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Flux divergence at small distance

Some experiments have questioned the flux divergence
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Near-field conductance (n\W.K'1)
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A. Kittel et al., PRL 95,224301 (2005)

K. Kloppstech et al., Nat. Commun. 8, 14475 (2017) S.Shen et al,, Nano Letters 9, 2909 (2009)
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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 d < 10 nm

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

. No temperature profile

| Conventional Polder - van Hove theory
VS
Temperature profile

| Modified (reduced) radiative heat flux |

Nanoscale Heat Radiation I

| Coupling with conduction?

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

B S— .sia

Studied only in the specific case of silicon

Coupling induces a tiny temperature gradient l




The role of a temperature profile

Two planar parallel slabs

«  Translational invariance

Dielectric properties

Distance

d - Arbitrary temperature profile

—A

0
| —— =
One slab having T'(z)

o

-

Generalized N - body problem
Contribution of each layer of thickness dz
Statistical description of £ and E~

Imposed temperature profiles can lead to modified flux asymptotic laws

p~d* o~d!t px~loglad) ® = const.
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Coupling in the Fourier regime

Can conduction-radiation coupling induce an observable temperature profile ?

Coupled conduction-radiation equation Assumptions

0 0 |
5y [ﬁ(z)&T(z)] + /dz’gp(z’,z) = Q(z2) i Fourier regime

i The temperature profile is linear in each region }

+(2) thermal conductivity T'(2) temperature profile | Thermostats at T and T

/ . e / 1
p(2', z) radiative flux 2° — 2 (Q(z) external source i T, and T} : interface temperatures

, T, - T,
! Simplified radiative flux ¥ = ho 2

R. Messina et al., Phys. Rev.B 94, 121410(R) (2016)
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Impact of material properties

Two SiO; slabs 1050 Y i
g = 08l :
(TL,TR) — (600,300) K 10t L ]
3 F < 06 B
! 3[ = ot ]
Thicknesses ¢ = 100nm, 1 pm, 10 pm, ; 10° = o4 I
102k | |
100 //Lm7 500 ,LLl”l’l \é E g 0.2_ _ ?
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Flux saturation 10_1; lllllllllllllllllll —a
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_ 10° & 2| I AZ0[0.05] *
! /_ -
g 102; = o———
~ S 2 3 4 5
= - 110 102 10° 10* 10 ol
i AT (K) - Z0[1.2]
10t 2
1? GaAs E
1010 1013 10~ 1072

Nanoscale Heat Radiaionl B R Messina



Coupling beyond Fourler regime

| *oltzmann’ trport equat |on B

(9fp Ty Vf _ fp fO
g p p
Tp(w, T(r))
; +
¢ Energy conservation equation
5 0 d d+ 0 z 8t) = Praa(r,) + V- Pcona(r, 1)
D, (w
Sﬁcond Z[L /dw huw Vg,p(w)fp(ty W, I, Q) 27(_‘_ )
400' |
A < & Diffusive regime — lnm
3801 — Hnm
. 360} 1 — 10nm
E/ 0l 00 NS T | —50nm
— 100 nm
3200 A > 4 Ballistic regime
— 1 pm
300}

0.0 0.2 0.4 0.6 0.8 1.0
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Temperature profiles

Main figures: relative temperature gradient
Insets: absolute temperature gradient

[T1(z) = T.]1/[T:(0) — T;]
[T1(z) = T1/1T1(0) — T¢]

Key points

The coupling produces a temperature profile within each body

The temperature gradient and the profile shape strongly depend on d and ¢

M. Reina, RM, and P. Ben-Abdallah, Phys. Rev. Lett. 125,224302 (2020)
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Impact on radiative flux

Main figures: radiative heat flux
Insets: relative error

VA ] 10—  pm—
_ T = . _' _ 40}
1.2 (c) d =1nm Mod. PVH 1 0 (d) d =5nm 5 sl
T 1.0| T 8l 5 !
= 1000| = 5 2
B’ 0.8 500 B 71 R 10
002 0.6! %@8 ?3 5 M0 100 1000 10t 105
\; ”5‘ 10!} \_; \
g 04 & 5 - s 5]
S3 N it S
0.2 10 100 1000 10* Al
' d (nm)
0.0 U S
10 100 1000 10 10 10 100 1000 10 10

0 (nm) 0 (nm)

