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1. Introduction

2. Heat radiation close to a surface

3. Heat transfer between two planes.
Mesoscopic approach, fundamental limits
and Applications

4. Tailoring spontaneous emission with surface
waves
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The flux is several orders of magnitude larger than Stefan-Boltzmann
law.

Microscale Thermophysical Engineering 6, p 209 (2002)
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Heat radiation at the nanoscale : Introduction 3
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Thermally excited fields can be
spatially coherent in the near field.

de Wilde et al. Nature (2006)
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1. Introduction

2. Heat radiation close to a surface

. Heat transfer between two planes

4. Mesoscopic approach, fundamental limits
and Applications
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5. Tailoring spontaneous emission with surface
waves
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The fluctuational electrodynamics
approach

Rytov, Kravtsov, Tatarskii, Principles of radiophysics, Springer
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[

1) The medium is assumed to be at local thermodynamic
equilibrium volume element = random electric dipole

j(r,0) with (j(r,)) =0

2) Radiation of random currents = thermal radiation

Er.w)=iu a)fG(r,r‘ w)ejlr,w)dr
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he fluctuational electrodynamics approach

3) Spatial correlation (cross-spectral density)

<E E*>(rr W)= w fG]mrr)G,m(r r)<]m( ) (r )>drdr

Ur.o) = (E(r.o))

4) The current-density correlation function is given by the FD theorem

ho
exp(hw/k,T)-1

(@), (1)) = ¢, Im[e()]8,, 5(x; - ;)

JC

\ S

Fluctuation Absorption
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Radiation of random currents = thermal radiation

T

E(r,w)=iu, a)fG(r,r' w)ej(r w)dr
Emissivity= transmission factor

I;(T)=¢l, (T)=T.1," (T)

w
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Physical origin of Kirchhoff’s law

Physical meaning of emissivity and absorptivity

Kirchhoff’s law:

E=0

T21=T12

(7Y

I.(T)=el,’(T)=T.I, (T)=al,” (T)
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Basic concepts of near field

What is so special about near field ?
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= thermal emission
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Back to basics : dipole radiation

k2 e‘*or i 1

E; ires T lI uu) + 1\07 ~ Teor ], (I 31111
1/r terms 1/r? and 1/r3 terms
Radiation Near field

Near field: k,r<<1, k,=2m/A
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Back to basics : dipole radiation

k2 e‘*or i 1

E, = ires T lI—1111\+ ]\07 lLOH’ lI—311u\
1/r terms 1/r? and 1/r3 terms
Radiation Near field

Near field: k,r<<1, k,=2m/A
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expEkR] [ ff dk dk exp[l(k x+k y+k ‘ZD]

k, <_ : \/_-kZ .k, =(k,,k,)

)] .
k,>—  k =i ——k
C C
a .
kJ_>>: o kzzlkJ_

exp[ikz ‘z” ~ exp| -k, z|

Take home message: large k are confined to distances 1/k.
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Evanescent waves
filtering
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Energy density:

In vacuum,
close to a nanoparticle,
close to a surface
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U Black body radiation close to a
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Questions to be answered :

Is the field orders of magnitude larger close to particles ?
If yes, why ?
Is the thermal field quasi monochromatic ? If yes, why ?
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hw
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nstior — Black body radiation close to a
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E, = Ires 1 [(_I —uu) + (L{._r — (_kor)Q) (I— 31111)] P
(P (0P, (x,)) = —e ,Im[o(w)]8,, 8(r, - 1,) he
o exp(fhic/k,T) -

1. The particle is a random dipole.
2. The field increases close to the particle: electrostatic field !
3. The field may have a resonance, plasmon resonance.

Where are these (virtual) modes coming from ?
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Strong coupling between material modes and photons produces

polaritons: Half a photon and half a phonon/exciton/electron.
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Estimation of the number of electromagnetic modes in vacuum:

w’ V
2.3 N = ?

N
— = ' )dw'=
%4 {g( ) 3

Estimation of the number of vibrational modes (phonons):

v

a

The electromagnetic field inherits the DOS of matter degrees of freedom
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Can we define a (larger and local)
electromagnetic density of states
close to a particle or a surface ?
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Lifetime of Europium 3+ above a silver mirror
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* Interference effects
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Near-field contribution i - ]
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LDOS above a surface
» Interference effects {
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Density of energy near a
SiC-vacuum interface

T=300 K

Energy density close to surfaces is
orders of magnitude larger than
blackbody energy density and
monochromatic.
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NSTITUT — Alternative explz}natlon in k-space: mode
SOV =0 analysis of the LDOS

The density of energy is the product of

- the density of states,
- the energy hv
- the Bose Einstein distribution.

