which gives P2

a higher energy density. This suggests the NW has excellent
long-range energy transport characteristics.

B. One-dimensional linear NP array above a dielectric NW

According to the conclusions drawn in the previous sec-
tion, the interactions of localized SPhPs weaken with the
increase in separation distance, leading to a decrease in the
photon-mediated RHT between NPs. The dielectric NW can
provide a channel for energy transport, thus improving heat
exchange. An interesting question is whether the RHT can be
further enhanced by the coupling interactions of NP arrays
[55–58]. Recently, the literature has shown that anapole-based
metachains are investigated experimentally, which demon-
strates that the nanostructures are capable of exceeding the
diffraction limit for efficient energy transport in an ultra-
compact manner [59]. Inspired by the ultracompact transport
behaviors and the excellent properties of NWs, we further
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FIG. 7. The effect of z0/R on the enhancement ratio 
 for differ-
ent systems.

investigated the effect of the interactions of a one-dimensional
linear NP array and a NW on the RHT between NPs. The dual
waveguide mode induced by the two structures is explored.

The configuration consisting of NP arrays and a substrate
is shown in the inset in Fig. 7. The strategy we consider is that
the interparticle distance is fixed at l = 3R, which satisfies the
dipole approximation model. Without loss of generality, the
distance between NPs at both ends is d = l×(N − 1), where
N is the number of NP. The substrate is placed directly below
the NP array, which can be a NW, thin film, or semi-infinite
slab. The thickness of the substrate is set to δ, for a NW δ=
2Rc, while for the semi-infinite slab, δ is nonexistent. Here,
we similarly consider a NW with a radius of Rc = 0.1 µm and
a thin film of δ= 0.2 µm. By calculating the RHT between P1

and P2 under different systems, the coupling effects between
many-particle interactions and the propagating surface modes
induced by substrates are investigated.

The separation distance z0 between the NP array and sub-
strate is a key parameter that affects the coupling of the
localized SPhPs and propagating surface modes. We study the
effect of z0/R on the enhancement ratio 
 in the presence
of different substrates. It can be seen from Fig. 7 that as
z0/R increases, 
 gradually decreases for all systems. These
ten-particle systems converge to the multiparticle effect, while
the two-particle system is close to a state of two isolated NPs
in the free space. This suggests that the surface modes induced
by substrates diminish with the increase of z0/R until they
fade away. In addition, compared to two particles in vacuum,
the maximum 
 produced by ten particles in the presence of
a NW goes beyond 400, which is significantly higher than
that of the thin film and semi-infinite slab structures under
the same conditions. For two NW systems, the interactions
of localized SPhPs in the ten-particle system can provide an
ultrastrong channel for energy transport, thus significantly en-
hancing heat exchange between the NPs at both ends. Finally,
we observe that the enhancement ratio 
 in the presence of
thin film is consistent with that of a semi-infinite slab for the
same number of particles N= 10, and both have roughly sim-
ilar transport properties at this distance. Interestingly, when
z0/R = 4, the 
 produced by two particles in the presence of

FIG. 8. Spectral analysis between two NPs located at z0 = 20 nm
for different systems.

a NW is close to that of the ten-particle system with a thin film
or a semi-infinite slab, which indicates that the dielectric NW
has excellent transport performance.

The coupling of multiparticle effects with propagating sur-
face modes is stronger at a small distance z0. Here, to get more
insight into the coupling mechanism, we explore the spectral
RHT thermal conductance h(ω) between NPs at both ends
when z0 = 20 nm, as shown in Fig. 8. It is seen that compared
with two NPs in a vacuum, the dual waveguide mode caused
by the coupling of the one-dimensional linear NP array and
NW system produces a higher and wider resonance peak,
which contributes to the RHT between NPs. The h(ω) of
the ten-particle system with a NW is enhanced in the global
range from low to high frequencies compared to the ten-
particle system in vacuum. Comparably, the ten-particle
system in the presence of a thin film only shows a significant
increase at ωm. Therefore, the dielectric NW can also exhibit
excellent transport properties in NP array systems. Further-
more, by comparing the two NW systems, it is also found that
multiparticle effects lead to a slight shift of the resonance to
the left and an overall increase of the peak at ωnp. This may be
attributed to the strong interactions of localized SPhPs in the
one-dimensional linear NP array.

To visually display the dual waveguide effect arising from
the linear NP array and dielectric NW, the electric field energy
density ue(r, ω) for a system consisting of ten NPs and a
NW is shown in Fig. 9(a). We simultaneously display the
ue(r, ω) of two-particle systems in the presence of a NW and
in vacuum [see Figs. 9(b) and 9(c)], respectively. It can be
seen that energy can be transported from P1 to P2 via the
coupling effect of localized SPhPs in the linear NP array.
Interestingly, the energy density produced by the ten-particle
system with a NW in regions far away from NPs is lower
than that of the two-particle system with a NW, and even
lower than that of two NPs in a vacuum. Due to the strong
interactions of localized SPhPs, the high-energy density pro-
duced by P1 is confined in the vicinity of linear arrays, thus
reducing radiation into the surroundings and leading to energy
being robustly transported to P2 along the NP array. It can be
considered that the multiparticle effect can not only enhance
energy transport along the linear NP waveguide but also re-
duce radiation to the surrounding medium. Therefore, the dual
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FIG. 9. The electric field energy density ue(r, ω) distribution for
the cases of ωnp. (a) Ten NPs in the presence of NW, (b) two NPs
with a NW, and (c) two NPs in vacuum.

waveguide mode consisting of dielectric NW and linear NP
arrays can realize ultrastrong, long-distance energy transfer,
which exhibits potential applications in energy management
and transport at the micro- and nanoscale.

