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A. Kittel et al., PRL 95, 224301 (2005)
K. Kloppstech et al., Nat. Commun. 8, 14475 (2017)

Some experiments have questioned the flux divergence

S. Shen et al., Nano Letters 9, 2909 (2009)

d . 1 nm d ' 70 nm

Flux divergence at small distance
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Role of non-local effects

• Ad hoc modification of fluctuation-
dissipation theorem with a cutoff

• The effect plays a role for

Coupling with conduction?

d < 10 nm

• Studied only in the specific case of silicon

• Coupling induces a tiny temperature gradient

K. Joulain, JQRST 109, 294 (2008)
P.-O. Chapuis et al, PRB 77, 035431 (2008)

B. T.  Wong et al., JQRST 143, 46 (2014)

Some theoretical suggestions
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No temperature profile

Temperature profile

Conventional Polder - van Hove theory

Modified (reduced) radiative heat flux

vs
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Two planar parallel slabs

• Translational invariance
• Dielectric properties
• Distance 
• Arbitrary temperature profile

The role of a temperature profile

T (z)

• Generalized      - body problem
• Contribution of each layer of thickness
• Statistical description of       and

N

E+ E�

One slab having

Imposed temperature profiles can lead to modified flux asymptotic laws

' ' d�1 ' ' log(↵d)' ' d�2 ' ' const.
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Can conduction-radiation coupling induce an observable temperature profile ?

Coupling in the Fourier regime

@

@z


(z)

@

@z
T (z)

�
+

Z
dz0 '(z0, z) = Q(z)

(z) T (z)

'(z0, z) Q(z)

thermal conductivity temperature profile

radiative flux external sourcez0 ! z

R. Messina et al., Phys. Rev. B 94, 121410(R) (2016)

Coupled conduction-radiation equation Assumptions

Fourier regime
The temperature profile is linear in each region

Thermostats at        and

and       : interface temperatures

TL TR

Ta Tb

' ' h0
Ta � Tb

d2Simplified radiative flux

Ta � Tb =
d2(TL � TR)

d2 + 2th0

' =
h0(TL � TR)

d2 + 2th0

Closed-form solutions
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• Deviations at tens of nanometers

(TL, TR) = (600, 300)K

t = 100 nm, 1µm, 10µm,

100µm, 500µm
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• Thicknesses

• Two SiO2 slabs

Impact of material properties

Critical distance

d̃ =
p

2th0/

Ta � Tb = (TL � TR)/2

• Flux saturation
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@fp
@t

+ vg,p ·rfp = � fp � f0
⌧p(!, T (r))
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Boltzmann transport equation

+
Energy conservation equation
@u(r, t)

@t
= Prad(r, t) +r · 'cond(r, t)
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Coupling beyond Fourier regime

Ballistic regime

⇤ ⌧ �
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Diffusive regime

'cond(t, r) =
X

p

Z

4⇡
d⌦

Z
d! ~! vg,p(!)fp(t,!, r,⌦)

Dp(!)

4⇡
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Main figures: relative temperature gradient

Insets: absolute temperature gradient

Key points

• The coupling produces a temperature profile within each body

• The temperature gradient and the profile shape strongly depend on     andd
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M. Reina, RM, and P. Ben-Abdallah, Phys. Rev. Lett. 125, 224302 (2020)

Temperature profiles
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Main figures: radiative heat flux

Insets: relative error

Key points

• In the case of large thickness and small distance, the exact radiative flux exact is 

significantly different respect to the case in which the coupling is neglected

Impact on radiative flux
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Conduction-radiation coupling

M. Reina et al., PRL125, 224302 (2020)

R. Messina et al., Phys. Rev. B 94, 121410(R) (2016)

• Observable temperature profile within each solid

• The effect is remarkable for large slab thickness (Fourier 

regime) and small distance

• Strong reduction of exchanged radiative heat flux 

with respect to conventional theory
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Outline

• Radiation-conduction coupling 

• Many-body effects 
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Recent interest in many-body effects

10

B. Müller et al., PRB 95, 085413 (2017)

P. Ben-Abdallah et al., PRL 107, 114301 (2011)

L. Zhu and S. Fan, PRL 117, 134303 (2016)
M. Nikbakht, J. Appl. Phys. 116, 094307 (2014)

P. Ben-Abdallah and S.-A. Biehs, PRL 112, 044301 (2014)

S.-A. Biehs et al., Rev. Mod. Phys. 93, 025009 (2021)

V. Yannopapas et al., PRL 110, 044302 (2013)

Y. H. Kan et al., PRB 99, 035433 (2019)

D. Thomson et al.,
Nat. Nanotechnol. 15, 99 (2020)
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Recent interest in many-body effects
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B. Müller et al., PRB 95, 085413 (2017)

P. Ben-Abdallah et al., PRL 107, 114301 (2011)

L. Zhu and S. Fan, PRL 117, 134303 (2016)
M. Nikbakht, J. Appl. Phys. 116, 094307 (2014)

P. Ben-Abdallah et al., PRL 112, 044301 (2014)

S.-A. Biehs et al., Rev. Mod. Phys. 93, 025009 (2021)

V. Yannopapas et al., PRL 110, 044302 (2013)

Y. H. Kan et al., PRB 99, 035433 (2019)

D. Thomson et al.,
Nat. Nanotechnol. 15, 99 (2020)

Main features
• Additional degrees of freedom

• Prediction of purely many-body effects (failure of 

additive model)

• Flux amplification and modulation 
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Three bodies: theoretical framework

��
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• Three bodies having arbitrary shape and material properties

• Three arbitrary temperatures      ,      and  

• Environment enclosing the three bodies at temperature
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Local thermal equilibrium
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Sources of electromagnetic field