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




Conduction-radiation coupling

* Observable temperature profile within each solid

* The effect is remarkable for large slab thickness (Fourier

regime) and small distance

RN
o

o
o

*Strong reduction of exchanged radiative heat flux

o
)

with respect to conventional theory

o
~

o
(S

[T1(z) = T.]/[T1(0) = T]

o
o

-1.0

R. Messina et al., Phys. Rev. B 94, 121410(R) (2016)
M. Reina et al., PRL125, 224302 (2020)
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Outline

Radiation-conduction coupling

Many-body effects
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Recent interest in many-body effects

1 i"""(—‘.-".::“_ T_ —===-- '.' _-__l‘_,,,,,_ e ZyX (X)
0 30 60 9 120 150 180
i

- : D.Thomson et al. ‘.
§ § 1L.Zhu and S.Fan,PRL 117, 134303 (2016) § § ’ g
{ M. Nikbakht, J. Appl. Phys. 116,094307 (2014) § ! - S—— NS 5§ . a. Cho .’2) d

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




Recent interest in many-body effects

T (K)

g

t V.Yannopapas et al., PRL 11Q - ’ = .
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Main features

Additional degrees of freedom

Prediction of purely many-body effects (failure of

o e et i S e

additive model)

Flux amplification and modulation

Emitter

0 30 60 90 120 150 180

| M. Nikbakht, | Appl. Phys. 116,094307 (2014) { kv
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il D.Thomson et al.,
¢ Nat. Nanotechnol. 15,99 (2020) "“

NN S.-A. Biehs et al,, Rev. Mod. Phys. 93, 025009 (2021)
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Three bodies: theoretical framework

X0

Three bodies having arbitrary shape and material properties

Three arbitrary temperatures 77, 5 and I3

Environment enclosing the three bodies at temperature 1,




Local thermal equilibrium

Sources of electromagnetic field

Field E® emitted by each body

Environmental field E(®

Properties of the source fields
Passage from source fields to the total

field in each region

The fluctuation- d|SS|pat|on theorem is not appllcable

The temperatures T1,T2,T3 and T remain constant
! The correlation functions of the source fields are the same each |
' individual body would have at thermal equilibrium ,
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Main steps of the calculation

Correlation functions of the source fields

(B (k,w)EL?N (K, w'))

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

operators

--------------

2 bodies: RM and M.Antezza, EPL 95,61002 (201 1), PRA 84,042102 (201 1)
3 bodies: RM and M.Antezza, PRA 89,052104 (2014)
N planar slabs: I. Latella et al., PRB 95, 205404 (20I7)
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Heat transfer on body 1

Exchange with environment, body 2 an 3

Hi = Tr{hw |:n€1A€1 + ng1 Aoy + n31A31} }

"'

Bose-Einstein
populations

ni; =n(w,T;) —n(w,T})

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




Amplification of heat transfer

We want to compare

-

d Iduudl

P2s (d) 9038(67 d)

The temperature 13 is such that the heat flux on body 2 is zero

—> No additional external thermal source
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Amplification of heat transfer

Ve want to compare

o :
|
May three-body effects produce |
: (8. d :
4 o ((d)) > 12 ;,
9028 9028 ‘ )
|

L,,.g_,”*ﬁ = et e e —
The temperature 15 is such that the heat flux on body 2 is zero

—> No additional external thermal source




Amplification of heat transfer

03 04 05 06 07 08 09 1 1.1 12 1.3 14 15 1.6 1.7 Two SiC slabs

(surface phonon-polariton)

Temperatures
£ 17 =400 K
° T, = 300K

Amplification factor as a function

of distance and thickness

0 0.2 | 0.4 0.6 08| €~ /

d (um)

Amplification exists up to distances d ~ 600 nm

For each value of d an optimal value of § exists

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




Monochromatic heat flux

Contribution of the modes at the surface-resonance frequency
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d
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(a) Two slabs, SiC-SiC, distance ¢ = 200 nm
(b) 0 = 0 — Two slabs, distance 2d
0 > d — Two slabs, dlstance d
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Monochromatic heat flux

Contribution of the modes at the surface-resonance frequency

1 3
d
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The optimal 0 corresponds to an
optimized three-body configuration

The number of participating modes is enhanced
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Radiative HT between nanoparticles

Major theoretical simplification Discrete Dipole Approximation
Each particle described as a pointlike source Macroscopic body described as a set of dipoles

magnetic dipole

Thermoplasmonic applications
Limitation of the interparticle distance

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

Modeling tip-surface experiments

Extensive literature on the topic

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. Kriiger, Europhys. Lett. 106, 41001 (2014)

J. Dong, J. Zhao, and L. Liu, Phys. Rev. B 95, 125411 (2017)

K. Asheichyk, B. Miiller, and M. Kriiger, Phys. Rev. B 96, 155402 (2017)

and others...




