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a b s t r a c t 

The diffusive nature of heat flow lays a formidable obstacle for directional heat manipulation, not akin to 

the wave-governed electromagnetics that can be well controlled in intensity and direction. By modulating 

the near-field radiative heat transfer among graphene/SiC core-shell (GSCS) nanoparticles, we propose the 

concept of thermal routing to address the directional heat manipulation in a particular many-body setup. 

The graphene shell introduces a minor polarizability peak and remarkably modifies the localized surface 

resonance of the particle, which plays a significant role in the radiative heat transfer within the many- 

body system consisting of GSCS nanoparticles. Consequently, Fermi levels of graphene shells matching 

allows directional radiative heat flow, thus enabling thermal routing manifested by variant designated 

temperature distributions. The proposed thermal routing could be used to dynamically tune heat flow in 

integrated nano-objects for thermal manipulation, and also opens avenues for exploiting novel thermal 

functionalities via radiative heat transfer at the nanoscale. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Due to its diffusive nature, heat flow has long been considered

mpossible or at least formidable to manipulate, whose Laplacian-

ype governing equations intrinsically differ from the parabolic

ave equations, resulting in the nearly impossibility to borrow

he wave-related technologies and strategies for heat flow control.

ore than that, almost all energy will be converted into low-grade

eat energy eventually more or less, so thermal issues almost arise

rom everywhere, especially in the microscale electronics and pho-

oelectronics, at which the disordered dissipation of heat becomes

 crucial bottleneck for the working performance maintenance and

urther improvement. Hence, the ordered heat transfer is more de-

irable in thermal manipulation. For example, controllable direc-

ion of heat flow can prevent heat-sensitive components overheat-

ng under the premise of maintaining the heat flux. Thus exploring

lternative feasibility of heat flow manipulation against its diffu-

ive nature never stops and draws increasing attentions recently at

he nanoscale [1–7] . Several prototypes of phononic thermal tran-

istor, logic gates as well as thermal memories, have been put

orward in order to process heat currents for various function-

lities [8–10] . However, in contrast to phonon, photon possesses

igher propagating speed and avoids intrinsic Kapitza resistances
∗ Corresponding authors. 
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f phonon mediated devices which make it have great potential

or faster and higher-efficiency processing and managing heat cur-

ents [11] . It is well known that, photon mediated heat transfer at

he nanoscale, i.e ., near-field radiative heat transfer (NFRHT), gov-

rned by the evanescent waves, can exceed the Planck’s predic-

ion by several orders of magnitude [12–19] . Therefore, utilizing

he NFRHT is a feasible way to manipulate heat currents when the

imension of elementary devices reduces to nanoscale. Based on

FRHT, a photon-mediated transistor was theoretically suggested

o realize the switching, modulation and amplification of heat cur-

ents [20–24] . Many other important developments have been car-

ied out in recent years, such as near-field thermal rectifier and

ctive thermal switching [25,26] , but most of these works focus on

he manipulation of intensity of heat flux rather than direction. 

Graphene, consisting of a monolayer of carbon atoms in a two-

imensional honeycomb lattice, has attracted extensive attention

ecause of its unique optoelectronic properties [27–30] . In terms

f NFRHT, graphene is frequently used to manipulate near-field

eat flux by altering its surface plasmons in the mid-infrared range

31–33] . Graphene/SiC core-shell (GSCS) nanoparticles, which can

e fabricated by using thermal decomposition of graphene to SiC

anoparticles, possess additional propagating modes of electro-

agnetic waves induced by graphene shells [34,35] . Meanwhile,

hey have tunable optical properties when electrically biased, for

xample, applying an external bias by electrical wires using mea-

uring nanoscale Casimir force in the plane-sphere geometry for

eferences [36–38] , or utilizing distant gates far from the particle
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Fig. 1. (a) Diagram of the many-body system consisting of nine GSCS nanoparticles arranged in an evenly spaced 3 × 3 matrix. (b) If the distribution of Fermi levels of 

particles is designated, propagation path (dotted line) of heat flow among these particles can be controlled. For instance, the left-top particle is heated up to T 1 ( > T i � = 1 ), 
and then in tens of milliseconds ( ∼ 1 × 10 −2 s), these particles thermalize to different tem peratures, and the system exhibits a designated temperature distribution, e.g ., the 

letter H (a simplified pseudo-color thermal pattern). 
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α  
region which should not affect the heat transfer as mentioned in

[39] . However, how do the optical properties of GSCS nanoparti-

cles accompanied with the change of physical mechanisms affect

NFRHT still remains an open question. Moreover, many-body prob-

lems are more general than two-body problems and indispensable

to construct theoretical frameworks for many branches of physics.

