Reports on Progress in Physics

REVIEW

Many-body near-field radiative heat transfer: methods, functionalities
and applications

To cite this article: Jinlin Song et al 2021 Rep. Prog. Phys. 84 036501

View the article online for updates and enhancements.

This content was downloaded from IP address 210.42.111.81 on 14/05/2021 at 08:22


https://doi.org/10.1088/1361-6633/abe52b
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvOMqMC5eH0r5FvoMrg4_onq8oto27nTLXD0jzqXN50VpCPpmweyhRNGCoK3qRCXbHE2H5SK7KWo3bBSa5KUwl48SJGcytR-woTHVFs3ipnclPF52Lf7xMg8eOqBlpgrO6b-1_XSG11wXzCCKFmH1KQoX4vkwU5Qc4id4vwaFMhVjxyhPZa67dm_IxwBC-re_6hP4-mjb-u-JWov6xDk-O63xJO1whUngtmVRnAeX4TSWZLcQee0H32nray50Mh-nTSEJ6r6H-thRjoTvDJSw&sig=Cg0ArKJSzEiDnoyLceu1&fbs_aeid=[gw_fbsaeid]&adurl=http://iopscience.org/books

I0OP Publishing Reports on Progress in Physics

Rep. Prog. Phys. 84 (2021) 036501 (24pp) https://doi.org/10.1088/1361-6633/abe52b

Review

Many-body near-field radiative heat
transfer: methods, functionalities
and applications

Jinlin Song'2®, Qiang Cheng?*®, Bo Zhang?, Lu Lu?, Xinping Zhou?,
Zixue Luo? and Run Hu?*

! School of Electrical and Information Engineering, Wuhan Institute of Technology, Wuhan 430025,
Hubei, People’s Republic of China

2 State Key Laboratory of Coal Combustion, School of Energy and Power Engineering, Huazhong
University of Science and Technology, Wuhan 430074, Hubei, People’s Republic of China

3 School of Mechanical Science and Engineering, Huazhong University of Science and Technology,
Wuhan 430074, Hubei, People’s Republic of China

E-mail: chengqgiang@mail.hust.edu.cn and hurun@hust.edu.cn

Received 6 August 2020, revised 2 February 2021
Accepted for publication 10 February 2021
Published 4 March 2021
CrossMark
Abstract

Near-field radiative heat transfer (NFRHT) governed by evanescent waves, provides a platform
to thoroughly understand the transport behavior of nonradiative photons, and also has great
potential in high-efficiency energy harvesting and thermal management at the nanoscale. It is
more usual in nature that objects participate in heat transfer process in many-body form rather
than the frequently-considered two-body scenarios, and the inborn mutual interactions among
objects are important to be understood and utilized for practical applications. The last decade
has witnessed considerable achievements on many-body NFRHT, ranging from the
establishment of different calculation methods to various unprecedented heat transport
phenomena that are distinct from two-body systems. In this invited review, we introduce
concisely the basic physics of NFRHT, lay out various theoretical methods to deal with
many-body NFRHT, and highlight unique functionalities realized in many-body systems and
the resulting applications. At last, the key challenges and opportunities of many-body NFRHT
in terms of fundamental physics, experimental validations, and potential applications are
outlined and discussed.

Keywords: near-field radiative heat transfer, many-body system, thermal functionality,
theoretical method

(Some figures may appear in colour only in the online journal)

* Authors to whom any correspondence should be addressed.
‘Corresponding Editor Professor Masud Mansuripur’.

1361-6633/21/036501+24$33.00 1 © 2021 IOP Publishing Ltd  Printed in the UK


https://doi.org/10.1088/1361-6633/abe52b
https://orcid.org/0000-0003-4202-9760
https://orcid.org/0000-0002-4370-2120
https://orcid.org/0000-0003-0274-9982
mailto:chengqiang@mail.hust.edu.cn
mailto:hurun@hust.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6633/abe52b&domain=pdf&date_stamp=2021-3-4

Rep. Prog. Phys. 84 (2021) 036501

Review

1. Introduction

Radiative heat transfer (RHT) is a ubiquitous physical phe-
nomenon between arbitrary objects at nonzero absolute
temperatures, ranging from the Sun, industrial boiler, incan-
descent bulb, to nanoantenna [1, 2]. The fundamental physics
behind RHT has been well understood over a century from
the introduction of Planck’s law for describing the radiation
spectrum of an ideal black-body object at a given temper-
ature, which has been universally recognized as the origin
of quantum mechanics [3, 4]. Planck’s law then leads to the
famous Stefan—Boltzmann law for radiated power exchanged
of o (T} — T3) between two black-body objects at different
temperatures 7 and 7, where o is the Stefan—Boltzmann
constant, capping the theoretical radiative heat flux between
real materials in the far-field regime. However, Planck’s law
is derived using the geometric optical method based on the
assumption that the dimension and separation distance are
much larger than the characteristic wavelength of thermal radi-
ation Ay (7.63 pum at 300 K), so it is not adaptable when
the separation distance between the objects is less than Ay,
i.e. in the near-field regime. In 1971, Polder and Van Hove
[5] computed the radiative heat flux between two closely
spaced chromium half spaces based on Rytov’s fluctuational
electrodynamics (FE) [6]. They theoretically predicted that
evanescent waves dominate the RHT at the nanoscale, i.e.
near-field radiative heat transfer (NFRHT), and make the heat
flux greatly surpass the corresponding value in the far-field
regime. Evanescent waves, which exist inside the optically
rarer medium, decay exponentially away from the interface
and carry no energy in the direction normal to the interface.
But, if two optically denser media are brought into close prox-
imity with the gap distance being smaller than \y,, energy can
be transmitted between them, even though the total internal
reflection occurs when the angle of incidence is larger than
the critical angle. This phenomenon is called photon tunnel-
ing, which can also be regarded as the coupling of two oppo-
sitely decaying evanescent waves. In recent decades, with the
help of the rapid development of nanoscale fabrication and
measurement technologies, heat transport governed by evanes-
cent waves at the nanoscale was experimentally demonstrated
in terms of materials and configurations [7-31]. It has been
demonstrated that the evanescent waves enable several orders-
of-magnitude enhancement of heat flux over the black-body
limit at room temperature. This convincing evidence sparks
renewed interest in the study on NFRHT to pursue the huge
potential in high-efficiency energy conversion and thermal
management at the nanoscale, including thermal microscopy,
heat-assisted magnetic recording, thermophotovoltaics, and
thermal rectification [9-16, 18, 20, 21, 27, 28, 32-39]. Mean-
while, an in-depth investigation on NFRHT also facilitates
the further physical comprehension on the photon propagation
especially for evanescent waves.

At the beginning, the investigations on NFRHT focus
on two-body systems where only two objects participate in
heat transfer. In this case, there only exists a rather small
transfer coefficient that stands for a small photon tunneling

probability, associated with the number of tunneling pho-
tons, for each channel of evanescent waves. Meanwhile,
the total number of channels contributing to the heat trans-
fer shows strong dependence on the transverse wavevector.
Even though these deficiencies can be alleviated by taking
advantage of materials supporting extraordinary photon prop-
agation modes (e.g. hyperbolic modes, surface polaritons,
magnetic polaritons, epsilon near-zero effects, etc [40-71])
to obtain large transfer coefficients and photon tunneling
modes supporting high transverse wavevectors (i.e. high-
k modes), they still limit the fundamental RHT between
two objects, and conflict with the goal of a stronger heat
flux which is more desired for real applications. The last
decade witnessed the influential achievements of advances
in theoretical physics on NFRHT within many-body sys-
tems with at least three objects participating in heat trans-
port which shows great enhancement of RHT compared to
that in two-body systems. For example, intercalating a planar
plate between two plates allows for passive amplification of
heat flux even without introducing any extra thermal sources
[72]. The mutual interactions within a collection of individ-
ual objects enable NFRHT to show distinct transport mecha-
nisms in stark contrast to two-body systems, and also endows
heat transfer with high tunability by regulating the optical
properties of intermediated ones, e.g. using insulator—metal
transition (IMT) materials. Very recently, using many-body
interactions, the remarkable modulation of RHT between two
coplanar membranes has been experimentally demonstrated
[73]. Furthermore, the magneto-optical (MO) effects-induced
radiative heat transport, together with many-body mutual inter-
actions, generates unforeseen physics in terms of NFRHT
which takes NFRHT to a new level [74—77]. Many-body prob-
lems are also indispensable to constitute the theoretical frame-
works of numerous branches of physics, including condensed
matter physics, atomic physics and so on. Therefore, investi-
gations on many-body NFRHT are significant to the in-depth
comprehensions of nonradiative photon heat transport from a
broader perspective, and also pave the way to new functionali-
ties for high-performance energy utilization and thermal man-
agement at the nanoscale. However, as far as we are concerned,
there are not a comprehensive review paper that summarizes
these significant progresses on many-body NFRHT in terms
of the theories, functionalities, and applications, although there
has existed a review article [78] in the field of RHT, including
NFRHT, the control of thermal emission and far-field RHT.
To summarize the progress and outline the future direc-
tions, we present a summary of the state-of-the-art advances on
NFRHT in many-body systems in this invited review. Firstly,
we introduce the theoretical methods to deal with many-body
NFRHT in terms of geometries and optical properties. Then
we emphasize on the unique functionalities and their result-
ing applications in many-body systems, followed by an open
discussion on the challenges and future directions. This top-
ical review paper is expected to provide an overview of the
fundamental physics, emerging functionalities, and enabling
applications of many-body NFRHT for the heat transfer,
nanophotonic engineering, and near-field physics community,
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and trigger inspiration and discussion on this emerging field in
extensive and intensive ways.