Self conS|ste nt fo rmallsm o

Electric field : ~ Dipole moments

= E®) (1) + ECD (1) ,.? p; = (ﬂ) 4 p(lnd)

Z G I' I'Z ;, p = €00 (Egb) + — Z G I'z, I, p])

.«775"‘ o
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

Absorbed power

Z Q; akTr( 1Im(G§?€))T;¢1T)} "

Exchange between bodies Trace expression

Susceptibilities of the nanoparticles
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Two nanoparticles above a substrate

NN\ Ny X
Two nanospheres at different temperatures
‘ <« .~ ‘ P P
7 W Two distances: interparticle and particle-surface

Limitation of the interparticle distance R << d, z, A

R =5nm

T - derivative of BE distribution

n+00da) . " |
G=4| ——hokn(w Ty Tr(GG")
Jo /2

Polarizabilities

Green functions
G =GV + GBY

T dk ike??
: L (SC) _
Vacuum + scattering contribution —— Ex.: EE term GEE J rS+r P)
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Some theoretical remarks

Near and far field

NN\
‘ <« ~ ‘
7 W The interparticle distance regulates the flux

amplification even in vacuum

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

Three contributions to conductance

Tr(GG') = Tr(GVGOT) + Tr(GEYGEOT) + 2Re|Tr(GVGET)|

Total conductance
G = GO0 4 G(5CSO) | 5(0.50) Amplification

/1 N\ GIGO

vacuum + scattering + mixed

Nanoscale Heat Radiationl &2 R Messina



SiC particles on SiC substrate

Conductance as a function of the
interparticle distance for Z = 50 nm
Amplification of two orders of magnitude
on a large range of distances

Modified long-distance power=law
behavior

1010

10°

G(10»W.-K™h

400

300¢

G/GOY

100¢

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

“64 1 iO | “‘”100 | ““ﬁbOO

d (um)

Dependence on z:

Signature of the participation of the
surface mode

Decay length compatible with phonon-
polariton decay length

J. Dong, ). Zhao, and L. Liu, PRB 97,075422 (2018)
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Many-body effects

03 040506070809 1 1112131415 16 17

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

maghnitude

The number of participating modes and the spectral features

are modified

G0 PW.-K™h

e RM, M.Antezza, and P. Ben-Abdallah, PRL 109, 244302 (2012)
0.1 1 10 100 1000 J. Dong, . Zhao, and L. Liu, PRB 97, 075422 (2018)
d (pm) RM, S.-A. Biehs, and P Ben-Abdallah, PRB 97, 165437 (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 SIiC substrate

10

0.01
Much smaller values of the conductance ,

Conductance as a function of the
interparticle distance for z = 50 nm

O =~ N W &~ 00 OO N

100 1000

G(1073W - K™

Y S St Geo
Much smaller amplification 1078} s
_____ Gsesse
(0,sc)
10—11 I |G |
7 . f G Z=350nm
6f —147 L | ] ‘ ] ‘ R
6 51 105 1 10 100 1000
41 max(G/G*?) d (,um)
5 A
2-
S 4l 1} Dependence on z:
S 0 . .
O 0.05 0.5 1 10 100
~ 3l : N
O Signature of the participation of the
ol surface mode
---------- Decay length compatible with phonon-
L S [T T N polariton decay length
___________ . ;
O ‘ | | | L \~\'-
0.1 1 10 100 1000
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Spectral analysis

Two kind of surface modes

Planar SiC-vacuum interface

Spherical Au-vacuum interface

ew)+1=0
Dp| = 1.786 x 10 rad/s

Expected to contribute for small

d =50 nm

ew)+2=0

d=72um

pp = 7.9 X 10%° rad/s

Ultraviolet range, thermally not excited

0 1 ;2 3 4 5 5]
w(10™rad - s

Nanoscale Heat Radiation I

2

3

4

w(10™rad - s

5

6
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Graphene sheet on the substrate

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)

G/G®?