Therefore, in this work, on the basis of many-body radiative heat

transfer theory [40] , we theoretically investigate the near-field ra-

diation dynamics in networks of GSCS nanoparticles, and demon-

strate the thermal routing at the nanoscale via radiative heat trans-

fer thanks to the heat flux splitting effect. We find that the mod-

ification of near-field interactions induced by graphene shells also

plays an important role in radiative heat transfer. This study could

be used to dynamically tune heat flow in integrated nano-objects,

and opens avenues for exploiting new functionalities via radiative

heat transfer at the nanoscale. 

2. Theoretical model 

We consider a many-body system, consisting of nine GSCS

nanoparticles arranged in a 3 × 3 matrix, as sketched in Fig. 1 (a).

These particles, with temperatures T i , positions p i and polarizabil-

ity tensors ˆ αi , are immersed in a thermal bath at a constant tem-

perature T b , in which i = 1 , 2,..., N ( N = 9 ) identifies each GSCS

nanoparticle. In particular, all particles can be grafted at the end of

elongated microscope tips which can apply electric bias and con-

ductive heat flux to each one particle. Here, we investigate the

temporal evolution of temperatures of particles in such a many-

body system, and find that by designing the distribution of Fermi

levels of particles, propagation path of heat flow among these par-

ticles can be controlled, which enables the system to show differ-

ent temperature distributions. A simplified pseudo-color thermal

pattern formed by the proposed system at a certain time, i.e ., the

letter H, is schematically depicted in Fig. 1 (b). 

For simplicity, we assume here that all GSCS nanoparticles are

much smaller than the thermal wavelength λc = h̄ c / k B T ( c is the

vacuum light velocity, � is the reduced Planck’s constant, and k B 
is Boltzmann’s constant), so that they can be treated as radiat-

ing electric dipoles, and their electric polarizabilities can be de-

scribed by the local-response approximation [41] . On the basis of

the fluctuation dissipation theorem using electric dipole moments

(the contribution of magnetic moments can be neglected in the
hermalization process due to their small sizes [42] ), the total ra-

iation power dissipated in the i th particle reads [43] 

 i = F i + 

∑ 

j � = i 
F i, j + 

∑ 

j j ′ 
F 

b 
i, j j ′ , (1)

 i = Im 

∫ ∞ 

0 

dω 

π
�( ω, T i ) Tr 

[
ˆ A ii Im 

(
ˆ χi 

)
ˆ C 

† 
ii 

]
, (2)

 i, j = Im 

∫ ∞ 

0 

dω 

π
�

(
ω, T j 

)
Tr 

[
ˆ A i j Im 

(
ˆ χ j 

)
ˆ C 

† 
i j 

]
, (3)

 

b 
i, j j ′ = Im 

∫ ∞ 

0 

dω 

π
�( ω, T b ) Tr 

[
ˆ B i j Im 

(
ˆ G j j ′ 

)
ˆ D 

† 
i j ′ 
]
, (4)

here F i stands for the radiative cooling of the i th particle due

o its self-emission in presence of other particles, F i, j denotes the

adiative heating of the i th particle by the j th one ( j � = i ) consid-

ring the direct and indirect radiative energy among these parti-

les, and F 

b 
i, j j ′ is the absorbed power in the i th particle from the

hermal bath. �( ω, T ) = h̄ ω [ 1 + 2 n ( ω, T ) ] / 2 and n ( ω, T ) represents

he Bose–Einstein energy distribution as a function of frequency ω
nd temperature T . The susceptibility tensor of the i th nanopar-

icle with polarizability tensor ˆ αi to describe dipolar fluctuation

n the fluctuation-dissipation theorem reads ˆ χi = ˆ αi + k 2 ˆ αi ̂
 G 

† 
0 ̂

 α† 
i 
,

here ˆ G 0 = i k 
6 π

ˆ 1 , k = ω/c and 

ˆ 1 is a 3 × 3 unit dyadic tensor.