• Field        emitted by each body

• Environmental field

• Properties of the source fields

• Passage from source fields to the total 

field in each region

To be determined

The fluctuation-dissipation theorem is not applicable

The temperatures     ,    ,     and     remain constant

,
The correlation functions of the source fields are the same each 

individual body would have at thermal equilibrium

13

<latexit sha1_base64="rFtVDXjZUdm1tYx16qu8v8fJot4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewaUY9BLx4j5gXJEmYnvcmQ2dllZlYIIZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/mtJ1Sax7Juxgn6ER1IHnJGjZUe671Kr1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mpU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8MafcJmkBiVbLApTQUxMZn+TPlfIjBhbQpni9lbChlRRZmw6BRuCt/zyKmlelL2rcuXhslS9zeLIwwmcwjl4cA1VuIcaNIDBAJ7hFd4c4bw4787HojXnZDPH8AfO5w/abY2G</latexit>

T3



R. MessinaNanoscale Heat Radiation II

Main steps of the calculation
• Correlation functions of the source fields

• Total field in each region expressed as a function of source fields through scattering 

operators

2 bodies:  RM and M. Antezza, EPL 95, 61002 (2011), PRA 84, 042102 (2011) 
3 bodies:  RM and M. Antezza, PRA 89, 052104 (2014)
N planar slabs: I. Latella et al., PRB 95, 205404 (2017)

14



R. MessinaNanoscale Heat Radiation II

Heat transfer on body 1

Exchange with environment, body 2 an 3

Many-body effect: each energy exchange depends
on the presence of the other bodies!

Bose-Einstein
populations

<latexit sha1_base64="W+RzGuoZY/2sQPKCaEAcb0LbXKc="></latexit>

H1 = Tr
n
~!

h
ne1Ae1 + n21A21 + n31A31

io

<latexit sha1_base64="whOx/T8XBRNuWGQ+JrLDIpY6Lps=">AAACEHicbVDLSgMxFM3UV62vUZdugkVsQcuMiroRim5cVugL2mHIpJk2bSYzJBmhDP0EN/6KGxeKuHXpzr8xbQfU1gMXTs65l9x7vIhRqSzry8gsLC4tr2RXc2vrG5tb5vZOXYaxwKSGQxaKpockYZSTmqKKkWYkCAo8Rhre4GbsN+6JkDTkVTWMiBOgLqc+xUhpyTUPuZvQ/gheQV5ohwHpoqOqS4vw+OcNq26/6Jp5q2RNAOeJnZI8SFFxzc92J8RxQLjCDEnZsq1IOQkSimJGRrl2LEmE8AB1SUtTjgIinWRy0AgeaKUD/VDo4gpO1N8TCQqkHAae7gyQ6slZbyz+57Vi5V86CeVRrAjH04/8mEEVwnE6sEMFwYoNNUFYUL0rxD0kEFY6w5wOwZ49eZ7UT0r2een07ixfvk7jyII9sA8KwAYXoAxuQQXUAAYP4Am8gFfj0Xg23oz3aWvGSGd2wR8YH98Qc5q0</latexit>

nij = n(!, Ti)� n(!, Tj)

15



R. MessinaNanoscale Heat Radiation II

Amplification of heat transfer

�

��

� ��

� � �

We want to compare

The temperature     is such that the heat flux on body 2 is zero

No additional external thermal source)

<latexit sha1_base64="xa62Dm9i9fmdiG9eQWh67Fxv8ho=">AAAB+HicbVBNT8JAEJ3iF+IHVY9eNhITvJAWjXokevGIiSAJNM12u8CG7bbZ3ZJgwy/x4kFjvPpTvPlvXKAHBV8yyct7M5mZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnktAWiXksOwFWlDNBW5ppTjuJpDgKOH0MRrcz/3FMpWKxeNCThHoRHgjWZwRrI/l2uTfGMhkyP6uraTU88+2KU3PmQKvEzUkFcjR9+6sXxiSNqNCEY6W6rpNoL8NSM8LptNRLFU0wGeEB7RoqcESVl80Pn6JTo4SoH0tTQqO5+nsiw5FSkygwnRHWQ7XszcT/vG6q+9dexkSSairIYlE/5UjHaJYCCpmkRPOJIZhIZm5FZIglJtpkVTIhuMsvr5J2veZe1s7vLyqNmzyOIhzDCVTBhStowB00oQUEUniGV3iznqwX6936WLQWrHzmCP7A+vwBU42S4A==</latexit>

'2s(d)
<latexit sha1_base64="ZJKsKMR8oobRN53P1xOawEs3CZA=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiVJCSWFGPRS8eK9gPaELYbKbt0s0m7G4KJfbgX/HiQRGv/g1v/hu3bQ5afTDweG+GmXlBwqhUtv1lFJaWV1bXiuuljc2t7R1zd68l41QQaJKYxaITYAmMcmgqqhh0EgE4Chi0g+HN1G+PQEga83s1TsCLcJ/THiVYack3D9wRFsmA+llNTipuCEzh0/DEN8t21Z7B+kucnJRRjoZvfrphTNIIuCIMS9l17ER5GRaKEgaTkptKSDAZ4j50NeU4Aulls/sn1rFWQqsXC11cWTP150SGIynHUaA7I6wGctGbiv953VT1rryM8iRVwMl8US9lloqtaRhWSAUQxcaaYCKovtUiAywwUTqykg7BWXz5L2mdVZ2Lau3uvFy/zuMookN0hCrIQZeojm5RAzURQQ/oCb2gV+PReDbejPd5a8HIZ/bRLxgf329albk=</latexit>

'3s(�, d)

<latexit sha1_base64="sd/rZpaKGb5IfwpIM/QS3DGwYgI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGUY9BLx4j5gXJEmYnvcmQ2dllZlYIIZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/mtJ1Sax7Juxgn6ER1IHnJGjZUe671Kr1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mpU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8MafcJmkBiVbLApTQUxMZn+TPlfIjBhbQpni9lbChlRRZmw6BRuCt/zyKmlWyt5V+eLhslS9zeLIwwmcwjl4cA1VuIcaNIDBAJ7hFd4c4bw4787HojXnZDPH8AfO5w/Y6Y2F</latexit>

T2

6



R. MessinaNanoscale Heat Radiation II 16

Amplification of heat transfer

�

��

� ��

� � �

'3s(�, d)'2s(d)

We want to compare

The temperature     is such that the heat flux on body 2 is zeroT2

No additional external thermal source)

May three-body effects produce

?