400¢

300¢

100¢

Nanoscale Heat Radiation I

SiC particles

1.76

w(10™rad-s™)

1.78]

5 5
No graphene S 4l
----- u=0.1eV T
N 3
----- u=03eV .
o 2
-------- u=05eVv Nt
(@)
c N
3
= 0
(a) S 174
1 10 100
d (um)

Graphene is not beneficial

Au particles

No graphene
_____ u=0.1eV
100}
[ e p=03evV
S0p .. u=05ev i/
~~ '::/
) /
S N
SR !
o | !
5 I

1.2F
1.0}
0.8}
0.6}
0.4}
L 0.2}
L 0.0

175 1.80 1.85 1.90 1.95 2.00
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amay
* e

EL

d (pum)

" 100

Huge increase of conductance amplification
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Radiative heat transfer
between gratings
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Radiative heat transfer and gratings

S-matrix approach Effective theory Role of graphene

J. Lussange et al., PRA 86,062502 (2012);

PRB 86, 085432 (2012) S.-A. Biehs et al., APL 98,243102 (201 1)
R. Guérout et al., PRB 85, 180301 (R) (2012)

/g Manipulation of spectral

properties

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

New field modes

Enhancement or

suppression of the effect

. Dai et al., PRB 92,035419 (2015); H. Chalabi et al., PRB 91,014302 (2015);
PRB 93, 55403 (20I6) PRB 94, 12543 (20I6) PRB 91, 174304 (2015); PRB 94, 094307 (2016)
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The physical problem

Grating parameters

Periodic in 2 direction

Invariant in Y direction
Period D

Filling factor fi = li/D
Thickness 0;

Corrugation height h;

Parameters

Substrate thicknesses

Flux amplification

01 = 02 = OC
h) /(0
Dy = Dy = 1 pm p(h)/e(0)

d=1pum

Nanoscale Heat Radiation I R. Messina



Amplification of heat transfer

p(h)/¢(h = 0)

0.1 1 10 100 1000
h (um)

Amplification of more than one order of magnitude!

R. Guérout et al., PRB 85, 180301 (R) (2012)
RM,A. Noto, B. Guizal, and M. Antezza, PRA 95, 125404 (2017)
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Spectral analysis vs grating depth

...................................................

— h =0um

50¢ ]
40¢ ]
30¢ ]
20} ]
10¢ ]
0 é

.......
.........

~ Asymptotic profile

Planar slab e,

o(w) (107 Wm?rad's)

w (10"rad/s) w (10"rad/s) w (10™rad/s)

Appearance of new modes
Number and position of modes strong function of h

Spoof plasmons, approximately described by the relation (perf. conductors)
wn = (2n + 1)mc/2h

J. B.Pendry et al., Science 305, 847 (2004); F. J. Garcia-Vidal et al., J. Opt.A: Pure Appl. Opt. 7,597 (2005)
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Shuttling and pumping effects
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Heat shuttling

Energy exchange between bodies having
time-modulated parameters

Active dynamic management of heat flux at the
nanoscale

_ 10"
XL(t)a XR(t) ——>  Average difference = AX = —J AX(t)dt = x; — xp
T Jo

+ Supplementary shuttling flux due to

Flux for averaged variables . . : :
nonlinearity which can reduce or increase the flux

Already studied for conduction

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)
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Definitions and heat flux

Choice of time dependence
J(XL(t), Xr(t)) X; () = x; + 07 sin(L2r)
- .
Xp(t) = x5 + 05 sSIn(Q7 + @)
d . .
Temperature or chemical potential

Flux

Effective humber of modes

(&)

K; p(@, X; (1), Xp(2)) > 0

JOX, (1), X)) = J

0

.
2_®LRKLR
T,

(e.g. Landauer approach)

O; r(@, X; (1), Xp(1)) = O;(w, X; (1)) — Op(w, Xp(2))

_ -1 . . .
hao [em/ksX) — 1]7 X =T Perturbative analysis with respect

O(w, X;) = to the oscillation amplitudes

ho [ePo= Xty _ 117! x =y

Nanoscale Heat Radiation |l R. Messina



Perturbative expansion

Only X;(?) is allowed to vary

Expansion with respect to 0;
We assume X; = Xz = X thus we have a vanishing zero-order average flux

_ 1
We compute the time=-averaged flux J = —J J(t)dt
T Jo

J =~ 5L[ 10 (@1K, 5 + 20 K})
4 . 272_ L™LR L LR

Case 1: optical properties do not depend on X;(9)

5% nOOda) /" /7
— | —O/K;p where ;>0
4 J, 2rm

J =~

The shuttling flux is always positive

Case 2: optical properties depend on X, (?)