he elements of the free space Green tensor ˆ G in this system

ead 

ˆ G i � = j = 

exp (ik r i j ) 

4 π r i j 
×

[(
1 + 

ik r i j −1 

k 2 r 2 
i j 

)
ˆ 1 + 

3 −3 ik r i j −k 2 r 2 
i j 

k 2 r 2 
i j 

ˆ r i j � ˆ r i j 

]
with

he unit vector ˆ r i j ≡ r i j / r i j linking the centers of the i th and j th

articles, where r ij is the modulus of r ij . Here, ˆ G i j = 

ˆ G ji . The cou-

ling matrixes ˆ A , ˆ B , ˆ C and 

ˆ D which consider the electric responses

f GSCS nanoparticles and many-body interaction can be obtained

rom Nikbakht [44] . Note that, the contribution of higher multi-

oles can also be ignored because they participate to the heat

ransfer only at very short distances (for example, l / R < 2.5) [45] . 

The electric polarizability tensor of the i -th GSCS nanoparti-

le can be expressed by the following modified Clausius–Mossotti

orm where the graphene shell behaves as a conductive sheet with

egligible thickness, and this approximation can be validated by

he classical Mie theory [41,46] , 

ˆ i = 4 πR 

3 
i 

ε(ω) − ε h + 2 g i (ω) 

ε(ω) + 2 ε + 2 g (ω) 
ˆ 1 , (5)
h i 
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n which, ε( ω) is the dielectric function of SiC which can be de-

cribed by the Lorentz model [47] , ε h = 1 in this work denotes that

he particles are immersed in vacuum, and g i (ω) = 

iσ (ω) 
ε 0 ωR i 

is a di-

ensionless parameter considering the influence of the graphene

hell on the SiC core where R i is the radius of core and ε0 is the

acuum permittivity. σ ( ω) is the surface conductivity of graphene,

nd modeled as a sum of an intraband term and an interband

erm, σ (ω) = σintra (ω) + σinter (ω) , and given as follows [48] , 

intra (ω) = 

i 

ω + i/ τg 

2 e 2 k B T g 

π h̄ 

2 
ln 

[
2 cosh 

(
μ

2 k B T g 

)]
, (6) 

inter (ω) = 

e 2 

4 h̄ 

[
G ( h̄ ω / 2 ) + 

4 i h̄ ω 

π

∫ ∞ 

0 

G (ξ ) − G ( h̄ ω / 2 ) 

( h̄ ω) 
2 − 4 ξ 2 

dξ

]
, (7) 

here G (ξ ) = 

sinh ( ξ/ k B T g ) 

cosh ( μ/ k B T g )+ cosh ( ξ/ k B T g ) 
, e is the electron charge, μ is

he Fermi level, τg = 1 × 10 −13 s is the relaxation scattering time,

nd the temperature of graphene T g = 300 K is fixed in this work

hich has little influence on the polarizability of GSCS nanoparti-

les. Taking radiative correction into consideration, the dressed po-

arizability is given by Albaladejo et al. [49] 

ˆ i = ˆ α(0) 
i 

{
ˆ 1 − i 

k 3 

6 π
ˆ α(0) 

i 

}−1 

. (8) 

In order to obtain the temporal evolution of temperatures of

SCS nanoparticles, we utilize the framework for thermal dynam-

cs of temperatures considering the nonlinear coupled many-body

ystem, which reads c i m i 
∂T i 
∂t 

= P i with c i and m i being the specific

eat capacity and mass of the i th particle. In this work, assum-

ng that the heat capacities of nanometer-sized core and shell, i.e .,

 core and C shell , are equal to those of the corresponding bulks, and

he effect of the interface is neglected so that the atoms located at

he interface act like volumetric atoms. Under these assumtions,

he approximate specific heat capacity of i th GSCS nanoparticle

an be expressed as c i ≈ ( m core C core + m shell C shell ) / m i where m core 

nd m shell are masses of the core and shell [50] . The temperature-

ependent heat capacity of SiC core can be obtained from the

ork [51] , and the heat capacity of graphene is identical to that

f graphite above 100 K [52] . 