<latexit sha1_base64="Fx42urvYp58yDSUvmuaqZAeIuvg=">AAACGXicbZDLSsNAFIYnXmu9RV26GSxCBSlJK+pKim5cVrAXaEKYTCbt0MkkzEwKJeQ13Pgqblwo4lJXvo3TC6itPwz8fOcczpzfTxiVyrK+jKXlldW19cJGcXNre2fX3NtvyTgVmDRxzGLR8ZEkjHLSVFQx0kkEQZHPSNsf3Izr7SERksb8Xo0S4kaox2lIMVIaeablhALhzBkikfSpl9VkXnYCwhQ6DU7yH17VXIMr2zNLVsWaCC4ae2ZKYKaGZ344QYzTiHCFGZKya1uJcjMkFMWM5EUnlSRBeIB6pKstRxGRbja5LIfHmgQwjIV+XMEJ/T2RoUjKUeTrzgipvpyvjeF/tW6qwks3ozxJFeF4uihMGVQxHMcEAyoIVmykDcKC6r9C3Ec6KqXDLOoQ7PmTF02rWrHPK7W7s1L9ehZHARyCI1AGNrgAdXALGqAJMHgAT+AFvBqPxrPxZrxPW5eM2cwB+CPj8xukfaCr</latexit>

'3s(�, d)

'2s(d)
> 1



R. MessinaNanoscale Heat Radiation II

Amplification of heat transfer

• Amplification exists up to distances

• For each value of     an optimal value of     exists

RM, M. Antezza, and P. Ben-Abdallah, PRL 109, 244302 (2012)

<latexit sha1_base64="0neWlNSVcUu26fJaHGZAuAdbQOA=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkqiRd0IRTeCmwp9QRPCZDpph04mYWYihFB/xY0LRdz6Ie78GydtFtp6YOBwzr3cM8ePGZXKsr6N0srq2vpGebOytb2zu2fuH3RllAhMOjhikej7SBJGOekoqhjpx4Kg0Gek509uc7/3SISkEW+rNCZuiEacBhQjpSXPrLY9+7phWc6pEyI1FmF2P/XMmlW3ZoDLxC5IDRRoeeaXM4xwEhKuMENSDmwrVm6GhKKYkWnFSSSJEZ6gERloylFIpJvNwk/hsVaGMIiEflzBmfp7I0OhlGno68k8oVz0cvE/b5Co4MrNKI8TRTieHwoSBlUE8ybgkAqCFUs1QVhQnRXiMRIIK91XRZdgL355mXTP6vZF/fyhUWveFHWUwSE4AifABpegCe5AC3QABil4Bq/gzXgyXox342M+WjKKnSr4A+PzByigk9Y=</latexit>

T1 = 400K
<latexit sha1_base64="CSR4TH8Ob9Q0KawLBEmntvzeTe4=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSElaUTdC0Y3gpkJf0IQwmU7aoZNJmJkIIdRfceNCEbd+iDv/xkmbhbYeGDiccy/3zPFjRqWyrG9jZXVtfWOztFXe3tnd2zcPDrsySgQmHRyxSPR9JAmjnHQUVYz0Y0FQ6DPS8ye3ud97JELSiLdVGhM3RCNOA4qR0pJnVtpe/bphWc6ZEyI1FmF2P/XMqlWzZoDLxC5IFRRoeeaXM4xwEhKuMENSDmwrVm6GhKKYkWnZSSSJEZ6gERloylFIpJvNwk/hiVaGMIiEflzBmfp7I0OhlGno68k8oVz0cvE/b5Co4MrNKI8TRTieHwoSBlUE8ybgkAqCFUs1QVhQnRXiMRIIK91XWZdgL355mXTrNfui1ng4rzZvijpK4Agcg1Ngg0vQBHegBToAgxQ8g1fwZjwZL8a78TEfXTGKnQr4A+PzByiik9Y=</latexit>

T2 = 300K

<latexit sha1_base64="vUnrnqvWVdRFAv/kuPsAZTaI/Zc=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCCymJSnVZdOOygn1AE8pkMmmHzkzizEQooW78FTcuFHHrX7jzb5y0WWjrgQuHc+7l3nuChFGlHefbWlhcWl5ZLa2V1zc2t7btnd2WilOJSRPHLJadACnCqCBNTTUjnUQSxANG2sHwOvfbD0QqGos7PUqIz1Ff0IhipI3Us/dDT1FO7mHNcbwTjyM9kDwTfNyzK07VmQDOE7cgFVCg0bO/vDDGKSdCY4aU6rpOov0MSU0xI+OylyqSIDxEfdI1VCBOlJ9NPhjDI6OEMIqlKaHhRP09kSGu1IgHpjM/Uc16ufif1011dOlnVCSpJgJPF0UpgzqGeRwwpJJgzUaGICypuRXiAZIIaxNa2YTgzr48T1qnVbdWPbs9r9SvijhK4AAcgmPgggtQBzegAZoAg0fwDF7Bm/VkvVjv1se0dcEqZvbAH1ifP8Jqlng=</latexit>

d ' 600 nm
<latexit sha1_base64="O5YX0O2FZsDJGnz1DrTYkBi0OcA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM1m0q7dbMLuRiilv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLUsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8m/qtJ1SaJ/LBjFL0Y9qXPOKMGivVw16p7FbcGcgy8XJShhy1XumrGyYsi1EaJqjWHc9NjT+mynAmcFLsZhpTyoa0jx1LJY1R++PZoRNyapWQRImyJQ2Zqb8nxjTWehQHtjOmZqAXvan4n9fJTHTjj7lMM4OSzRdFmSAmIdOvScgVMiNGllCmuL2VsAFVlBmbTdGG4C2+vEya5xXvqnJRvyxXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHyoWM8A==</latexit>