2. Theoretical methods

NFRHT, in essence, is an electromagnetic (EM) wave scat-
tering problem, and is consequently strongly material- and
geometry-dependent, leading to different treatments concern-
ing various configurations. To theoretically quantify NFRHT
in many-body systems, there are in general two kinds of
fundamental framework thus far. The first one is the FE for-
malism by combining the Maxwell equations with the fluc-
tuation—dissipation theorem (FDT). This kind of framework
is more popular, and can further be divided into several
specific methods to conveniently describe the radiated EM
fields according to the dimensions, shapes and optical prop-
erties of the constituent objects. The second one, mainly for
ordered particle systems (especially for the chain of nanoparti-
cles) supporting resonant modes (eigenstates), is based on the
kinetic theory (KT) approach combined with the Boltzmann
transport equation (BTE) to solve the distribution function of
thermal photons. We here briefly introduce these EM method-
ologies to address NFRHT in many-body systems for better
understanding.

2.1 Fluctuational electrodynamics

In analogy with the Langevin model for Brownian motion
which introduces a random force as the source to derive the
statistical properties of their random motion by the dynami-
cal equations of the particles [79], Rytov modeled fluctuating
EM fields as the external random source to describe the ran-
dom thermally driven EM fields by Maxwell equations, known
as FE [6]. The core idea is that, charges, e.g. electrons and
ions, suffer a random thermal motion for any material (glob-
ally neutral) above 0 K, leading to the formation of fluctuating
fields which radiate an EM field. Assuming that all materials
are non-magnetic (1 = 1), Maxwell equations lead to the vec-
tor Helmholtz wave equations governing the transport of EM
waves which can be written as

V xV xE([,w) —E(w)kgE(r,w) = iwpeJ (r,w), (1)
VxVxHrw —cWkHEw =V xJxw, (2

where E and H are the electric and magnetic field vectors, €
is the permittivity, ko is the wavevector in vacuum and g, is
the vacuum permeability. Rather than EM fields modeled as
thermal sources by Rytov, the fluctuating electric currents J are
used here which are associated with the statistical properties of
random thermal sources of the objects by the FDT:

4
(Jp(r,w) Ty (¥,0')) = —weoIml[e W) O W, T) s
x0(r—r)é(w—-u), 3)

where 8 = x,y,z labels the Cartesian coordinates with the
asterisk denoting complex conjugation, £¢ is the vacuum

permittivity, and © (w,T) = «Wiﬁﬂ)q refers to the mean

energy of a harmonic oscillator in thermal equilibrium exclud-
ing the zero-point contribution Aw/2 which does not affect
the net radiation heat flux and where 7 is the reduced Planck
constant and kg is the Boltzmann constant [80]. The Kro-
necker delta dgz denotes no cross coupling between cur-
rents in orthogonal directions, while the Dirac delta functions
6 (r—1r') and 0 (w — ') translate the assumption of local-
ity and stationarity in the media. The factor of 4 is included
to be consistent with the conventional definitions of the spec-
tral energy density, since only positive frequencies are subse-
quently considered. Then, with the help of Green functions to
link the source currents and the thermally radiated EM fields
together with the proper boundary conditions, the thermally
excited heat flux (energy flow per unit time per unit area) sat-
isfying the translational invariance, can be directly obtained by
the integration of the ensemble-averaged Poynting vector

(Re [E(r,w) x H" (r,w)] ), @

| =

(Sr,w) =

over the whole frequency and the whole region of the receiver.
According to the complexity of the system in terms of mate-
rials and geometries, the fundamental FE having the ability to
deal with many-body systems can be categorized into several
analytical and numerical methods as follows.

2.1.1. Analytical formalism. The analytical formalism takes
advantage of the Green functions which accurately describe
the correlation between all sources and resultant fields to
derive the explicit formulae for calculating NFRHT, whereas
the Green functions are difficult to obtain for complicated con-
figurations. Therefore, this method is only suitable for highly
symmetric geometries including dipoles, spheres, cylinders
and 2D planar or periodic structures [72, 81-85]. For dielectric
dipolar nano-objects (e.g. nanoparticles, nanodisks) that can be
regarded as electric dipoles having electric polarizability of to
describe the fluctuating currents when their characteristic sizes
are much smaller than Ay, the FDT in terms of the fluctuating
electric dipole moment p of each object instead of its electric
current J used in equation (3) is employed based on the dipolar
approximation, which reads [86]

(pis W) Pig (W) = 2%@ (w, T)Im ((XJE»)(SJ‘]‘/(Sgg/(S (w—w').

®)
The dipole moment p of a particle is the summation of the
thermally fluctuated part p™ (from its thermal fluctuations)
and field-induced part p™™ (from other particles’ fluctuations),
i.e. p=p™ + p". The field-induced dipole moment on par-
ticle j can be obtained by superposing the fields radiated by all
the other particles which reads

pi}]d = 500¢jZEjk~ (6)
k)

The electric field at the frequency w and position r; generated
by the fluctuating electric dipole moment p*® of particle k at

the position ry is expressed as

Ejk = wzuoéﬂ(pzm, (7)
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where G = G (rj.r»w) denotes the dyadic Green tensor
between the particles jand k inside the system for brevity. The
free space Green function G‘}k is written as

~0 eik()r

J 47T7‘jk

1 3 + 3 Fp®F
_ S T " "
(korjk)2 kOrjk ! !

where the unit tensor 7 = rj /7 being the vector linking the
center of particles j and k. rz = |ry|and 1 is the unit dyadic
tensor. G & can be directly obtained from the G(}k to take into
the mutual interactions of all particles, and thus have explicit
expressions in tensor form. Then, using p’’* and E; the FDT
in equation (5), the power dissipated within particle j from
particle k in such a many-body system, which is the part sub-
tracting the scattering part from the whole extinction and can
be expressed as

> d
Peyj =3 /O 20w T Ty (@), ©)

where 7_,; denotes the energy transfer coefficient (ETC) from
particle k to particle j. Then, the interparticle heat flux can
be given by ¢ = P — Pi. This self-consistent method
can be extended to systems consisting of anisotropic materials
with o in the anisotropic tensor form, and also can be gener-
alized to consider the far-field radiative losses towards the sur-
rounding medium and the self-emission of particles [87, 88].
Radiative corrections [89] based on the energy balance are at
times utilized for accurate calculation for anisotropic nanopar-
ticles, although they have little influence in most cases. For a
metallic nanoparticle, it introduces magnetic dipole moment
m due to the eddy current, which gives a significant contribu-
tion to absorption especially in the extremely near field [90].
If the many-body system simultaneously has dielectric and
metallic particles, the coupled electric and magnetic dipole
approach instead of treating them separately should be con-
sidered due to the existence of the coupling of electric and
magnetic interactions [91].

With regard to many-body systems with planar geometry,
the closed-form analytical formula for heat flux can be given
in a Landauer-type using the exact scattering theory [85]. In
this scenario, many-body scattering coefficients are required
to describe the mutual interactions of different bodies at the
same time. In an N-body system, the scattering coefficients are
built based on the single-body forward and backward reflec-
tion and transmission coefficients, i.e. Pj and7;(j=1,...,N),
depending only on the modulus of the wavevector due to the
cylindrical symmetry. With regard to a block of consecutive
bodies within this system, its reflection and transmission coef-
ficients, representing the analogues of p; and 7; for a single
body, consider the multiple reflections within the cavity and
transmission through this block. Then, with the help of the
electric field coefficients L which relates source fields £ to
total fields E in a given region of the system by E = ) LE
in terms of sources, regions and directions (see the details in

[85]), the ETCs within the system can be explicitly determined
to deal with many-body effects. It has to been noted that, for
the simplest case, i.e. a three-plate system with N = 3 and sep-
aration distance d, the intermediate block reduces to a single
plate (indexed by 2 here), and the heat flux between the termi-
nal plates (indexed by 1 and 3) can be simply expressed by the
following equation,

l o0 o0
Q0 0 B>ko

+[0 W, T2) — O (W, T3)] Tas}, (10)

where /3 is the parallel component of the wavevector
4 [? Im(pIm(p )e*ik0

[1=p1203 %04 [*| 1= py s ¢

along the interface. 7y, = > and

ik gd |

4 Im Im e2ik:04
Tos = (p12)Im(p3)

i d‘Q takes the transmission 7, of the plate

l=piap3 e
2 (the in|termediate one) and reflection p;, of the couple of
plates (1, 2) into account to describe the energy transfer in the
% Using this method, the
three-body passive amplification of NFRHT, as well as the heat
engine are theoretically predicted [72, 84]. Furthermore, this
method can also be extended by using the effective medium
theory to approximately describe the optical properties for pla-
nar systems consisting of composite materials [81], or by using
the semi-analytical rigorous coupled-wave analysis (RCWA)
to deal with well-defined periodic structures [82].

system. Here, p12 = pp +

2.1.2. Scattering matrix method. For complicated many-
body systems, e.g. arbitrarily geometric, optically anisotropic
or having a large number of objects, numerical methods
are more convenient and sometimes necessary to deal with
NFRHT. In light of this point, several theoretical approaches
have been proposed, which mainly differ in the aspect of how
the analysis is illustrated conceptually and mathematically.
The scattering matrix method, which has been employed to
compute NFRHT in sphere-plate and multilayered systems
[92-94], uses the scattering matrix to link a set of separately
incoming and outgoing wave amplitudes with unknown EM
fields distributed within the individual objects [95]. Using
this method, Kriiger and colleagues [96] derived compact and
basis-independent trace formulas to compute the heat transfer
for arbitrarily shaped many-body systems in the framework
of FE. The formulas are completely determined by the scat-
tering operators T of individual objects and the free space
Green function G°. The scattering operator, derived from the
Lippmann—Schwinger equation [97], characterizes the scatter-
ing behavior through encoding both the geometric and optical
properties of the object in it, whereby the magnitude of heat
flow absorbed by one object contributed by another object can
be recorded. In the presence of a passive nonabsorbing back-
ground medium with a characteristic temperature, the Green
function G® of the background medium is used instead of G°
in the vacuum case to consider the interactions of the objects
with the surrounding. The scattering operators T and G® are
related by G = G® + GPTG" in this case to describe the Green
function of the system [92]. However, this method requires
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beforehand computing the scattering matrix for the consid-
ered composite consisting of multiple objects with choosing
the appropriate partial wave bases for all individual objects,
which is nontrivial and needs substantial groundwork. For
convenience, Zhu et al [98] further developed this method by
using a self-consistent scattered field approach. This method
only considers the scattering matrix of individual objects
instead of the composite such that allows for efficient numeri-
cal calculation to avoid excessive preliminary work. It takes all
the modes into account so that is not restricted to conditions of
dipolar approximation in terms of sizes and distances, and situ-
ations, where higher-order modes may have considerable con-
tribution to NFRHT. Furthermore, this method is applicable
for nonreciprocal cases, and also allows for studying NFRHT
in many-body systems consisting of a large number of objects.