. Results and discussion 

To start with, all particles are at 300 K with the thermal bath

aintaining T b = 300 K hereafter. Then, only the left-top particle,

.e ., particle 1, is heated up to T 1 = 400 K by using optical pump.

hen, we stop heating and let particle 1 spontaneously dissipate

eat in the system, accompanied by thermalization of other parti-

les. In this process, different particles receive different heat fluxes

ue to the geometric configuration of the system and Fermi level

atching among particles, which give rise to different temperature

istributions. We only consider l / R ≥ 3 to ensure that the elec-

ric dipolar approximation is valid [53,54] . Fig. 2 (a)–(d) shows the

emperatures of nine GSCS particles as a function of time with the

ime interval of t = 10 −4 s in four scenarios, namely the forma-

ion of letters H, U, S and T. In Fig. 2 (a), the Fermi levels of particles

 and 8 are 0.1 eV with those of the others being 0.7 eV. Note that,

ermi levels of 0.1 and 0.7 eV are chosen due to the high splitting

atio as reported in our previous work [55] . With the increase of

ime, particles except particle 1 (thermal source) are heated up.

owever, for particles 4 and 5 which are closer and have matched

ermi levels with particle 1, their temperatures remarkably rise in

 short time, and then gradually drop. When t = 1 × 10 −2 s, tem-

eratures of particles with Fermi levels of 0.7 eV approach nearly

13 K, while temperatures of particles 2 and 8 with Fermi levels

f 0.1 eV are nearly 306 K. Hence, at t = 1 × 10 −2 s, according to
he temperature values, the hotter particles (light red) and colder

nes (dark red) show an H-shaped distribution with a tempera-

ure difference of T ≈ 7 K. The formation process of the pseudo-

olor thermal pattern of letter H is shown in Fig. 3 , which gives the

implified pseudo-color patterns at three time points: t = 1 × 10 −3 

, t = 2 × 10 −3 s and t = 1 × 10 −2 s, respectively. As we can see,

adiative heat flows along with the designated H-shaped path ac-

ording to the distribution of Fermi levels. At t = 2 × 10 −3 , the sys-

em still shows a out-of-order state. With the further increase of t ,

ll temperatures will reach a similar point ( ≈ 310 K which takes

bout 3 . 9 × 10 −2 s in this system) and then drops to T b = 300 K

ventually with the temperature difference finally vanishing. This

ituation takes time far beyond t = 1 × 10 −2 s which is not shown

ere [43] . In addition, if the thermal source becomes another par-

icle, e.g ., particle 5, the heat transfer is enhanced which results

n a larger temperature difference with T = 13 K at t = 1 × 10 −2 

, as shown in Fig. 4 . In this scenario, all particles start at 300 K

xcept particle 5 (thermal source). Then, particle 5 heats up the

thers and spontaneously dissipates heat in the system simultane-

usly. In this process, temperatures of the others with μi = 0 . 7 eV

ncrease and then gradually drop. Due to the symmetrical distribu-

ion of Fermi levels and geometry, temperatures of particles at the

ertices (particles 1, 3, 7 and 9) overlap with each other, and this

henomenon also occurs for particles 4 and 6, as well as particles

 and 8. Compared to the situation where particle 1 is the thermal

ource, changing particle 5 to the thermal source enhances the ra-

iative heat transfer which leads to a larger temperature difference

ith T ≈ 13 K at t = 1 × 10 −2 s. This enables the infrared thermal

attern to have a higher contrast ratio. 

Furthermore, we set μ2 = μ5 = 0 . 1 eV with Fermi levels of the

thers being 0.7 eV. We find that, particles 2 and 5 thermalize

vidently slowly, and when t = 1 × 10 −2 s, these nine particles

how an U-shaped pattern with particles 2 and 5 at about 306

 and others at above 313 K, as shown in Fig. 2 (b). Addition-

lly, in Fig. 2 (c), when μ4 = μ6 = 0 . 1 eV with the others being

.7 eV, these nine particles show an S-shaped pattern as shown

n Fig. 2 (c). In Fig. 2 (d), Fermi levels of four particles, i.e ., particles

, 6, 7 and 9, are fixed at 0.1 eV. This designated Fermi level dis-

ribution enables the networks to show a T-shaped pattern when

 = 1 × 10 −2 s. Results also show that, the quantity of particles

ith non-matching Fermi levels with the thermal source, affects

he temperature difference T at a certain time. For instance, in

ig. 2 (d), such a system exhibits a temperature difference T > 12

 while T ≈ 7 K in Fig. 2 (a)–(c) when t = 1 × 10 −2 s. 