d
<latexit sha1_base64="OzkRajfmvKJn3dHPpirCp7210XI=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6rHoxWMF+wFtKJvNtF272Q27G6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvTDjTxvO+ncLK6tr6RnGztLW9s7tX3j9oapkqig0quVTtkGjkTGDDMMOxnSgkccixFY5up37rCZVmUjyYcYJBTAaC9RklxkrNboTckF654lW9Gdxl4uekAjnqvfJXN5I0jVEYyonWHd9LTJARZRjlOCl1U40JoSMywI6lgsSog2x27cQ9sUrk9qWyJYw7U39PZCTWehyHtjMmZqgXvan4n9dJTf86yJhIUoOCzhf1U+4a6U5fdyOmkBo+toRQxeytLh0SRaixAZVsCP7iy8ukeVb1L6vn9xeV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzZHOi/PufMxbC04+cwh/4Hz+AJQojyQ=</latexit>

�

Amplification factor as a function

of distance and thickness

Temperatures

Two SiC slabs

(surface phonon-polariton)

17



R. MessinaNanoscale Heat Radiation II

Monochromatic heat flux

�

��

� ��

� � �

Contribution of the modes at the surface-resonance frequency

(a) Two slabs, SiC-SiC, distance 

(b)                  Two slabs, distance 

Two slabs, distance

<latexit sha1_base64="+cq9//CXH+rUP0cjbSH1y+OML6g=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KoqBeh6MVjBfsBTSibzaZdutmE3YkSSv0rXjwo4tUf4s1/47bNQasPBh7vzTAzL0gF1+A4X1ZpaXllda28XtnY3NresXf32jrJFGUtmohEdQOimeCStYCDYN1UMRIHgnWC0fXU79wzpXki7yBPmR+TgeQRpwSM1LerXsgEkEvHU3wwBKJU8tC3a07dmQH/JW5BaqhAs29/emFCs5hJoIJo3XOdFPwxUcCpYJOKl2mWEjoiA9YzVJKYaX88O36CD40S4ihRpiTgmfpzYkxirfM4MJ0xgaFe9Kbif14vg+jCH3OZZsAknS+KMoEhwdMkcMgVoyByQwhV3NyK6ZAoQsHkVTEhuIsv/yXt47p7Vj+5Pa01roo4ymgfHaAj5KJz1EA3qIlaiKIcPaEX9Go9Ws/Wm/U+by1ZxUwV/YL18Q3Xl5Tp</latexit>

� = 0 !
<latexit sha1_base64="9tUuijjatHQKxRrA1rxt0+yJFCo=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkqioh6LXjxWsB/QhLLZbNKlm03YnSil9uBf8eJBEa/+DW/+G7dtDtr6YODx3gwz84JMcA2O820tLC4tr6yW1srrG5tb2/bOblOnuaKsQVORqnZANBNcsgZwEKydKUaSQLBW0L8e+617pjRP5R0MMuYnJJY84pSAkbr2vhcyAcSLYxx6isc9IEqlD1274lSdCfA8cQtSQQXqXfvLC1OaJ0wCFUTrjutk4A+JAk4FG5W9XLOM0D6JWcdQSRKm/eHk/hE+MkqIo1SZkoAn6u+JIUm0HiSB6UwI9PSsNxb/8zo5RJf+kMssBybpdFGUCwwpHoeBQ64YBTEwhFDFza2Y9ogiFExkZROCO/vyPGmeVN3z6untWaV2VcRRQgfoEB0jF12gGrpBddRAFD2iZ/SK3qwn68V6tz6mrQtWMbOH/sD6/AFGFpZI</latexit>

� � d ! <latexit sha1_base64="O5YX0O2FZsDJGnz1DrTYkBi0OcA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM1m0q7dbMLuRiilv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLUsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8m/qtJ1SaJ/LBjFL0Y9qXPOKMGivVw16p7FbcGcgy8XJShhy1XumrGyYsi1EaJqjWHc9NjT+mynAmcFLsZhpTyoa0jx1LJY1R++PZoRNyapWQRImyJQ2Zqb8nxjTWehQHtjOmZqAXvan4n9fJTHTjj7lMM4OSzRdFmSAmIdOvScgVMiNGllCmuL2VsAFVlBmbTdGG4C2+vEya5xXvqnJRvyxXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHyoWM8A==</latexit>

d

<latexit sha1_base64="FW6Fr5N4JqatEtsjRE5UODUXWbg=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Vj04rGK/YA2lM1m0y7dbMLuRCil/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLUikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJsk04w2WyES3A2q4FIo3UKDk7VRzGgeSt4Lh7dRvPXFtRKIecZRyP6Z9JSLBKFrpoRr2SmW34s5AlomXkzLkqPdKX90wYVnMFTJJjel4bor+mGoUTPJJsZsZnlI2pH3esVTRmBt/PLt0Qk6tEpIo0bYUkpn6e2JMY2NGcWA7Y4oDs+hNxf+8TobRtT8WKs2QKzZfFGWSYEKmb5NQaM5QjiyhTAt7K2EDqilDG07RhuAtvrxMmtWKd1k5v78o127yOApwDCdwBh5cQQ3uoA4NYBDBM7zCmzN0Xpx352PeuuLkM0fwB87nDztyjSw=</latexit>