IV. CONCLUSIONS

In conclusions, we have investigated the RHT between NPs
in a many-body system composed of NPs and a dielectric
NW. The thermal conductance h in the presence of a NW,
thin film, and semi-infinite slab is calculated, respectively. The
results have shown that the NW has excellent performance for
enhancing RHT between NPs as compared to planar struc-
tures, and the maximum enhancement ratio 
 can reach up
to five orders of magnitude. The 
 as a function of the
radius of the NW and interparticle distances is investigated,
and it has been found that the 
 first increases and then
decreases with the increase of Rc at a long distance d . The
amplification phenomenon can be interpreted by the spectral
analysis, the scattering GF, the dispersion relation, and the
electric field energy density distribution. Subsequently, we
have constructed a dual waveguide system composed of a
dielectric NW and one-dimensional linear NP arrays. It has
been validated theoretically that, due to the synergistic effect
between the coupling localized SPhPs and the propagating
surface modes, the dual waveguide mode can compensate
for the reduction of photon-mediated RHT caused by the
increase in spacing, thus achieving ultrastrong, long-range
energy transport.

The present works have important application value in
energy management and transport at the micro- and nanoscale.
Nanowires supporting the propagating surface modes can
be employed as waveguides to realize long-range elec-
tromagnetic energy transport beyond the diffraction limit.
Ultracompact nanostructures exhibit outstanding performance
for enhancing field confinement. The combination of the two
will demonstrate robust thermal transport properties, which
have potential prospects in the energy conversion and man-
agement of noncontact optoelectronic devices.
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APPENDIX A: OUTGOING WAVES
OF CYLINDRICAL HARMONICS

According to the scattering theory of electromagnetic
waves, the outgoing solution of the scatter wave equation in
cylindrical coordinates (r, ϕ, z) can be described as [60]

ψn(q, kz, r) = Hn(qr)eikzz+inϕ, (A1)

where Hn is the Hankel function of the first kind. The vec-
tor cylindrical wave functions are solved by Mout

n,kz
(r) = ∇ ×

[ψn(q, kz, r)ez] and Nout
n,kz

(r) = ∇ × ∇ × [ψn(q, kz, r)ez]/k0.
The magnetic multipole (TE) Mout

n,kz
(r) and electric multipole

(TM) Nout
n,kz

(r) waves in component form can be written re-
spectively as

Mout
n,kz

(r) =
(

in

qr
Hn(qr)er − H

′
n(qr)eϕ

)
eikzz+inϕ, (A2)

Nout
n,kz

(r) = 1

k0

(
ikzH

′
n(qr)er − nkz

qr
Hn(qr)eϕ

+ qHn(qr)ez

)
eikzz+inϕ, (A3)

where kz and q are the wave vectors parallel and perpendicular
to the cylinder z axis.

APPENDIX B: SCATTERING GREEN’S FUNCTION
FOR PLANAR CONFIGURATIONS

The scattering Green’s function for two planar configura-
tions (semi-infinite slab and thin film) can be described in the
Cartesian coordinate system (x, y, z) as [27,49]

Gsc = i

8π2

∫ +∞

0

[
rsMs

ref + rpMp
ref

]
e2ikxz0 kρdkρ, (B1)

where x = rcosϕ, y = rsinϕ. In this work, the angle is set
to ϕ= 0. kx is the x component of the wave vector in a
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vacuum, rs and rp are the Fresnel reflection coefficients for

two polarizations, respectively. kρ =
√

k2
y + k2

z is the wave

vector component parallel to the planar surface. The matrices
Ms

ref and Mp
ref can be written as

Ms
ref = 2π

kx

⎡
⎣ 1

2 [J0(kρdz ) + J2(kρdz )] 0 0
0 1

2 [J0(kρdz ) − J2(kρdz )] 0
0 0 0

⎤
⎦, (B2)

and

Mp
ref = 2π

k2
0

⎡
⎢⎣

− kx
2 [J0(kρdz ) − J2(kρdz )] 0 −ikρJ1(kρdz )

0 − kx
2 [J0(kρdz ) + J2(kρdz )] 0

ikρJ1(kρdz ) 0
k2
ρ

kx
J0(kρdz )

⎤
⎥⎦, (B3)

where dz is the distance between the two NPs along the z axis
and Jn is the cylindrical Bessel function of order n. When the
configuration is a semi-infinite slab, the reflection coefficient
at both polarizations can be expressed as

rs = kx − kxm

kx + kxm
, rp = ε(ω)kx − kxm

ε(ω)kx + kxm
, (B4)

where kxm =
√

ε(ω)k2
0−k2

ρ . In addition, the reflection coeffi-
cient of the thin film can be written as

rs = rs − r2
s e2ikxmδ

1 − r2
s e2ikxmδ

, rp = rp − r2
p e2ikxmδ

1 − r2
p e2ikxmδ

, (B5)

where we can substitute Eq. (B4) into Eq. (B5) for the calcu-
lation.
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