For planar many-body systems with optical anisotropy,
Chen et al propose a method termed as multilayer electro-
magnetic solver for heat transfer based on scattering matrix
formalism, which provides a stable numerical algorithm to
compute the NFRHT, where (635/ — &y B) /2i is used in the
FDT to characterize the optical anisotropy of material [99].
This method directly calculates the Green function to describe
the radiated fields from the random thermal sources which is
particularly suitable for many-body cases, and then analyti-
cally perform the spatial integration over the whole emitting
volume instead of evaluating the certain field correlators. In
addition, the implementation can further be generalized to deal
with periodic structures (2D patterns, including rectangle, cir-
cle, ellipse and polygon) by employing RCWA with its stan-
dard procedure to describe the radiated EM fields, even though
the permittivity tensor of each layer has nonzero off-diagonal
elements.

2.1.3. Thermal discrete dipole approximation. To begin with,
the thermal discrete dipole approximation (TDDA) is proposed
for simulating NFRHT between 3D arbitrarily-shaped objects
in two-body systems in the spirit of the well-known discrete-
dipole approximation (DDA) [100]. They both solve scattering
problems by discretizing each object into volume elements that
are sufficiently small to be regarded as electric dipoles, and are
expectedly applicable for arbitrary geometries. However, the
TDDA uses the thermal fluctuation of dipoles as the thermal
source which differs from the DDA that uses incident fields
associated with external illumination as the source [101]. In
the TDDA, the induced dipole moments in vacuum are related
to the total macroscopic electric fields, which read [102]

P = kaly G-y (11)

k

where the summation covers all dipoles, and a(} =
Vi(e;j—ep) with V; being the volume and e, the per-
mittivity of the background medium. This formula includes
the effects of all fields on the dipole moment, together with
those generated by its own fluctuating currents, and hence
differs from equation (6) where the induced dipole moments
are related to the external electric fields. At last, the radiative
thermal conductance can be given in the Landauer-like
form using the integration of the ETC 7T (w) including both

the near-field and the far-field contributions. The TDDA
discretizes each object, like cubes and spheres [101], into
multiple cubical sub-volumes, so it can also deal with arbitrary
shapes with finite sizes and even optical anisotropy. However,
when dealing with many-body systems made of a large
number of objects, it requires one to solve linear systems
with a large number of unknowns which remarkably increase
computational costs due to the difficulty of convergence.

2.14. Fluctuating surface-current approach. On the basis of
the surface-integral-equation method of classical electromag-
netism, the fluctuating surface-current (FSC) approach of ther-
mal radiation was first introduced by Rodriguez et al [103,
104] to deal with systems composed of arbitrary geometries
even if there is the contribution from the environment. In the
FSC approach, the RHT between two objects at temperatures
T, and T», can be written as

0= / dw[O (w,T1) — O (w, T T (w), (12)
0

where 7T is an ensemble-averaged heat flux spectrum. It can be
expressed purely in terms of interactions of fictitious unknown
electric and magnetic currents located on the surfaces of the
objects without the constraint of any wave equation, and reads
in the following compact expression

T = % Tr [(sym Gy) W3, (sym Go) Way ], (13)
in which symG = } (G + G*), and the G and W matrices
relate surface currents to surface-tangential fields. It has been
mentioned that, both the FSC and the scattering matrix method
can result in compact trace formulas in terms of various matri-
ces to compute NFRHT for any arbitrary 3D geometries. How-
ever, for the scattering matrix method, it is based on the
EM fields and requires all objects to be properly arranged so
that each object has to be separated by some high-symmetry
shapes due to the partial-wave expansion approach. For the
FSC approach, it is concerned with electric and magnetic sur-
face currents without considering spectral bases, so it is not
limited to how the objects are arranged. Furthermore, the scat-
tering matrix method can deal with optically anisotropic prop-
erties for 2D geometries, while the FSC requires the infinite
assumption (e.g. a finite dimension is approximately regarded
as infinity [103]) for 2D cases and is not suitable for optical
anisotropy due to the boundary element method. When con-
sidering a large number of objects, the computational costs
of FSC dramatically increase due to the low solving speed of
dense matrices. Up to now, the vast majority of reports in terms
of the FSC approach aim to analyze NFRHT in two-body sys-
tems in a range of configurations with various shapes and finite
sizes. Until very recently, the FSC approach is used to compute
the NFRHT in a three-body system [73]. As its extension, the
fluctuating volume-current (FVC) approach, established on the
basis of the volume-integral equation (VIE) method, has been
developed to deal with EM scattering in many-body systems
by using volumetric currents throughout the objects [105]. The
number of unknowns in FVC is much larger than in FSC for-
mulations, but the associated VIE matrices allow for low-rank
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approximations that can significantly reduce the complexity of
implements thus admit practically tractable calculations.

2.1.5. Finite difference time domain method. The finite differ-
ence time domain (FDTD) method, usually used to solve the
Maxwell equations by discretizing space and time to obtain
the broadband frequency response of a system, can also be
employed to compute heat transfer by incorporating approach
incorporating the Langevin approach to Brownian motion
[106, 107]. Although there have not been published works
using the FDTD method to compute NFRHT in many-body
systems to our knowledge, we still briefly introduce it here
due to its great ability and potential. Based on the Langevin
approach, the harmonic polarization response P of a system to
the local electric field E are used to model the dispersive and
absorbing materials, and the random source term K(7) is added
to represent the thermal fluctuations. Then, the EM response
of the system can be expressed as the following Langevin-type
equation [108]

¥P+ dpP
dr? " dr

where 7 is a frictional coefficient denoting the losses in the sys-
tem, wo and o, represent the resonance frequency and strength,
respectively. The key to this method is the implementation
of the source term K(7), which can be enabled by combin-
ing with the FDT to obtain the frequency domain correlation
<K5 (r,w) K} (v ,w)>. For FDTD simulations, the Fourier
transform allows us to get the time-domain correlation func-
tion of K here. Once K(7) is specified, equation (14) can be
integrated over time to compute the fluctuating thermal radi-
ation. The FDTD method with well-designed boundary con-
ditions is in principle able to deal with NFRHT for arbitrary
geometries and materials, but may suffer from large compu-
tational costs when the system is complicated involving 2D
materials, anisotropic materials and so on.

+ wiP = o,E + K(1), (14)

2.2. Kinetic theory

The KT, also known as the kinetic Boltzmann approach, usu-
ally aims to predict RHT in linear chains composed of nanopar-
ticles supporting surface resonant modes (eigenstates) [109].
In the KT approach, the energy is thought to be carried by delo-
calized resonant modes which propagate along the chain with
a group velocity and the propagation length, determined from
the complex dispersion relations of the system. Each particle
behaves as a resonant cavity with strong absorption and scat-
tering at its resonant frequency. Once the complex dispersion
relation for the propagating modes is obtained, the heat flux
within the system, resulting from first-order comments related
to the distribution function of thermal photons obtained by the
BTE, can be expressed as [110]

1 o0
7 g%: /0 fison (K) g (B) fi [wn ()1 Ak, (15)

where k is the wavevector, w,, (k) stands for the dispersion
relation of mode m, v, = dw,,/dk is the group velocity, and
fB(w) is the Bose—FEinstein distribution function of plasmons

(bosons) at a given temperature. However, the KT approach
still has several limitations. Although it can in principle be
used to describe any set of dipoles, how the KT approach can
be applied to two- or three-dimensional systems of particles
still remains unclear. Some previously published studies have
attempted for higher-dimensional particle systems by using a
higher-dimensional density of states equation, but the results
have not been validated by other exact methods [111-113].
With respect to noble metals with resonance at high frequen-
cies, the resonant modes are relatively unpopulated, so the
KT approach fails to predict the heat flux and a method such
as FE is required to account for RHT at lower frequencies.
Another drawback of KT is that it is not adaptable for mag-
netic resonance and non-resonant hyperbolic modes which are
frequently used to enhance NFRHT [110]. Furthermore, it has
been believed that the KT approach cannot accurately describe
NFRHT in both the ballistic and diffusive regimes with the
chain length being much smaller and larger than the prop-
agation length of the localized resonances along the chain,
respectively [114].

3. Emerging functionalities in many-body systems

Given that there exist many challenges for precisely construct-
ing a near-field many-body system and measuring the radiative
heat flux within it, researchers mainly focus on the theoret-
ical works by developing the above computational methods
and proposing many-body heat transport phenomena. Com-
pared to a two-body system, a many-body system with at
least three objects participating in the RHT process, has been
theoretically predicted to exhibit distinct transport mecha-
nisms due to the inborn mutual interactions, leading to several
emerging functionalities, including the enhancement of RHT,
MO-induced heat transport, superdiffusive and ballistic heat
transport, photon drag effect and collective thermal emission.