The density of states can diverge due to the presence of surface waves :
Surface phonon-polaritons.

I



INSTITUT — What is a surface plasmon ?

1E

E, exp|ikx —iyz —iwt]
=2

_ 82kz1 - glkzz

82kz1 + 81kz2

&k, +¢ek ,=0 e, (0)+2=0
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Exciting a plasmon with a small aperture

Credit: Alexandre Bouhelier, D. Pohl
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Phys Rev 115, p 869 (1959)

Surface plasmons
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Qualitative introduction

Exemple : thin metallic film

collective oscillation of the electrons
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Qualitative introduction

Exemple : thin metallic film

collective oscillation of the electrons

ne’
2
W, =
me,
2
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Ai (pm)  0.633 1 10 36

6. (pm) 9.8  91.6 38880 504 243
6.1 (pm) 0.165 0.51  57.3 702.67
6,2 (pm) 0.014 0.012 0.011  0.013




s — First picture of a surface plasmon
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il =

E exp|ikx —iyz —iwt]

Dawson, Phys.Rev.Lett.
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hw
exp (hw/kgT) — 1

U(l’, a)) — ,O(I', w)

Ulr,w)=4| (e,/2) D, Ei(r.r,w)
=13

+(,LLO/2) 7‘(,-,-(1‘,1‘,(0:)

=13

[u—

LDOS is also used to deal with spontaneous emission
using Fermi golden rule

Joulain et al., Surf Sci Rep. 57, 59 (2005), Phys.Rev.B 68, 245405 (2003)
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Ur,w)=4

( 60/2) 23 Si,-(:r,r,a))
=1

Jr(’,uo/2)‘_213 H,-,-(r,r,w))

1 y ’
glj(rr gt—t")= - dw &; (l‘ l",(z))é.’_lw(t—t)
LT
=(E;(r,t)EX(r" t")),
Hi(rx't—t")= 5= | do'H; ;(rr’ w)e w1
LT
=(Hy(r,t)H;(x" 1")).

Joulain et al., PRB 68, 245405 (2003)
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LDOS in the presence of losses

Problem: deriving the correlation function of the fields

Solution: FD theorem

Green tensor is (also) a linear response coefficient !

E(r,mw)= iuocufaE(r,r' @) oj(r’)d3r’
Generalized response Generalized force
hw MLo@

lexp(hw/kgT)—1] 2
Joulain et al., PRB 68, 245405 (2003)

Eiirr' w)= Im Gf-gj(r,r’ @)



INSTITUT

é LDOS in the near field above a surface

GRADUATE SCHOOL

— EE — HH

® Im Tr| G (r,r,w)+ G (rr,o)| =p

p —

p(r,

2

e

This can be computed close to an interface !

—— Density of states

Density of states
8@
Density of states

2 3456 2 3456 2 3456 10 F 10 10
s 6 i o (rad.s’)
o (rads")

Joulain et al., Surf Sci Rep. 57, 59 (2005), Phys.Rev.B 68, 245405 (2003)



wsrr—_ LDOS in the near field above a surface

hw

exp (hw/kgT) — 1

U(r,w) = p(r, o)

/
+ 5 :
2|82 + 1 KXkoz

Plasmon resonance Electrostatic enhancement
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Experimental evidence of

thermally excited near fields
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Direct experimental evidence

I (a)
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f//—_ Sample 10—
P —Q
= o6
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o
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o
F N
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de Wilde et al. Nature 444, p 740 (2006)
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Imaging the LDOS of surface plasmons
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Spatial coherence of thermal radiation

vvvvvvvvvvvvvvvvvvvvvvvv

1.0 *+ — W (620 nm) (a) 1
X Au (620 nm)
""" —— Ag (620 nm)

W _(r, 1, o)

1.0 —— SiC (9.1 pm) (b) 7
— SiC (11.36 pm)

Wxx(r1,r2,o))

PRL 82, 1660 (1999)



wsrr = Spectrum of the thermal near field
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M
- o Trapped atom

I

Superconducting niobium

100 |

100
Atom-surface distance (um)

Copper 1.8 and 6.24 MHz

Lifetime corrected for background loss (s)

Lifetime in a magnetic trap versus distance to surface.