A natural question comes up, i.e ., why the directional heat flow

s formed. First, it is necessary to show the polarizability of a GSCS

article α with variant μ, as illustrated in Fig. 5 (a). The major and

inor polarizability peaks (several orders of magnitude less than

he major ones) for μ = 0 . 1 and 0.7 eV are marked. For a GSCS

article with μ = 0 . 1 eV, its polarizability exhibits a major peak

ue to the localized surface resonance at ω sr = 1 . 77 × 10 14 rad/s

nd a less pronounced peak located at 0.58 × 10 14 rad/s. For a

arger μ, the major peak almost linearly moves to a higher fre-

uency but the minor one shows a concave increase. When μ =
 . 7 eV, the major peak and minor peak are located at 2.34 × 10 14 

nd 1.27 × 10 14 rad/s. The dashed black line denotes the local-

zed surface resonance frequency of a bare SiC nanoparticle with

 = 50 nm corresponding to ε sr = −2 . It shows that, the graphene

hell introduces a minor polarizability peak and remarkably mod-

fies the localized surface resonance (frequency and intensity) of

he particle, which plays a significant role in the radiative heat

ransfer in the system. Fig. 5 (b) gives the polarizabilities of bare

raphene shells with R = 50 nm under variant Fermi levels. It

s seen that, the polarizability shows a pronounced peak (corre-

ponding to the introduced minor polarizability peak of the GSCS
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Fig. 2. Temporal evolution of temperatures of each nanoparticle (denoted by Np in figures hereafter) in the proposed system for (a) μ2 = μ8 = 0 . 1 eV, (b) μ2 = μ5 = 0 . 1 eV, 

(c) μ4 = μ6 = 0 . 1 eV and (d) μ4 = μ6 = μ7 = μ9 = 0 . 1 eV, with Fermi levels of the others being 0.7 eV, when particle 1 is the thermal source. All radii are 50 nm with all 

center-to-center distances between neighbouring particles l = 150 nm. 

Fig. 3. Simplified pseudo-color patterns during the formation of the letter H at three time points: t = 1 × 10 −3 s, t = 2 × 10 −3 s and t = 1 × 10 −2 s, respectively. (For inter- 

pretation of the references to color in this figure, the reader is referred to the web version of this article.) 
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nanoparticle) which is strongly dependent of Fermi level and en-

dows GSCS nanoparticle with high tunability. 

Taking the H-shaped pattern in Fig. 2 (a) as an example, we in-

vestigate the thermal power of the i th particle received from all

other particles, i.e ., F i, j at t = 2 × 10 −3 s, to explain how the Fermi

level matching affects the heat flow, as shown in Fig. 6 . At this mo-

ment, the temperature of thermal source T 1 reduces to about 321
. In the networks, all particles radiate energy for self-cooling, so

hat F i is always negative (not shown here). Interestingly, in accor-

ance with the symmetry of geometry and distribution of Fermi

evels, the distribution of height of each bar (radiative heating of

he i th particle by others), i.e ., 
∑ 

F i, j , is symmetrical: 
∑ 

F 4 , j ≈
 

F 6 , j , 
∑ 

F 1 , j ≈
∑ 

F 3 , j ≈ F 7 , j ≈
∑ 

F 9 , j and 

∑ 

F 2 , j ≈
∑ 

F 8 , j . This

irectly leads to that particles 2 and 8 show lower temperatures
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Fig. 4. Temporal evolution of temperatures of all particles in the proposed system 

with μ2 = μ8 = 0 . 1 eV and Fermi levels of the others being 0.7 eV, when particle 5 

is the thermal source. The hotter particles and colder ones are marked in light red 

and black, respectively. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 
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Fig. 6. Radiative heating of the i th particle by other particles F i, j . μ2 = μ8 = 0 . 1 eV 

with Fermi levels of the others being 0.7 eV. All radii are 50 nm with all center-to- 

center distances between neighbouring particles l = 150 nm. 