3.1. Enhanced heat transfer

NFRHT is mainly limited by the ETC for each photon tunnel-
ing channel and the total number of channels for any system.
With respect to a two-body system composed of two dipolar
particles, there exist only three channels (while gravitational
waves cooling a star have five channels [115]) contributing to
RHT due to the coupling of the three components of dipole
moments, which sets the limit of the radiative thermal conduc-
tance as three times the quantum limits on rates of heat flow
7k3 T /3h. However, when introducing other dipoles between
them, the many-body mutual interaction can enhance the heat
transfer between the two terminal dipoles (though still far away
from the theoretical limit) in such a many-body system com-
pared to the two-body system. For instance, in a discrete sys-
tem consisting of three SiC (polar materials, also for SiO,)
nanoparticles which are regarded as radiating electric dipoles
due to their sufficiently small sizes, Ben-Abdallah er al [86]
investigated the RHT between two terminal particles normal-
ized to a two-body system in the absence of the middle one by
equation (9), as shown in figure 1(a). The 10-fold enhancement
of thermal power exchanged in the three-body system relative
to that in the two-body system can be obtained when the ratio
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Figure 1. Enhancement of NFRHT due to many-body effects. (a) Heat fluxes between two SiC spherical nanoparticles in a three-body
system (see the inset, R = 100 nm, 7' = 300 K, 7, = T3 = 0 K) as a function of the position of the third one normalized to that without the
third one. (b) ETC between two spherical SiC particles separated by a center-to-center distance 2/ when the third SiC particle is located at
the middle of this couple. (c) Total heat-flux amplification ¢35/, With respect to distance d and slab thickness d. The inset shows the
corresponding two-plate (a SiC—SiC system) configuration and the three-plate (a SiC-Drude-SiC system) configuration. The black dashed

line denotes @5 /¢, = 1. The light blue dot-dashed line illustrates the

dependence of the optimal value of § on d. (d) ETC T3 for wgy, and

d = 200 nm versus dimensionless wavevector ck/wgp, and thickness of the intermediate plate d. (a), (b) Reprinted figure with permission
from [86], Copyright (2011) by the American Physical Society. (c), (d) Reprinted figure with permission from [72], Copyright (2012) by the

American Physical Society.

of the center-to-center distance between two terminal particles
and the particle radius (//R) is around 3. This phenomenon can
be explained by the distribution of ETC between two terminal
particles 7Ty> (see figure 1(b)). For the systems of two or three
particles, there exist two kinds of resonances: (i) intrinsic sur-
face resonance depending only on properties of materials, and
(ii) configurational resonance which are geometric in nature
due to multiple interactions of dipoles [116]. Adding a parti-
cle between two particles has no impact on intrinsic surface
resonance (with e, = —2 at around 1.76 x 10'* rad s™!), but
can modify the configurational resonances especially for small
distances. For large distances, the intrinsic resonance becomes
dominant, and the coupling of surface resonances between the
two terminal particles becomes more efficient in presence of

the middle one than the absence. This enhancement mecha-
nism can be straightforwardly extended to a system consisting
of more particles. For example, particles in reality usually get
close to each other, and can even form a dense particulate
many-body system (e.g. a cluster) where the fractal dimen-
sion represents the morphology of internal structure and also
remarkably affects the optical responses. In this scenario, when
surface resonances are supported and the nanoparticles are in
the near-field, the effect of many-body interaction on NFRHT
in and between fractal structures becomes important, which
is closely related to arrangements, sizes, and composition of
fractal structures [117-119].

In contrast to dielectric nanoparticles where only the elec-
tric dipoles are considered, the magnetic moments come into
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play for metallic particles due to the existence of the eddy
current, which increase the number of photon tunneling chan-
nels which is beneficial for enhancing NFRHT [120, 121].
Furthermore, the introduction of magnetic dipoles results in
the coupling of electric and magnetic dipoles which can pro-
vide more extra contributions to heat transfer when many-body
systems consist of both electric and magnetic dipoles. In this
case, each of the four coupling terms (i.e. the electric-electric,
electric-magnetic, magnetic-electric, and magnetic-magnetic
terms) may dominate the RHT for some certain configurations
[91, 120]. In addition, the contribution of electric and magnetic
multipoles is nonnegligible at extremely short distances [90].

When the dipolar nanoparticles are optically anisotropic,
RHT becomes much different from systems composed of
isotropic nanoparticles having isotropic polarizability ten-
sors as mentioned above. For example, for a small ellip-
soidal nanoparticle, its polarizability tensor is diagonal in the
principal-axis system, but the diagonal components are differ-
ent due to the depolarization situation related to the geometry,
leading to the anisotropy of particles in different orientations.
In this case, the heat transfer can be enhanced by several orders
of magnitude than that for isotropic particles in certain con-
figurations, and also possess high tunability by changing their
relative orientations [87].

For many-body planar systems, the vacuum cavities and
interfaces form the photon tunneling channels for heat trans-
port. Compared to the RHT between two resonant plates, a
three-body planar system has more cavities and interfaces,
resulting in two-fold effects: (i) the intermediate plate adds
more supplementary modes due to three-body effects, lead-
ing to the enhancement and broadening of the resonance peak,
which is beneficial for a higher radiative heat flux; (ii) the opti-
cal property of the tunneling medium between the two terminal
plates are modified by the intermediated plate compared to
a two-body system where the tunneling medium is vacuum.
These effects can to some extent alleviate the intrinsic expo-
nential damping in vacuum, and allow for huge amplification
of photon heat tunneling [72]. Figure 1(c) illustrates the ampli-
fication of the total heat fluxes @5 /@55, i.€. the ratio of heat
flux in the three-body system to that without the middle plate. It
can be seen that, even without introducing any supplementary
thermal source, 35 /@, > | in certain configurations, and the
maximum 5/, occurs when the thickness of the middle
pate ¢ approximately equals the interplate gap distance d. The
ETC in the three-body system 7T3p (see figure 1(d)), shows
shift of the cutoff wavevector toward larger values when § < d,
which contribute more to NFRTH but maintains a lower value
in the corresponding two-body system. Replacing the inter-
mediate plate by grating supporting hyperbolic surface modes
to provide an additional photon tunneling channel [82], or by
using anisotropic magneto-dielectric hyperbolic structures to
support photon tunneling modes for TM and TE polarizations
[81], can also lead to the enhanced RHT. In addition, if the two
terminal plates are covered with monolayer graphene, chang-
ing their Fermi levels can alter the heat flux within the system.
Therefore, the equilibrium temperature of the intermedia plate
can be maintained in a temperature range rather than a fixed
value [83].

3.2. Magneto-optical-induced heat transfer

Magnetic field can not only change the symmetry in the trans-
port equations at the macroscale, but also act on the free
electrons by Lorentz force, leading to a transversal phonon-
mediated heat current at the micro/nanoscale [122, 123]. For
photon-mediated heat transfer associated with optical proper-
ties of media, magnetic field can also play a role by chang-
ing the optical responses of MO materials due to the Lorentz
force. In the Cartesian coordinate system, when a magnetic
field along with the z axis is perpendicular to an MO material,
its permittivity tensor adopts the following form [124]

&1 —i52 0
A =lie, & 0], (16)
0 0 E3

where €{(H) and €,(H) are both magnetic field-dependent, due
to the cyclotron frequency w. = eH/m" in their expression
terms with m* being the effective mass. This permittivity
tensor closely depends on the field orientation. For example,
when the magnetic field with forming a polar angle 6 with
the z axis and lying on the x-z plane is applied, the permit-
tivity tensor can be obtained by & = R,(0)°R,"(6), with

cos(f) O —sin(0)
Ry(0) = 0 1 0 being the rotation
sin(f) 0  cos(0)
matrix, as reported in [125, 126]. The appearance
of the nonzero off-diagonal elements with opposite

signs originates from the Lorentz force parallel to the
surface induced by the external magnetic field. This
introduces the asymmetry of the MO material since
¢ # ¢T, and may break the time-reversal symmetry with
the presence of nonreciprocity. Many kinds of semiconduc-
tors, including n-InSb, InAs, HgTe, GaAs, etc, have low
effective masses, and hence large w, for a given H, leading
to distinct MO responses in the mid-infrared [93, 127]. For
a dipolar particle, an anisotropic permittivity tensor will
directly result in an anisotropic polarizability tensor. In MO
many-body particulate systems, the external magnetic field
enables the active control of the magnitude and direction of
radiative heat flux, and also allows for nonreciprocal RHT
with unprecedented heat transport mechanisms.

3.2.1. Thermal Hall effect. If electric current flows through a
conductor or semiconductor in a magnetic field, the moving
charge carriers experience the Lorentz force induced by the
perpendicular component of the magnetic field, allowing for
the generation of an asymmetric distribution of charge density.
This phenomenon is called the Hall effect that was discovered
by Edwin Hall in 1879 [128]. The thermal analog of this clas-
sical Hall effect has been predicted in photon-mediated RHT,
i.e. the magnetic field enables the existence of the radiative
heat flux in the direction perpendicular to the initial tempera-
ture gradient [76]. As shown in figure 2(a), there are four MO
nanoparticles participating in NFRHT, constituting a many-
body system with a discrete C4 symmetry. In the absence of an
external magnetic field, all four particles are optically isotropic
so that the system is thermally symmetric. The two particles in



Rep. Prog. Phys. 84 (2021) 036501

Review

13
10 - Gp

lo-l'f 1 1 1 1 ]
0 10 20 30 40 50

H(T)

03
rJ \3
d;»=3R
o2skf N _____ i
02EF ™ % = ==—— d,,=100R
0.0sH Y N, 2= =v=eesmie.s d};=200R
= ol
é 0.05
0 \ S - e i
-0.05F \'\ - .
-O'I - \\_ 3 - o
~ . -
-0.15F S
_0,20 10 20 30 20 30

H (T)

1.0x10""*  1.5x10™"

o (rad.s™

5.0x10°"

Figure 2. Photon thermal Hall effect. (a) Sketch of a four-particle configuration made with MO material used to explain the photon thermal
Hall effect. The left and right two particles are held at two different temperatures 7'y and 7>. When H = 0, the system is thermally
symmetric with all particles being optically isotropic, and there exists no heat flux in the y direction with ¢, = 0 due to 73 = T4. When a
z-direction magnetic field is applied, the system symmetry is broken because all particles become optically anisotropic, and a longitudinal
nonzero heat flux in the y direction ¢, # 0 (i.e. the Hall flux ¢y,;;) appears due to temperature gradient with T3 # T4. (b) Relative Hall
temperature difference Ry for different separation distances versus the magnetic field intensity H. (c) Thermal exchange conductances G,
G13, G14. G4, and Hall conductance Gy at Teq = 300 K with respect to the magnetic field intensity H when d1> = d34 = 3R. (d) Resonance
conditions of InSb particles in vacuum for different H. The dashed line denotes the Planck function with arbitrary unit at 300 K. Reprinted
figure with permission from [76], Copyright (2016) by the American Physical Society.

the x direction have a temperature difference AT = T\ — T3 so
that a transverse heat flux between them exists. Meanwhile, the
other two unthermostated particles at an identical temperature
(T3 = T4) due to the symmetry reasons have a null radiative
heat flux. However, when an external magnetic field is applied
to the system orthogonally (z direction), it makes the particles
biaxial and breaks the symmetry of the system. A temperature
gradient of T3 # T4 is generated in the y direction, leading to
the occurrence of a nonnull longitudinal heat flux ¢,, termed
as a photon-mediated thermal Hall flux ¢yy,;;. The thermal Hall
flux cannot exist in two-body systems due to the second law of
thermodynamics.