2d

<latexit sha1_base64="w+u4+7jUg6QzuGlph0XM/spyjxs=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgQspMFXUjFN24rGAf0BlKJpNpQ5PMkGTEMsyvuHGhiFt/xJ1/Y6btQlsPBA7n3Ms9OUHCqNKO822VVlbX1jfKm5Wt7Z3dPXu/2lFxKjFp45jFshcgRRgVpK2pZqSXSIJ4wEg3GN8WfveRSEVj8aAnCfE5GgoaUYy0kQZ2NbxuOI536nGkR5JngucDu+bUnSngMnHnpAbmaA3sLy+MccqJ0Jghpfquk2g/Q1JTzEhe8VJFEoTHaEj6hgrEifKzafYcHhslhFEszRMaTtXfGxniSk14YCaLiGrRK8T/vH6qoys/oyJJNRF4dihKGdQxLIqAIZUEazYxBGFJTVaIR0girE1dFVOCu/jlZdJp1N2L+tn9ea15M6+jDA7BETgBLrgETXAHWqANMHgCz+AVvFm59WK9Wx+z0ZI13zkAf2B9/gAVqZPa</latexit>

d = 200 nm
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R. MessinaNanoscale Heat Radiation II

Monochromatic heat flux

�

��

� ��

� � �

Contribution of the modes at the surface-resonance frequency

The optimal    corresponds to an
optimized three-body configuration

The number of participating modes is enhanced

<latexit sha1_base64="OzkRajfmvKJn3dHPpirCp7210XI=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6rHoxWMF+wFtKJvNtF272Q27G6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvTDjTxvO+ncLK6tr6RnGztLW9s7tX3j9oapkqig0quVTtkGjkTGDDMMOxnSgkccixFY5up37rCZVmUjyYcYJBTAaC9RklxkrNboTckF654lW9Gdxl4uekAjnqvfJXN5I0jVEYyonWHd9LTJARZRjlOCl1U40JoSMywI6lgsSog2x27cQ9sUrk9qWyJYw7U39PZCTWehyHtjMmZqgXvan4n9dJTf86yJhIUoOCzhf1U+4a6U5fdyOmkBo+toRQxeytLh0SRaixAZVsCP7iy8ukeVb1L6vn9xeV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzZHOi/PufMxbC04+cwh/4Hz+AJQojyQ=</latexit>

�
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R. MessinaNanoscale Heat Radiation II

Radiative HT between nanoparticles

P. Ben-Abdallah, K. Joulain, J. Drevillon, and C. Le Goff, Phys. Rev. B 77, 075417 (2008)
P.-O.Chapuis, M. Laroche, S.Volz, and J.-J.Greffet, Appl. Phys. Lett. 92, 20 (2008)
P. Ben-Abdallah, S.-A. Biehs, and K. Joulain, Phys. Rev. Lett. 107, 114301 (2011)
V. Yannopapas and N. V. Vitanov, Phys. Rev. Lett. 110, 044302 (2013)
P. Ben-Abdallah, R. Messina, S.-A. Biehs, M. Tschikin, K. Joulain, and C. Henkel, Phys. Rev. Lett. 111, 174301 (2013)
M. Nikbakht, J. Appl. Phys. 116, 094307 (2014)
R. Incardone, T. Emig, and M. Krüger, Europhys. Lett. 106, 41001 (2014)
J. Dong, J. Zhao, and L. Liu, Phys. Rev. B 95, 125411 (2017)
K. Asheichyk, B. Müller, and M. Krüger, Phys. Rev. B 96, 155402 (2017)

and others…

Extensive literature on the topic

Major theoretical simplification

• Each particle described as a pointlike source
• Description by means of an electric and/or 

magnetic dipole
• Limitation of the interparticle distance

Discrete Dipole Approximation

• Macroscopic body described as a set of dipoles

G. Baffou and R. Quidant, Laser Photon. Rev. 7, 171 (2013)

Thermoplasmonic applications

• Nanochemistry, photothermal therapy

E. M. Purcell and C. R. Pennypacker, Astrophys. J. 186, 705 (1973)

Modeling tip-surface experiments

19



R. MessinaNanoscale Heat Radiation II

Dipole moments

Self-consistent formalism
<latexit sha1_base64="DvOfBQHu49oC1zErmjmdwiMGC2c=">AAACS3icbVBNSwMxFMxW60f9qnr0EixCi1B2VdSLUBTBYwVbC20t2TSrwWx2Sd6KZdn/58WLN/+EFw+KeDDbrqi1A4FhZh7vZdxQcA22/WzlpqbzM7Nz84WFxaXlleLqWlMHkaKsQQMRqJZLNBNcsgZwEKwVKkZ8V7BL9/Yk9S/vmNI8kBcwCFnXJ9eSe5wSMFKv6GLc8QncuF58mpS/qUoqRz/yVdwBdg9x2a0kfzLbEzJc9sdSvWLJrtpD4P/EyUgJZaj3ik+dfkAjn0mggmjdduwQujFRwKlgSaETaRYSekuuWdtQSXymu/GwiwRvGaWPvUCZJwEP1d8TMfG1HviuSaYn6nEvFSd57Qi8w27MZRgBk3S0yIsEhgCnxeI+V4yCGBhCqOLmVkxviCIUTP0FU4Iz/uX/pLlTdfaru+d7pdpxVscc2kCbqIwcdIBq6AzVUQNR9IBe0Bt6tx6tV+vD+hxFc1Y2s47+IJf/ArKVtQk=</latexit>