Fig. 7. Temporal evolution of temperatures of all particles in two cases: (a) R = 40 

nm and l = 150 nm; (b) R = 50 nm and l = 200 nm. μ2 = μ8 = 0 . 1 eV with Fermi 

levels of the others being 0.7 eV, when particle 1 is the thermal source. 

F

l

han others, and gives rise to the formation of the H-shaped ther-

al pattern. Notice that, although particles 2-9 start at a low iden-

ical temperature (300 K), their mutual interaction also plays an

mportant role in the thermalization process. In addition, we de-

ne the radiated energy distribution coefficient from the j th parti-

le to the i th one ( j � = i ), γ j→ i = F i, j / 
∑ 

i 

F i, j , to clearly demonstrate

he heat splitting effect in the networks. We find that, taking par-

icle 1 as a example, due to the short distance and match of Fermi

evels between particles 1 and 4, particle 4 receives the most ra-

iative heating energy from particle 1 with γ4 , 1 = 65 . 10% . Particle

 receives greatly less energy (only occupies 0.82%) than particle

 due to the dismatch of Fermi levels despite the identical center-

o-center distance. Because particle 8 is far away from particle 1

nd μ8 � = μ1 , it receives approximately null energy from particle

. It is noteworthy that, for the j th particle, the energy distribution

oefficient γ j → i in the system only depends on the geometry and

ermi levels of GSCS nanoparticles, and keeps unchanged with the

ncrease of time. 

We consider the effects of geometry of the system on the ra-

iative heat transfer for the H-shaped pattern, as shown in Fig. 7 .

hen the radii of all particles decrease to R = 40 nm with l = 150
ig. 5. (a) Polarizability dependence of a GSCS nanoparticle versus μ. The major and minor polarizability peaks for μ = 0 . 1 and 0.7 eV are marked by x-marks. The dotted 

ine denotes the polarizability peak of a bare SiC nanoparticle with R = 50 nm. (b) Polarizabilities of the bare graphene shell with R = 50 nm under variant Fermi levels. 
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nm being fixed, this system possesses a larger temperature differ-

ence with T ≈ 11 K at t = 1 × 10 −2 s, as shown in Fig. 7 (a). De-

spite that smaller particles have less heat capacity which is benefi-

cial for the temperature increase, they simultaneously result in less

intense electric responses which weaken the radiative heat trans-

fer. Obviously, the latter effect plays a more important role in the

networks. When the center-center distances l increase to 200 nm

with R = 50 nm being fixed, particles with μ = 0 . 7 eV (the hot-

ter ones) exhibit very different temperatures at t = 1 × 10 −2 s, as

shown in Fig. 7 (b). This means that, the system shows an out-

of-order temperature distribution, demonstrating the weakening of

radiative heat transfer caused by a larger distance. 

4. Conclusions 

In summary, we have theoretically investigated the near-field

radiative heat transfer in a many-body system consisting of GSCS

nanoparticles. We find that, the graphene shells remarkably af-

fect the localized surface resonance of the particle, which plays a

significant role in the radiative heat transfer within the system.

Consequently, according to the heat splitting effect, the control-

lable temperature distribution induced by the directional heat flow

enables the thermal routing to be realized. This system, serving

as a module , can also easily be generalized to a larger-scale inte-

grated thermal device. Due to the highly tunable optical properties

of graphene, this system also has great potential to actively con-

trol the heat flux. It is noteworthy that the experimental realiza-

tion is indeed challenging but can still refer to some state-of-the-

art measurements [56,57] . Thermal routing is a basic functionality

which can be utilized for thermal management, information tech-

nology and so on. For example, design of propagation path of heat

flow facilitates heat-sensitive components to avoid thermalization

for maintaining their life and performance, and it can also makes

system show designated infrared thermal patterns which can be

decrypted by near-field thermal imaging but are encrypted in the

visible light [58–60] . This work could be used to actively tune heat

flow in integrated nano-objects for thermal manipulation, and also

provides a guideline for exploiting novel thermal functionalities via

radiative heat transfer at the nanoscale. 
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