The relative Hall temperature difference Ry, = ;?:;‘2‘ is
used to evaluate the magnitude of the photon thermal Hall

effect. Figure 2(b) shows Ry, as a function of the magni-
tude intensity H when the InSb particles are embedded in
a vacuum (g, = 1). In the absence of magnetic field, Ry,
equals zero for any separation distance, while shows a nonzero
value when a magnetic field is applied. The thermal conduc-

. . . 2y .
tances between different particles, i.e. G = % . with
=Teq

respect to H are depicted in figure 2(c). It can be seen that,
G13 always exceeds G4, leading to that particle 3 becomes
hotter than particle 4 in figure 2(a), and thus ¢y, is gener-
ated between them. This phenomenon can be explained by
the resonance of the InSb particle in vacuum for different H
(see figure 2(d)). The vertical branch corresponding to the
excitation of surface phonon polaritons (SPhPs) of InSb parti-
cle is independent on the magnetic field, but the other branches



Rep. Prog. Phys. 84 (2021) 036501

Review

(a)

R, (H=0)/R,
1.2

10.5  10.9
A (um)

oh

4.5x10
3.5x10%
2.5x10™
1.5x10
5.0x10™"

o6

6
o (rad.s™)

8

(d)

Poynting flux magnitude nJ/(rad-m2)

H=3T, A=10.49 ym

20
400
200 J
£ i
E 0
> 10
-200 3 )
-400
0
-400 -200 0O 200 400
X (nm)

Figure 3. GTMR and persistent directional heat current. (a) Thermal magnetoresistance R, of linear InSb nanoparticle chains versus the
external magnetic field H at 300 K, for interparticle separation distances d = 2R (in the near field) and d = 50R (in the far field). (b) ETC Ty
in the (w, H) panel for a linear chain of N = 5 InSb particles of radius of R = 100 nm. The edge-to-edge interparticle separation distance is
d = 2R. (c) Heat transfer spectra of S,_,; and S|_;, at equilibrium state, in a many-body system consisting of three MO spheres with C3
symmetry when a magnetic field is applied. (d) Poynting flux magnitude at 300 K, A = 10.49 ym, and H = 3 T. The arrows denote the
energy streamlines. (a), (b) Reprinted figure with permission from [74], Copyright (2017) by the American Physical Society. (c), (d)
Reprinted figure with permission from [75], Copyright (2016) by the American Physical Society.

due to the plasmonic nature induced by the magnetic field, i.e.
magnetization-induced plasmonics, is very sensitive to H. This
unprecedented prediction has the potential to be applied in
magnetic field detection in a purely thermal manner and direc-
tion modulation of heat flow, and also inspires researchers to
investigate the effects of magnetization-induced plasmonics on
NFRHT in many-body systems.

3.2.2. Giant thermal magnetoresistance. The giant magne-
toresistance (GMR) is the magnetic field-induced large change
(in general a reduction) in the electrical resistance observed
in multilayers composed of alternating ferromagnetic and
non-magnetic conductive layers. The GMR effect originates
from the dependence of the electrical conduction in ferromag-
netic materials on the spin state of the electrons. For heat
transfer governed by thermal photons, there also exist
the GMR effect, termed giant thermal magnetoresistance

(GTMR), in MO many-body systems out of thermal equilib-
rium [74]. For clarity, the thermal magnetoresistance of the
chain with N particles R,, is defined as the inverse of thermal
conductance, i.e. R,, = Glﬁ Then, the ratio R,, (H =0) /R,,
can be calculated to evaluate the influence of the magnetic
field on RHT. Considering a linear InSb nanoparticle (R =
100 nm) chain with N = 5 immersed in an external magnetic
field of strength H orthogonal to the chain axis, R, can be
significantly increased with a magnetic field perpendicular to
the chain axis (see figure 3(a)), demonstrating the existence of
the GTMR. It can also be predicted that, the resistance incre-
ment can reach about 70% when H = 2 T, and is larger for
more intense fields. As H increases, R,, increases in dilute
chains (d = 50R) before reaching a plateau, while decreases in
dense chains (d = 2R). Figure 3(b) shows the ETC 7;y when
d = 2R with N = 5, it can be seen that there exist two branches
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associated with localized resonances exhibiting a remarkable
dependence on H. Therefore, the GTMR originates from the
strong spectral shift of magnetization-induced plasmonics sup-
ported by the particles, which also appears in two-body MO
systems [125]. According to the linear response of heat flux
to the temperature difference, the GTMR can be exploited to
make a direct evaluation of the heat flux propagating in the net-
work and even the nonreciprocity degree of a MO many-body
system.

3.2.8. Persistent directional heat current. The second law of
thermodynamics tells us that, for a system subject to the con-
straint of Lorentz reciprocity, the net heat flow between them
must be 0 in thermal equilibrium, because the heat current
only occurs in the presence of temperature difference. How-
ever, when the Lorentz reciprocity is broken, heat current may
occur in a thermal equilibrium state without violating the sec-
ond law of thermodynamics. Zhu er al [75] investigate the
effects of the external magnetic field on NFRHT in a three-
body system consisting of InSb nanoparticles forming an equi-
lateral triangle with discrete C; symmetry (see figure 3(c)).
In such a system with rotational symmetry, each body j sup-
ports a counterclockwise-rotating mode | /1) and a clockwise-
rotating mode |j|), and these two modes are assumed that
they have the identical internal decay rate. When no magnetic
field is applied, the system remains reciprocal state and these
two modes have the same resonant frequency wy. Hence, there
exists no heat current when all particles have the same temper-
ature in this case. When a magnetic field is applied perpendic-
ular to the particle plane, the Lorentz reciprocity of the system
is broken. The magnetic field splits the frequencies of the two
modes into wo4 and wp_, respectively, and lifts the degener-
acy between the two states, resulting in that the system shows
persistent directional heat current even in thermal equilibrium
state. By analyzing the heat flux §; ; received by body k from
body j, S1y2 # S, is found in thermal equilibrium in a three-
body system, demonstrating the existence of a persistent heat
current which is manifested by the Poynting flux identified by
the energy streamlines in the same direction (see figure 3(d)).
The presence of the persistent heat current does not violate the
second law of thermodynamics because the total net heat flux
into each body is still 0. For a two-body system, the net heat
flux between them in thermal equilibrium must be 0, which is
independent of whether the system is reciprocal or not. Phys-
ically, this is attributed to that S, = S, at all frequencies
even in the presence of the magnetic field.

In essence, the above fascinating phenomena induced by
MO effects can be understood by the magnetic-field-dependent
circular heat fluxes, i.e. the azimuthal component of the Poynt-
ing vector around dipolar MO particles, which results from
the presence of nonzero off-diagonal elements of the polar-
ization tensor under magnetic field. In this case, the dipolar
resonances split in frequency, leading to the different contri-
bution of the resonances to the heat flux for different magnetic
quantum numbers. In addition, the circular heat fluxes show
strong dependence on the magnetic-field intensity and the con-
figuration (i.e. various directions of the circularity in different
symmetric configurations) [129].

1

3.3. Superdiffusive and ballistic heat transport

In general, heat spatially spreads from high-temperature
regions to low-temperature regions in a system, leading to
the formation of temperature distribution 7'(r, f) which evolves
as a generalized random walk with a probability distribution
function p(x) of step length (x = |r — r'|). p(x) is strongly
related to the transport speed of heat carriers and to the dis-
tance between two successive collision events. In solid, the
heat carriers (phonons or electrons) randomly move through
the atomic lattice with a Gaussian p (x) so that all its moments
J x"p(x)dx are finite and the transport regime of heat con-
duction is a normal diffusion process. However, if p (x) decays
algebraically and shows a non-integrable behavior, at least one
of its moments will be divergent and the heat transport regime
becomes superdiffusive [130]. In a 1D ordered particulate
many-body system, i.e. a particle chain as shown in figure 4(a),
the thermal conductance shows an asymptotic behavior for
large separation distance Ax. For a dense chain with d = 3R (in
the near field), the intense near-field collective effects enable
its diffusion coefficient for long distances to be diverging, more
concretely, scale with (Ax)*z, demonstrating the superdiffu-
sive behavior of heat transport. This nonlocal behavior allows
to go beyond the normal diffusion limit in solids, and design
materials with faster heat transport mechanism for thermal
management. When in a diluted chain with d = 50R (in the
far field), all particles exchange heat in an independent man-
ner, so that the thermal conductance follows a (Ax) > power
law. The similar diffusive regimes also exist in 3D disordered
networks.