E(r) = E(b)(r) +E(ind)(r)
<latexit sha1_base64="z67OexB7pxQk72YHaQAtrN1fZKc=">AAACKnicbVDLSgMxFM34rPVVdekmWIQWocyoqBuh6sZlBfuAtpZMmmlDM5khuSOWYb7Hjb/ipguluPVDTB+L2vZA4OSce7n3HjcUXINtD62V1bX1jc3UVnp7Z3dvP3NwWNFBpCgr00AEquYSzQSXrAwcBKuFihHfFazq9h5GfvWVKc0D+Qz9kDV90pHc45SAkVqZu4ZPoOt6cZi0OL7Fs9+XBrA3iHOeyCdnywwu2/mklcnaBXsMvEicKcmiKUqtzKDRDmjkMwlUEK3rjh1CMyYKOBUsSTcizUJCe6TD6oZK4jPdjMenJvjUKG3sBco8CXisznbExNe677umcrSwnvdG4jKvHoF304y5DCNgkk4GeZHAEOBRbrjNFaMg+oYQqrjZFdMuUYSCSTdtQnDmT14klfOCc1W4eLrMFu+ncaTQMTpBOeSga1REj6iEyoiid/SJvtC39WENrKH1MyldsaY9R+gfrN8/Zb+ofA==</latexit>

pi = p(fl)
i + p(ind)

i

Electric field

<latexit sha1_base64="xfFoUiMBg1kzZWhJNAcxdWJuVvg="></latexit>

E(ind)(r) =
k2

"0

X

i

G(r, ri)pi

<latexit sha1_base64="lZdc+jjoQKBwnM7EOmZcMRi9cVQ="></latexit>

p(ind)
i = "0↵i

⇣
E(b)

i +
k2

"0

X

j 6=i

G(ri, rj)pj

⌘

• Fluctuating + induced contributions

• Green’s function (geometry of the system)

• System of equations: total field and dipole moments as a function of the fluctuating terms

Trace expressionExchange between bodies

Exchange with external field

Absorbed power
<latexit sha1_base64="shQITJChkSppzzxZ5U563zvVn00="></latexit>

}(abs)
i (t, T1, . . . , TN , Tb) =

⌧
dpi(t)

dt
·E(ri, t)

�
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Susceptibilities of the nanoparticles
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Two nanoparticles above a substrate

• Two nanospheres at different temperatures

• Two distances: interparticle and particle-surface

• Limitation of the interparticle distance

•

d

z

Conductance
Polarizabilities

Green functions

T - derivative of BE distribution

Vacuum + scattering contribution Ex.: EE term

R ≪ d, z, λ
R = 5 nm

α(0)
E (ω) = 4πR3 ε(ω) − 1

ε(ω) + 2

α(0)
H (ω) =

2π
15

R3( ωR
c )

2
[ε(ω) − 1]

G = 4∫
+∞

0

dω
2π

ℏω k4
0 n′￼(ω, T )χ2Tr(𝔾𝔾†)

𝔾 = 𝔾(0) + 𝔾(sc)

𝔾(sc)
EE = ∫

+∞

0

dk
2π

ike2ikzz

2k2
0kz

(rs𝕊 + rpℙ)
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Some theoretical remarks
d

z

Total conductance

vacuum   +   scattering   +   mixed

Three contributions to conductance

Amplification

Near and far field

• The interparticle distance regulates the flux 
amplification even in vacuum

• The particle-surface distance regulates the 
participation of the surface mode

Tr(𝔾𝔾†) = Tr(𝔾(0)𝔾(0)†) + Tr(𝔾(sc)𝔾(sc)†) + 2Re[Tr(𝔾(0)𝔾(sc)†)]

G = G(0,0) + G(sc,sc) + G(0,sc)

G/G(0,0)
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SiC particles on SiC substrate
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• Conductance as a function of the 
interparticle distance for 

• Amplification of two orders of magnitude 
on a large range of distances

• Modified long-distance power-law 
behavior

Dependence on z:

• Signature of the participation of the 
surface mode

• Decay length compatible with phonon-
polariton decay length

z = 50 nm

z = 50 nm

J. Dong, J. Zhao, and L. Liu, PRB 97, 075422 (2018)
RM, S.-A. Biehs, and P. Ben-Abdallah, PRB 97, 165437 (2018)
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Many-body effects

RM, S.-A. Biehs, and P. Ben-Abdallah, PRB 97, 165437 (2018)

• Radiative HT between two bodies can be strongly amplified 

by exploiting the presence of a third body

• The amplification can go up to two orders of 

magnitude

• The number of participating modes and the spectral features 

are modified
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0
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z = 50 nm

RM, M. Antezza, and P. Ben-Abdallah, PRL 109, 244302 (2012)
J. Dong, J. Zhao, and L. Liu, PRB 97, 075422 (2018)

RM et al., Phys. Rev. B 88, 104307 (2013)
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Supplementary slides
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Two gold particles on substrate
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Au particles on SiC substrate

• Much smaller values of the conductance

• Conductance as a function of the 
interparticle distance for 

• Much smaller amplification

Dependence on z:

• Signature of the participation of the 
surface mode

• Decay length compatible with phonon-
polariton decay length
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Spectral analysis
Two kind of surface modes

Planar SiC-vacuum interface Spherical Au-vacuum interface

Expected to contribute for small Ultraviolet range, thermally not excited

0 1 2 3 4 5 6

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5 6

0.0

0.5

1.0

1.5

2.0

2.5

3.0

ε(ω) + 1 = 0 ε(ω) + 2 = 0
ωpl = 1.786 × 1014 rad/s ωnp = 7.9 × 1015 rad/s

z

d = 50 nm d = 2 μm
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Graphene sheet on the substrate
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SiC particles Au particles

Graphene is not beneficial Huge increase of conductance amplification

Recently, the use of graphene has been theoretically proposed to increase the near-field RHT by 
reducing the mismatch between the surface modes of different materials

R. Messina and P. Ben-Abdallah, Sci. Rep. 3, 1383 (2013)
R. Messina, P. Ben-Abdallah, B. Guizal, and M. Antezza, Phys. Rev. B 96, 045402 (2017)
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Radiative heat transfer
between gratings
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Radiative heat transfer and gratings

J. Dai et al., PRB 92, 035419 (2015);
PRB 93, 155403 (2016); PRB 94, 125431 (2016)

S.-A. Biehs et al., APL 98, 243102 (2011)

H. Chalabi et al., PRB 91, 014302 (2015);
PRB 91, 174304 (2015); PRB 94, 094307 (2016)

J. Lussange et al., PRA 86, 062502 (2012);
PRB 86, 085432 (2012)
R. Guérout et al., PRB 85, 180301(R) (2012)

Effective theory

1D and 2D gratings Effect of shape• Manipulation of spectral 

properties

• New field modes

• Enhancement or 

suppression of the effect

Role of graphene

X. L. Liu et al., APL 104, 251911 (2014)

S-matrix approach
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The physical problem
Grating parameters
• Periodic in    direction

• Invariant in    direction

• Period 

• Filling factor 

• Thickness

• Corrugation height

x
y

D

fi = li/D

�i

hi

�1 = �2 = 1

d = 1µm

D1 = D2 = 1µm

Substrate thicknesses

Parameters

'(h)/'(0)

Flux amplification
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Amplification of heat transfer

R. Guérout et al., PRB 85, 180301(R) (2012)

Amplification of more than one order of magnitude!