The shuttllng flux can be negatlve

Nanoscale Heat Radlatlon II R. Messina



Numerical results: two SiO: slabs

T,(t) = T, + 5T sin(Q) 5T = 30K
10°
Main part of the plot
10%
N Tr(t) =T
E 103
E Inset
e ' - 5T
200K Tp(t) = Ty + — sin(Q1)
[ T, =300K — o~ ] 2
E _
10 T IIIII1IO2 T I””1I03 T IIIII1IO4
Comments d (nm)

The shuttling flux is calculated exactly
It is always positive as expected
It varies strongly with the distance and goes as d~? in the near field

Nanoscale Heat Radiation I R. Messina



Numerical results: InSb and SiO: slabs

103

10

1600

1200

---------------------------------
e,
"
L
.
e

e ] InSb subject to an oscillating voltage

V(1) = 6V sin(£2r)

........................ : Same temperature TO

10 = 300K —

Ty — 500 K \ Oscillating chemical potential
To =400 K ---- 1% .
| py (1) = qoV sin(L)

10 — 1(I)2
d (nm)
3 S - S Comments
0
The average flux is always positive
3 To = 300K
i fm e Strongly asymmetric diode-like behavior as
- A= 100 = a function of the chemical potential
é | IR R S T | R A S T R | ......... | R R T R A
—0.08 —0.04
pr (eV)

Nanoscale Heat Radiation I
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Numerical results: VO: and SiO: slabs

! ! tor T
ol E}g — o 1 VO2: transition around 7. = 340K from a
- ?8 R b (a) dielectric to a metallic behavior
\ To = 380K ' :
o T e — Varying temperature
[ 105 ey ]
| "s&j\f“‘ N/\ :~:-:.. ¢:ﬂ—....: i . .
Lof PR: o=r/2-31  Tp(t) = Ty + 0T sin(L2) 6T = 30K
S = 10° |
£ —10% [ ] ] -
o0 f £ = 7~ su0k e Main part of the plot
%% d%o2 | 103 T ( ) T
300 10? 102 R 0

The flux strongly depends on the distance and its

sigh can be modulated by changing the average

temperature

Inset

To(t) = Ty + STsin(Qt + ¢)

—0.
—1.0F
s d =100nm ===
- d=50nm =—
—-1.5 -
—2.0 o e
300

Nanoscale Heat Radiation I

TO — Tc maximizes the shuttling flux
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Radiative heat pumping

) A ! Third body acting as an external probe
py ~ =3 N | Position and temperature varying as
N | Ty(t) = Ts.eq + AT sin(wt)
d 3 1N { r3(t) = Az sin(wt + ¢) :
"9 Py 2 st AR S P i ST A S A AT RN

Treatment within the dipolar approximation
Calculation of the power absorbed by particles | and 2

Up to second order in AT and Az

AT /. 2Py AT 9*P,
(P~ 5 (A om0+ 5 72 )

Dephasing acts as a control parameter on

the value and sign of the absorbed power

Nanoscale Heat Radiation I R. Messina



Manipulating heat flux

15
— Piy I S
i — ey ' Dephasing ¢ = 0 |
| kT e e A S
s .
R Nl //
S Two-body case
o T
. L-Ta® e .
T T~ Heat-pumping effect for 77 = 15 = 300K
e e 1 S, ool
s (@ =0 ' Induced equilibrium temperature 7" > 300 K
h 11?00 305 310 315 320
T, (K)
20
| Dephasing ¢ = - |
_____ (P1) ¢ LEephasing — ;
10 (Py) e M el
z 5 ,
S el Same two-body case
O
----------------- Modified heat-pumping effect
x3() (nm) . ofe .
®) ¢=7 Different equilibrium temperatures
310 315 320
T, (K) . Latella et al., PRL 121,023903 (2018)

RM and P. Ben-Abdallah, PRB 101, 165435 (2020)
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