For a planar many-body system composed of polar materi-
als, the steady-state temperature profile 7 (x, t) also illustrates
different diffusive regimes [131]. Assuming that thermal radi-
ation is the only source of heat relaxation, the steady-state
temperature profile with respect to the position is shown in
figure 4(b). In a dilute system with the interplate distance
d = 500 nm, the resultant short-range couplings cause the heat
transfer to decay exponentially so that the temperature pro-
file decreases smoothly, demonstrating that the regime of heat
transport is superdiffusive. In a dense system with d = 5 nm,
the regime of heat transport undergoes the diffusive-to-ballistic
transition indicated by the change of the heat transfer coeffi-
cients from an exponential decay to a power-law decay. This is
because that the polarization of dominant modes changes from
TM to TE according to the polarization contributions to the
heat transfer coefficients, see details in [131]. Furthermore, for
amany-body system consisting of graphene, the heat transport
regime, showing strong dependence on chemical potentials of
graphene due to the characteristics of graphene SPPs, suffers a
monotonic transition from diffusive to quasi-ballistic transport
[132].

3.4. Thermal photon drag effect

For electrons, their interactions lead to the coupling of a pair
of electric conductors when the separation distance is within
the range of Coulombic interactions. Therefore, when an elec-
tric current flows in the (drive) conductor, it will induce a
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Figure 4. (a) Thermal conductances for a chain of SiC nanoparticles (see the inset) with different configurations as a function
of the separation distance. (b) Schematic (see the inset) of an N-body system comprising N-2 SiC plates interacting two
external SiC plates at fixed temperatures 7'; and 7'y, and the steady-state temperature profile as a function of the normalized
position z;/zy. (c) Drag resistance between two dimers of SiC nanoparticles with radii of 100 nm under a primary temperature
difference T =T| — T» = 50 K when 7, = 300 K with respect to the dimers separation distance /. (d) Spectral energy density
of emitted near-field thermal radiation from SiC nanoparticles in different arrays including single particle, chains, planes, and
3D arrays (see the inset). (e) Normal component (S;) of the Poynting vector radiated through the surface z = 0 by a three-
tip configuration made with SiO, nanospheres held at the same temperature for different angular openings (7 = 300 K,
R =20 nm, h = 4R, and [ = 5R). The blue solid line corresponds to the case of a single nanoemitter located at z = —h.
(f) Normal component (S;) of the Poynting vector radiated through the surface z = 0 by a three-tip configuration made with
SiO; nanospheres held at 7; = 300 K and 7, = T3 = 350 K (red) for different angular openings (R = 20 nm, & = 4R, and
[ = 5R). The inset shows the flux at z = O for a single emitter at 7 = 350 K (red) and 7" = 300 K (blue) at z = 4R (solid) and
Z=4R + [cos(80) (dashed). (a) Reprinted figure with permission from [130], Copyright (2013) by the American Physical
Society. (b) Reprinted figure with permission from [131], Copyright (2018) by the American Physical Society. (c) Reprinted
figure with permission from [134], Copyright (2019) by the American Physical Society. (d) Reprinted figure with permission
from [135], Copyright (2017) by the American Physical Society. (e) Reprinted figure with permission from [136], Copyright
(2019) by the American Physical Society.
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current via Coulomb drag effect in the other (passive) con-
ductor in the proximity of it [133]. Whether do the thermal
photons, which is strongly relevant to electrons, result in a
similar phenomenon?

Considering a many-body system composed of two parallel
pairs of SiC nanoparticles (see the inset of figure 4(c)) where
heat exchanges are governed by thermal photons, a tempera-
ture difference is initially held within one (drive) pair while
the other pair (passive) is left free. The thermal drag resis-
tance, defined as Ry = % with AT}, being the temperature
difference of the passive pair induced by the drive heat flux
15> 18 positive and monotonically decays with the separation
distance between the two pairs, as shown in figure 4(c). The
direction of heat flux induced in the passive pair depends on
the strength and the nature of mutual interactions between the
particles. Furthermore, for nonreciprocal many-body systems,
the heat supercurrents supported by these systems can either
be amplified or inhibited by this frictional drag effect [134].

3.5. Collective near-field thermal emission

NFRHT, mainly transported by evanescent waves, is con-
sequently nonradiative, but it still can play a pronounced
role in thermal emission to the far field, corresponding to
the spectral density of emitted energy rather than the power
exchanged as mentioned above [135]. In a many-body system
consisting of polar nanoparticles, including chains, planes, and
three-dimensional (3D) arrays (see the inset of figure 4(d)), the
propagating SPPs through the collective effect have a remark-
able effect in their emission spectra, and the emission char-
acteristics are very different in the presence or absence of the
propagating modes. For a SiC nanoparticle array having the
long-range coupling of propagating SPhPs, the thermal emis-
sion changes significantly with the system changing from a
single particle to a chain, plane, or 3D array, accompanied
with the dramatic reduction of the emission peak and its split-
ting into multiple peaks covering a broader spectral region,
as shown in figure 4(d). However, in the absence of long-
range coupling, e.g. in a Si0, nanoparticles array, the thermal
emission spectra change little as more particles are added.
Recently, Ben-Abdallah [136] theoretically investigates the
thermal emission of a set of interacting nanoemitters held at
certain temperatures. For concreteness, as illustrated in the
inset of figure 4(e), a triangular three-tip scanning thermal
microscope (SThM) platform is considered. Each tip, behav-
ing as the single thermal emitter at temperature 7, is posi-
tioned and thermally controlled individually. In this scenario,
all emitters are thermalized at the same temperature. For dif-
ferent angular openings 6, the normal components (S.) of the
Poynting vectors radiated through the surface z = 0 at the dis-
tance of & = 4R in the steady state are shown in figure 4(e).
It can be observed that, the FWHM of heat flux slightly
increases with 6, due to the superposition of heat flux radi-
ated by these fluctuating dipoles and many-body cooperative
effects. When the system is out of thermal equilibrium, for
example, three tips in the SThM platform are thermalized at
T, =300 K and T, = T3 = 350 K as shown in figure 4(f).
When 6 = 20°, the heat flux propagates toward the emitting

system itself manifested by the negative (S;) around x = 0,
indicating that this multi-tip setup acts as a local heat pump.
For large angular openings, this pumping effect is off center
with the negative (S.) occurring away from x = 0. Further-
more, compared to the results of three tips at the same tem-
perature (see figure 4(e)) or a single emitter (see the inset
of figure 4(f)), the heat flux in this case can be remarkably
focused on a smaller spot with a much smaller FWHM, and
can be enhanced by 2 orders of magnitude.

4. Enabling applications using many-body
systems

Thermal devices mediated by radiative photons are superior
to phononic thermal devices to manage the heat flux at the
nanoscale in some aspects [137—139]. The radiative photons
transport with the speed of four or five orders of magnitude
larger than the speed of conductive heat carriers (acoustic
phonons). RHT within photonic devices avoids the inevitable
local Kapitza resistances within which come from the mis-
match of vibrational modes at the interfaces and remarkably
suppress the phononic heat flow. Moreover, the strong non-
linear phonon—phonon interactions in phononic devices make
them difficult to deal with in the presence of a large thermal
gradient. Therefore, an increasing number of photon-mediated
devices are proposed for high-efficiency energy utilization and
thermal management at the nanoscale.

4.1. Thermal waveguide

A photon-mediated thermal waveguide is used to extract the
nonradiative waves, which are naturally confined on the inter-
faces, for long-distance heat transport. As well known, if a
medium has a high dielectric permittivity ¢ with negligible
loss, it can support propagating modes with lateral wavevec-
tors up to y/zw/c larger than w/c in vacuum. If the medium
has hyperbolic dispersion relations, it can in principle sup-
port the propagation of evanescent waves without the limit
of lateral wavevectors, i.e. high-k modes. These mechanisms
allow the evanescent waves with large lateral wavevectors
to become propagating within the medium, which dramati-
cally alleviate their exponential damping to realize the thermal
waveguide. For example, when the middle plate in a three-
body system is a hyperbolic material (HM) plate (see the
inset of figure 5(a)), the evanescent waves radiated from the
left plate partially become propagating inside the middle one
and can travel through it to couple with the right one. If the
two terminal plates support surface resonances, the high spec-
tral heat flux peak due to the resonance can be enhanced and
broadened. For concreteness, when a hypothetical plate with
ex = 5and e; = —1 (type I hyperbolic modes with a two-fold
hyperboloid) is intercalated between two SiC terminal plates,
the radiative heat flux exceeds the blackbody limit by around
13 times when the thickness of the intermediated plate is
100 pm, which is evidently in the far-field regime, as shown in
figure 5(a) [57]. Figure 5(b) illustrates the ETC 7y, for p polar-
ization, and shows the coupling of the surface modes and the
Fabry—Pérot modes in the hyperbolic plate, which provides the
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line in vacuum. Reprinted figure with permission from [57], Copyright (2016) by the American Physical Society.

coupling channels of the surface modes through the hyperbolic
waveguide. For two nanoparticles, the long-distance radiative
heat transport can also be realized by comprising a mixed
many-body system. For example, by putting a surface-resonant
substrate underneath two SiC nanoparticles in the near field,
the strong coupling of the localized SPhP of SiC nanoparticles
to the propagating SPhP of the substrate provides more tunnel-
ing channels, and thus remarkably enhances the RHT by orders
of magnitude at large distances (>\y) [140]. If the substrate
is replaced by an array of graphene strips which behaves as
a metasurface supporting anisotropic and tunable SPPs, RHT
between two nanoparticles can even be modulated due to the
strong dependence on the geometry and the chemical potential
of the graphene strips [141].