RM, A. Noto, B. Guizal, and M. Antezza, PRA 95, 125404 (2017)
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Spectral analysis vs grating depth

J. B. Pendry et al., Science 305, 847 (2004); F. J. García-Vidal et al., J. Opt. A: Pure Appl. Opt. 7, S97 (2005)

• Appearance of new modes

• Number and position of modes strong function of

• Spoof plasmons, approximately described by the relation (perf. conductors) 

!n = (2n+ 1)⇡c/2h
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Shuttling and pumping effects
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Heat shuttling

J(XL(t), XR(t))

XL

t

XL(t) XR(t)

d

XR

t

N.-B. Li, P. Hanggi, and B. Li, Europhys. Lett. 84, 40009 (2008)
N.-B. Li, F. Zhan, P. Hanggi, and B. Li, Phys. Rev. E 80, 011125 (2009)
J. Ren and B. Li, Phys. Rev. E 81, 021111 (2010).
J. Ren, P. Hanggi, and B. Li, Phys. Rev. Lett. 104, 170601 (2010)
J. Ren, S. Liu, and B. Li, Phys. Rev. Lett. 108, 210603 (2012)

Already studied for conduction

• Energy exchange between bodies having
 time-modulated parameters

• Active dynamic management of heat flux at the 
nanoscale

Average difference

Flux for averaged variables + Supplementary shuttling flux due to 
nonlinearity which can reduce or increase the flux

XL(t), XR(t) ΔX̄ =
1
τ ∫

τ

0
ΔX(t)dt = xL − xR
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Definitions and heat flux
Choice of time dependence

Temperature or chemical potential

Flux
Effective number of modes

Perturbative analysis with respect 
to the oscillation amplitudes

(e.g. Landauer approach)

XL(t) = xL + δL sin(Ωt)

XR(t) = xR + δR sin(Ω′￼t + ϕ)

J(XL(t), XR(t)) = ∫
∞

0

dω
2π

ΘLRKLR KLR(ω, XL(t), XR(t)) > 0

ΘLR(ω, XL(t), XR(t)) = ΘL(ω, XL(t)) − ΘR(ω, XR(t))

Θi(ω, Xi) =
ℏω [eℏω/(kBXi) − 1]−1, Xi = Ti

ℏω [e(ℏω−Xi)/(kBTi) − 1]−1, Xi = μi

J(XL(t), XR(t))

XL

t

XL(t) XR(t)

d

XR

t
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Perturbative expansion
• Only          is allowed to vary

• Expansion with respect to 

• We assume                     thus we have a vanishing zero-order average flux

• We compute the time-averaged flux

Case 1: optical properties do not depend on

The shuttling flux is always positive

Case 2: optical properties depend on
The shuttling flux can be negative

XL(t)
δL

xL = xR = x0

J̄ =
1
τ ∫

τ

0
J(t)dt

J̄ ≃
δ2

L

4 ∫
∞

0

dω
2π (Θ′￼′￼LKLR + 2Θ′￼LK′￼LR)

XL(t)

XL(t)

J̄ ≃
δ2

L

4 ∫
∞

0

dω
2π

Θ′￼′￼LKLR where Θ′￼′￼L > 0
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Numerical results: two SiO2 slabs
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T0 = 300K
T0 = 400K
T0 = 500K

• The shuttling flux is calculated exactly
• It is always positive as expected

• It varies strongly with the distance and goes as         in the near field

Main part of the plot

Inset

Comments

TL(t) = T0 + δT sin(Ωt) δT = 30 K

TR(t) = T0

TR(t) = T0 +
δT
2

sin(Ωt)

d−2
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Numerical results: InSb and SiO2 slabs
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T0 = 300K

T0 = 400K

T0 = 500K

d = 100 nm

d = 1µm
d = 10µm

• Same temperature
• InSb subject to an oscillating voltage

• Oscillating chemical potential

• The average flux is always positive 

• Strongly asymmetric diode-like behavior as 
a function of the chemical potential

Comments

T0

VL(t) = δV sin(Ωt)

μL(t) = qδV sin(Ωt)
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Numerical results: VO2 and SiO2 slabs
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• VO2: transition around                    from a 
dielectric to a metallic behavior

• Varying temperature

Main part of the plot

Inset

The flux strongly depends on the distance and its 
sign can be modulated by changing the average 
temperature

maximizes the shuttling flux

TL(t) = T0 + δT sin(Ωt) δT = 30 K

TR(t) = T0

T0 = Tc

TR(t) = T0 + δT sin(Ωt + ϕ)

Tc = 340 K
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Radiative heat pumping

Position and temperature varying as
<latexit sha1_base64="8oIZKDzbsmNWSMBHv0ff0f96Guw=">AAACFnicbVDLSgNBEJz1bXxFPXoZDEJEDbtG1Isg6sFjhESFbFhmJ504ODu7zvSKYclXePFXvHhQxKt482+cPA6+ChqKqm66u8JECoOu++mMjI6NT0xOTedmZufmF/KLS+cmTjWHGo9lrC9DZkAKBTUUKOEy0cCiUMJFeH3c8y9uQRsRqyp2EmhErK1ES3CGVgryW9WgXMT1g2qQlTd9hDvM4Kbb3fBPQCKjVd8IVfTjCNqM4nqQL7gltw/6l3hDUiBDVIL8h9+MeRqBQi6ZMXXPTbCRMY2CS+jm/NRAwvg1a0PdUsUiMI2s/1aXrlmlSVuxtqWQ9tXvExmLjOlEoe2MGF6Z315P/M+rp9jab2RCJSmC4oNFrVRSjGkvI9oUGjjKjiWMa2FvpfyKacbRJpmzIXi/X/5LzrdL3m6pfLZTODwaxjFFVsgqKRKP7JFDckoqpEY4uSeP5Jm8OA/Ok/PqvA1aR5zhzDL5Aef9CzLfnis=</latexit>

T3(t) = T3,eq +�T sin(!t)
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x3(t) = �x sin(!t+ �)

Third body acting as an external probe

Treatment within the dipolar approximation

Calculation of the power absorbed by particles 1 and 2

Up to second order in        and
<latexit sha1_base64="DZwNTnh3WK+5XLxxIW4/jj+Snm8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegHjxGyAuSJcxOJsmQ2dl1plcIS37CiwdFvPo73vwbJ8keNLGgoajqprsriKUw6LrfTm5ldW19I79Z2Nre2d0r7h80TJRoxusskpFuBdRwKRSvo0DJW7HmNAwkbwaj26nffOLaiEjVcBxzP6QDJfqCUbRSq3PHJVJS6xZLbtmdgSwTLyMlyFDtFr86vYglIVfIJDWm7bkx+inVKJjkk0InMTymbEQHvG2poiE3fjq7d0JOrNIj/UjbUkhm6u+JlIbGjMPAdoYUh2bRm4r/ee0E+9d+KlScIFdsvqifSIIRmT5PekJzhnJsCWVa2FsJG1JNGdqICjYEb/HlZdI4K3uX5fOHi1LlJosjD0dwDKfgwRVU4B6qUAcGEp7hFd6cR+fFeXc+5q05J5s5hD9wPn8AYZGPjA==</latexit>

�T
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Dephasing acts as a control parameter on 

the value and sign of the absorbed power
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Manipulating heat flux

Dephasing

 

• Two-body case 

• Heat-pumping effect for 

• Induced equilibrium temperature

� = 0
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T1 = T2 = 300K
<latexit sha1_base64="mSX883nYdtfYvkFn4hXxOnElnfE=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwISVpFd0Uim4ENxX6giaEyXTSDp1MwsyNWELBX3HjQhG3foc7/8bpY6GtBy4czrmXe+8JEs4U2Pa3sbS8srq2ntvIb25t7+yae/tNFaeS0AaJeSzbAVaUM0EbwIDTdiIpjgJOW8HgZuy3HqhULBZ1GCbUi3BPsJARDFryzcO671TqfqlStm33zAX6CNndyDcLdtGewFokzowU0Aw13/xyuzFJIyqAcKxUx7ET8DIsgRFOR3k3VTTBZIB7tKOpwBFVXjY5f2SdaKVrhbHUJcCaqL8nMhwpNYwC3Rlh6Kt5byz+53VSCK+8jIkkBSrIdFGYcgtia5yF1WWSEuBDTTCRTN9qkT6WmIBOLK9DcOZfXiTNUtEpFy/uzwvV61kcOXSEjtEpctAlqqJbVEMNRFCGntErejOejBfj3fiYti4Zs5kD9AfG5w8JlpRG</latexit>

T > 300K
<latexit sha1_base64="i+CTfP/AFh+cDDceL8iawOUOlPk=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5TEKnqSohfBS4V+QRPKZrttl242YXci1tBf4sWDIl79Kd78N27bHLT1wcDjvRlm5gWx4Boc59taWl5ZXVvPbeQ3t7Z3CvbuXkNHiaKsTiMRqVZANBNcsjpwEKwVK0bCQLBmMLyZ+M0HpjSPZA1GMfND0pe8xykBI3XsQu2q7DjeiQfsEdK7cccuOiVnCrxI3IwUUYZqx/7yuhFNQiaBCqJ123Vi8FOigFPBxnkv0SwmdEj6rG2oJCHTfjo9fIyPjNLFvUiZkoCn6u+JlIRaj8LAdIYEBnrem4j/ee0Eepd+ymWcAJN0tqiXCAwRnqSAu1wxCmJkCKGKm1sxHRBFKJis8iYEd/7lRdI4Lbnl0vn9WbFyncWRQwfoEB0jF12gCrpFVVRHFCXoGb2iN+vJerHerY9Z65KVzeyjP7A+fwB8OpJZ</latexit>

Dephasing

 

• Same two-body case 

• Modified heat-pumping effect

• Different equilibrium temperatures

� =
⇡
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<latexit sha1_base64="6mdti52Npbxp3IV0/VZV18puWh8=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16CRbBU0m0oheh6MVjBfsBTSib7aZdutksuxuxhPwVLx4U8eof8ea/cdvmoNUHA4/3ZpiZFwpGlXbdL6u0srq2vlHerGxt7+zu2fvVjkpSiUkbJyyRvRApwignbU01Iz0hCYpDRrrh5Gbmdx+IVDTh93oqSBCjEacRxUgbaWBXfTGmV34kEc58QfOskQ/smlt353D+Eq8gNSjQGtif/jDBaUy4xgwp1fdcoYMMSU0xI3nFTxURCE/QiPQN5SgmKsjmt+fOsVGGTpRIU1w7c/XnRIZipaZxaDpjpMdq2ZuJ/3n9VEeXQUa5SDXheLEoSpmjE2cWhDOkkmDNpoYgLKm51cFjZHLQJq6KCcFbfvkv6ZzWvbP6+V2j1rwu4ijDIRzBCXhwAU24hRa0AcMjPMELvFq59Wy9We+L1pJVzBzAL1gf3ziNlJE=</latexit>
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