4.2. Heat engine

In thermodynamics and engineering, a heat engine is a device
to do mechanical work by converting thermal energy into
mechanical energy. Contactless devices transfer heat by radi-
ation and thus circumvent the intrinsic drawbacks (e.g. local
Kapitza resistances and low speed of phonons) of conductive
devices. In particular, the near-field thermal radiation energy
conversion is more efficient, which provides high possibility
for utilizing low-grade waste heat. The concept of heat engine
using NFRHT in a two-body system has been proposed, which
has a good performance when polar materials are used [142].
According to the passive amplification mechanism in a three-
body planar system as discussed in section 3.1, a three-body
heat engine driven by photon tunneling is presented to further
improve the efficiency of energy conversion [84]. Considering
a three-body system as illustrated in lower part of figure 6(a),
the emitter at a temperature 7}, is thermalized by the heat
source and the receiver at temperature 7. by the heat sink,
while a passive intermediate plate with thickness of § is placed
between them. For simplicity, for an N-body (NB) system, the
net energy and entropy fluxes on the cold body are denoted

as @yp and Pyp. Thus, the maximum work flux and the max-
imum efficiency can be given by WNB = png — TPy and
N = V:NB, respectively, of which the dependencies of WNB
and 7y on T}, with T, fixed at 300 K are shown in figure 6(b).
Thanks to the photon-tunneling enhancement in the three-body
system, W3B is always larger than WgB for any T}, and the
discrepancy between them grows monotonically, though 735
is slightly smaller than 7,5.

4.3. Heat pump

An electrical pump is a device that can transfer fluids (lig-
uids or gases) through mechanical action which is controlled
by a bias voltage. In analogy with the electrical pumping, the
radiative heat-pumping effect has been theoretically predicted
[143]. Considering a three-body system consisting of three SiC
spherical nanoparticles as shown in figure 6(c), particles 1 and
2 in thermal equilibrium constitute the reference system, while
particle 3 behaves as the external source to pump the radiative
thermal power exchanged between particles 1 and 2. Particle
3 has the periodic modulation of 73 (f) = T3¢q + AT sin(wt)
and x3 () = Ax sin(wt + ¢), where T34 corresponds to the
temperature in thermal equilibrium when the power absorbed
by particles 1 and 2 vanishes, Ax and AT are the displace-
ment and temperature oscillation amplitudes, w is the reso-
nance frequency of SiC nanoparticle, and ¢ is the dephasing.
According to the power absorbed by each particle with respect
to time during one period of modulation of particle 3 (see
figure 6(d)), it can be seen that the energy transfer between
particles 1 and 2 at thermal equilibrium, can be produced by
the presence and simultaneous variation of Ax and AT of par-
ticle 3 in the system. This phenomenon demonstrates the pres-
ence of radiative heat pumping effect. In this radiative heat
pump, the negative differential thermal resistance within the
system is unnecessary, and it also not restricted to the existence
of exotic topological characteristics in non-Hermitian systems
[144, 145].
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engine yields a usable work flux W by converting NFRHT, while the cold sink receives a heat flux Q. (b) Maximum work fluxes for the
three-body (see the inset) and two-body configurations, respectively, as a function of the temperature of the hot source 77, (c) Geometry of a
three-body system to demonstrate the radiative heat pumping effect. Particle 3 oscillates periodically along the x direction. (d) Absolute value
of the average power absorbed by particle 1 over one period as a function of Ax and AT, respectively. The inset shows the powers absorbed by
particles 1 (solid red line), 2 (dashed black line) and 3 (blue dot-dashed line) as a function of time for the periodic variation. (a), (b) Reprinted
figure with permission from [84], Copyright (2015) by the American Physical Society. (c), (d) Reprinted figure with permission from [143],
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4.4. Heat flux switch and splitter

Active control of NFRHT is a hot topic due to the great poten-
tial to manage heat transport at the nanoscale [146—148]. Very
recently, it has been experimentally demonstrated that the far-
field RHT can be dramatically suppressed by putting a sub-
strate in the near field [73]. In a three-body system, two copla-
nar SiN membranes separated by a fixed distance of g = 20 um
(in the far-field regime) are the emitter and receiver, and the
substrate under them with a vertical gap distance of d is the
modulator, as shown in figure 7(a). Figure 7(b) shows the
radiative conductances G._, as a function of d for the mod-

ulator with thicknesses of 524 nm and 3.3 um. It can be seen
that, by simply sweeping the vertical separation distance rang-
ing from 18 to 3 pum away from the underneath substrate,
G._: shows a remarkable change with a maximum measured
switching ratio of 2.8 (define as Ge_;max/Ge—r.min)- It can be
explained be the x-direction Poynting flux P, at A = 16.5 ym
in the three-body system. When the vertical gap d =20 um, P,
is largely confined to the plane of the emitter and receiver (see
figure 7(c)). However, when d is reduced to 3 um, P, effec-
tively leaks into the modulator (guided by evanescent interac-
tions) rather than traversing the lateral gap to the receiver (see
figure 7(d)).
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Nature Nanotechnology. [73] (c) 2020.

A high thermal switching ratio can lead to directional heat
flow in many-body particulate systems, allowing for the split-
ting effect of the radiative heat flux. Due to the excellent
tunability of graphene by changing its Fermi level, it is fre-
quently used to manage the NFRHT by adjusting its sur-
face plasmons in the mid-infrared range [30, 61]. In a many-
body system composed of graphene nanodisks which can be
regarded as electric diploes due to their sufficiently small
sizes [149], the NFRHT within this system can be tuned by
changing their Fermi levels to alter the match state of opti-
cal properties (described by the polarization tensors) which
play an important role in photon tunneling [88]. Moreover,

rotating the nanodisks may break the spatial symmetry of
the system, thus enables such a many-body system to split
radiative heat flux with a high contrast ratio of heat flux
(up to 99:1). For graphene/SiC core—shell (GSCS) nanoparti-
cles, graphene modifies the localized surface resonance of the
SiC core, and introduces additional photon tunneling modes
through changing the polarizability, resulting in that the three-
body system consisting of GSCS nanoparticles shows a high
thermal splitting ratio [150]. The heat splitting effect also
enables the photon-mediated thermal routing with the con-
trollable temperature distribution by the Fermi level matching
[151].
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4.5. Nonreciprocal thermal diode

A thermal diode mainly relies on the asymmetry of heat trans-
port with respect to the sign of the temperature gradient,
namely the difference of forward and backward heat fluxes.
During the last decade, photon-mediated thermal diodes
have been theoretically predicted to be enabled by dissimi-
lar materials/structures with different temperature-dependent
thermal properties via changing the temperature bias direc-
tion [152—154]. Among them, thermal diodes based on IMT
materials show more remarkable rectification due to the
distinct nonlinear dependence of physical properties at their
phase changing temperatures, and hence attract much atten-
tion [14, 155]. However, thermal diodes mentioned above have
to be naturally reciprocal according to the second law of ther-
modynamics. Ott et al [77] proposed a nonreciprocal radiative
thermal diode enabled by a many-body system via applying
an external magnetic field, as illustrated in figure 8(a). An
InSb substrate is placed under two InSb nanoparticles, adding
a magnetic field of 1 T along the y axis makes the spectral
forward and backward ETCs between two InSb nanoparticles
different, i.e. 71> # T>-1. This directly leads to a different
forward and backward heat flux between two nanoparticles,
and the discrepancy shows strong dependence on the mag-
netic field intensity. Note that, if the InSb substrate is removed,
Ti—» = To-,1 for any magnetic field intensity. This nonrecipro-
cal effect is attributed to the asymmetry with respect to the
propagation direction of evanescent surface waves confined
at the interfaces, according to the reflection coefficient |r,|
having w (k) # w (—k,) in the presence of magnetic field,
as shown in figure 8(b). Using such a nonreciprocal ther-
mal diode, the rectification efficiency of heat flux can reach
to around 90% which is larger than most theoretical values
reported in previous works [156—158].

4.6. Thermal transistor

Tunable RHT in two-body systems in the near-field regime
has been predicted by several strategies in terms of materials
including IMT materials, ferroelectric materials, semiconduc-
tors and chiral metamaterials [153, 155, 159-165]. It has been
experimentally demonstrated that the rectification coefficient
of heat flux between doped Si and VO, surfaces at ~140 nm
vacuum gap can exceed 50% [14, 20]. However, this trans-
port mechanism only enables the RHT to be modulated in a
manner of a diode which allows the heat flow to propagate
preferentially in one direction, but does not enable the heat
flow to be switched, modulated or amplified. The transistor, the
cornerstone of practically all modern electronics, is a semicon-
ductor device used to switch, modulate or amplify electronic
signals and electrical power. The classical field-effect transis-
tor (FET), consisting of three basic elements, the drain, the
source, and the gate, is fundamentally used to control the flux
of electrons. The transport mechanism is that a small variation
in the voltage applied on the gate can cause a large change in
the current from the source to the drain. Inspired by the FET
and many-body heat transport mechanism, the near-field ther-
mal transistor (NFTT) by using a gate (labeled by G) made of
a thermally induced IMT material, i.e. VO, with a critical tem-
perature 7. =340 K, is theoretically proposed (see figures 9(a)
and (b)) [166]. The source and the drain, labeled by the indices
S and D, are made of SiO, which support SPhPs. Figure 9(c)
shows the ETCs 7sg and 7gp when the VO, plate is in its
insulating phase as well as the metallic phase.

When Tg < T, the gate is in its insulating phase and
behaves as a uniaxial crystal with the ability to support (sym-
metric and antisymmetric) surface waves (see the top of
figure 9(c)). The coupling of these surface waves with the
SPhPs of SiO, leads to a high radiative heat flux, as demon-
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flux supplied to the gate to alter its temperature. (b) Operating regimes of a SiO,—V0,-Si0O; NFTT. When Ty is a little bit smaller than
the critical temperature 7', a small amount of heat supplied to the gate induces a strong switching of heat fluxes ¢p and g, enabling
different functions of thermal switching, thermal modulation, and thermal amplification. (¢) ETCs 7sg and 7gp for § = 50 nm and d =

100 nm when the VO, plate is in its insulating phase (top) and its metallic phase (bottom). Reprinted figure with permission from [166],

Copyright (2014) by the American Physical Society.

strated by the ETCs 7sg and 7gp in this case. However, when
T = T., the gate starts to transit toward the amorphous metal-
lic phase and remains in this state for 7g > 7. In this scenario,
the gate does not support surface waves any more (see the
bottom of figure 9(c)), and thus screen the thermally excited
waves. In this NFTT, the radiative flux received by the drain
can be denoted as ¢p, and that from the source towards the
gate is ps. Changing the flux g supplied to the gate alters
the temperature 7g, permitting a Si0,—V0O,-SiO, NFTT to
operate in different regimes based on the phase transition prop-
erties of the gate: (i) thermal switching. An increase of 7 by
about 10 degrees above TG ¢q (the equilibrium temperature of
the gate, obtained by zeroing its net flux, i.e. o = ¥s — ¢p
= 0) reduces @s and ¢p by about one order of magnitude.
When T is slightly below or above the critical temperature 7',
this heat transport mechanism enables the NFTT to operate in
two modes: the ‘on’ mode with a large heat flux in the case of
Tg < T., and the ‘off” mode with a much less heat flux in the
case of Tg > T.. (ii) Thermal modulation. ¢g remains quite
small over the temperature region around 7'geq, and hence g
and ¢p can be remarkably modulated within this temperature
range. (iii) Thermal amplification. Having a negative differen-
tial thermal conductance is the key for thermal amplification
[137]. When Tg is far away from T, the amplification fac-
tor @ (o = |dgp/d¢pc|) of the NFTT is approximately 0.5,
because the slopes of s and ¢p are almost identical. However,
v is larger than 1 when Tg¢q is around T, demonstrating the

thermal amplification when in this temperature range. More-
over, several strategies for improving the performance have
been proposed. For example, patterning the intermediate VO,
plate into 1D rectangular grating can dramatically enhance the
thermal rectification ratio [167].

4.7 Thermal memory and logic gates

The temperature-dependent properties of IMT materials
enable the photon-mediate heat flow to show distinct behav-
iors when they undergo the transition of phase states, which
provide the fundamental basis of thermal logic devices for pro-
cessing information by utilizing thermal photons. One of the
necessary conditions to create thermophotologic devices is the
radiative bistability, which only exists in many-body systems.
The proposed thermal device (see figure 10(a)) consists of a
Si0; plate on the left radiatively coupled to a low-temperature
(T) thermal bath, and a VO, plate on the right coupled to a
high-temperature (7r) reservoir, while the two plates are sepa-
rated by a vacuum gap. The thermal baths, serving as external
blackbodies far from the rest of the system, are held at differ-
ent given temperatures to enable the bistable behaviour of the
IMT membrane. In order to compute the feat flux in such a
many-body system, the field correlators for each body, includ-
ing the thermal baths, considering the right and left scatter-
ing are employed. They take the propagating fields, related to
the reflection and transmission operators of each membrane,
in the regions of intracavity and all membranes into account,
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Figure 10. (a) Sketch of a radiative thermal memory device. A plate made of an IMT material is placed at a distance d from a dielectric
plate. The system is surrounded by two thermal baths at different temperatures 77, and Tr. (b) The trajectory of temperatures (7'y, T) during
the transition of system from one steady state to the other. (c) Temperature of the drain 7y as a function of the temperature of the gate 7 in
the radiative NOT gate made with a Si0,—V0O,-SiO, thermal transistor (see the inset). T'in = 342 K and T'y.x = 343 K are chosen.

(d) Truth table for the NOT gate. (a), (b) Reprinted figure with permission from [168], Copyright (2014) by the American Physical Society.
(c), (d) Reprinted figure with permission from [169], Copyright (2016) by the American Physical Society.

whereby the power exchanged between the system and the sur-
rounding environment can be evaluated (see details in [85]).
The thermal equilibrium state of the Si0O,—VO, system is char-
acterized by a set of (T, T,) where the net radiative heat
flux into each plate vanish. Because VO, undergoes phase
transition from its high-temperature metallic state to its low-
temperature insulating state at 340 K, the SiO,—VO, system
has two stable equilibrium states (radiative bistability), termed
as state ‘0’ with 7>, = 338 K and state ‘1’ with 7, = 342 K,
respectively, which are represented by the green dots corre-
sponding to two phase states of VO,. The trajectory of temper-
atures (T, T») illustrates how the temperatures of Si0,—VO,
system evolve from the initial random state to the final state.
The Si0,—VO, system can transit from state ‘0’ to state ‘1’ by
adding heat into the VO, plate to make it transit from its insu-
lating phase into its metallic phase. In this case, information
can be stored as long as the thermal reservoirs remain active,

enabling a volatile thermal memory device. To go from state
‘1’ to state ‘0’, the VO, plate needs to be cooled down to its
insulating phase. To read out the thermal state of the system,
proper thermometers should be used to measure the temper-
atures (T;, T»). These predictions demonstrate the existence
of bistable thermal behaviors in many-body systems, and also
enables such a contactless system to store thermal information
for an arbitrarily long time between the phase transitions [168].

The Boolean algebra, which is usually implemented using
logic gates (i.e. NOT, OR, and AND gates) by logic operations,
is the fundamental theoretical framework for information pro-
cessing. The concept of photonic thermal logic gates based
on a Si0,-V0,-Si0; system (see figure 10(c)) is proposed.
To operate the system as a NOT gate, the thermal source is
fixed at Ts, and the intermediate VO, plate functions as the
input of the NOT gate and the drain as the output. According
to the radiative bistability as mentioned above, fixing T's and
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TG, there exists a Tp which enables the radiative heat flux from
the source and gate towards the drain ¢p to be zero, indicating
the drain is in its thermal equilibrium and the system is under
the steady state at this moment. For Tg < T., SiO; and VO,
support SPhPs in the same frequency range, resulting in strong
RHT and a high T. For Tg > T, VO, does not support SPhPs
so that the RHT within the system is strongly reduced which
leads to a lower Tp. Hence, the output temperature of the drain
Tp can be read out to characterize the Boolean output of the
NOT gate. According to the output temperature 7, as a func-
tion of the gate temperature 7' with setting T, = 342 K and
Tmax = 343 K as shown in figure 10(c), there exists a tempera-
ture region with 7p > Tyax When Tg < T, which means that
the input state ‘0’ leads to the output state ‘1°. Similarly, there
also exists a region where Tp < Tyin When Tg > T, which
means that the input state ‘1’ results in the output state ‘0’.
These two regions demonstrate that the device can function as
a NOT gate according to the truth table shown in figure 10(d).
Furthermore, the OR and AND gates can also be realized by
changing the materials in source, gate and drain. Together with
the NOT gate, such a many-body system with IMT material
allows for a full information treatment by Boolean operations
via thermal photons [169].

5. Concluding remarks

In this review, we first briefly introduced various methods
developed to quantify many-body NFRHT, including the ana-
lytical formalism, the numerical scattering matrix method,
TDDA, FSC approach, FDTD, and the KT formalism. Due
to the many-body effects, there are some emerging func-
tionalities, including enhanced RHT, MO-induced heat trans-
port, superdiffusive and ballistic heat transport, photon drag
effect and collective thermal emission. Then, we discussed the
enabled applications based on many-body NFRHT, including
thermal waveguide, heat engine, heat pump, heat flux switch
and splitter, nonreciprocal thermal diode, thermal transistor,
and thermal memory and logic gates.

Since many-body NFRHT is rich in physics and becomes
increasingly practical, we anticipate that it will continue to
prompt theoretical and technological evolution where NFRHT
plays a significant role in the future. However, despite remark-
able developments in many-body NFRHT, there still exist
challenges and opportunities in fundamental research and
practical applications.

(a) On the theoretical side, more efficient, low-cost and flexi-
ble numerical methods are needed to compute many-body
NFRHT for complicated geometries and physical proper-
ties. For example, for systems with broken time-reversal
symmetry, we hold the opinion that the existing scattering
matrix method should be further developed to deal with.
In addition, the FDTD approach [108, 170], which has
never been reported to compute many-body NFRHT, is
also hopeful to be developed to handle aperiodic struc-
tures. Although the above-mentioned methods can deal
with the majority of many-body cases, these methods still
need mutual verification. For example, NFRHT between
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a cylinder and a perforated surface computed by the FSC
and FDTD, has been predicted to depend nonmonotoni-
cally on their separation [171]. In many-body cases, how
this anomalous NFRHT becomes and whether these meth-
ods agree with each other remain open. Furthermore,
we also envision that more comprehensive exploration of
many-body NFRHT combined with topological photonics
and spatiotemporal modulation [172, 173] may introduce
more novel heat transport mechanisms.

(b) On the experimental side, thus far, too many theoretical
results and concepts are waiting for experimental veri-
fication which may revolutionize the study on NFRHT.
Nevertheless, the control of interplate parallelism and
distance, and the measurement of heat flux, require more
precisely nanofabricated structures and become more
daunting for many-body planar systems than two-body
systems. For particles or other dipolar systems, it seems
feasible to evaluate the RHT by highly sensitive ther-
mometers with ultrahigh precision of temperature con-
trol on the basis of elongated microscope tips in multi-
tip SThM setups which are electrostatically tuned and
thermocouple-integrated individually [28, 136].

(c) Interms of practical applications, many existing concepts

and functionalities in two-body systems can be expectedly

extended to many-body systems with judicious design to
obtain better performance of (low-grade) energy utiliza-
tion, thermal management and even information technol-
ogy using thermal photons [174, 175]. From the prac-
tical perspective, an integrated device using many-body

NFRHT is more recommended to maintain the gap dis-

tance at the nanoscale instead of control it precisely, but

there’s still a long way to go for practical applications.

Note: during the submission, we noticed that recently
there exists another unpublished review article on many-body
NFRHT [176], which discussed the topic of NFRHT in the
two-body and many-body systems in terms of heat transport
regimes, equilibrium states and multistable states, and ther-
momagnetic effects. In our review, we only focus on many-
body NFRHT, and pay more attention to the progress sum-
mary of theories, functionalities and the enabled applications
in many-body systems.
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