Thermal blackbody is increased by ten orders of magnitude.

D. Harber et al., J.Low Temp.Phys. 133, 229 (2003),
C. Henkel et al. Appl.Phys.B 69, 379 (1999)
C. Roux et al.. EPL 87. 13002. (2009)
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Move near
the surface
/ T Modified trap, w,
Ak Environment Temperature: ~ 310K
Vo Substrate Temperature: -------- 605K
****** 479K
T —— 310K

w
I
1

N

Normalized Frequency Shift (10

o

Atom - Surface Distance (um)

J.Obrecht et al. , Phys.Rev.Lett. 98, 063201 (2007)
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2000.0 nm

4000 nm

emissivity

Greffet, Nature 416, 61 (2002)
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sty == Take Home messages

z=100 um

Energy density

z=1 um

/\JM

Energy density
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Second Lecture

Radiative heat transfer at the nanoscale
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Heat transfer between
two nanoparticles
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Heat transfer between two nanoparticles

PRL 94, 85901, (2005)
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Heat conductance O12(w) = G1,(w)AT(w),
Ty )

: Py, (w)
Fluctuations power Pyr(w) = 12 :
spectral density |GT2 T()l2

Re(GY,)

Fluctuation-Dissipation P, (w) =
theorem A |GTz(w)|2

@(w, T()),

PRL 94, 85901, (2005)
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Heat transfer between a particle and a
dielectric (SiC) surface

9 2

w;—or
1+ —

/ 2 .
wr—o —il'w

eglw)=cplw)=c(w)=¢,
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O £ w00t S/
I d=100nm ~—3-5/ ’ /|
-600+ / 25
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Lateral distance in nm

Depth in nm

Take home message:

For source at distance d, 10 107 10" 10"

P Zle(- (1)) i

P “F(@) in W.Hz '
s o
= =
\\\\_5
PR et
in W.Hz"'
5 5
&

the power is dissipated within 1028~ / @ in rad.s
a distance 2 d. e
107~
s 20 s

10" @in rad.s™

Mulet et al. Appl.Phys.Lett. 78, p 2931 (2001)



INSTITUT — Energy transfer between a particle and a plane

Key feature 1
le. (d,(l))' 77 (1 /

A 38"((0) ?"( ) LO(0.T).
particle bulk
m Key feature 2

Microscopic resonance if ¢(w)+2=0

Take home message: The flux is dramatically enhanced by
the surface waves resonances

Mulet et al. Appl.Phys.Lett. 78, p 2931 (2001)
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Heat transfer between a particle and a
metallic surface
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The magnetic field induces eddy currents that produce Joule losses.

B
-~

Losses are given by the product of two terms :

\EP B P
P, =2w1m(aE)<g° > + 2wIm(aM)< ~
2 2u,

Chapuis, Phys.Rev.B 125402, 2008
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Magnetic losses versus electric losses

*Electric dipole —

« Magnetic polarisability

la,, k<la, | for R>0 |Af
o™ R=10 nm

4 I \
o m(a,;)

lel>>1

Im(a) (m3)

Imaginary part of the polarisability (m®)
o

for a metal at

0 .  low frequencies
107 I |
e Im(aE)Im(aM)} R=5nm
1011 1012 1013 101‘ 1015 10‘6

o (s Chapuis, Phys.Rev.B 125402, 2008
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Radiative heat transfer between a particle and a

surface

Electric and magnetic energy density above an interface :

an unusual property

s polarisation:magnetostatics
propagating evanescent

B=£ B=f

Magnetostatics

p polarisation: electrostatics
propagating evanescent

E=cB

Chapuis, Phys.Rev.B 125402, 2008
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Radiative heat transfer between
two surfaces

L
® < o' -T;)
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Theme : influence of surface waves on the mesoscopic energy transfer



nstiTur =2 Anomalous heat transfer

d'OPTIQUE
GRADUATE SCHOOL

Radiation shield

Hargreaves, 1969 Anomalous heat transfer
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1) Measurements at low temperature, Hargreaves (69),
2) Measurements between metals in the infra red, Xu: inconclusive,
3) Measurements in the nm regime with metal (Oldenburg, 2005).

AP /W
AP/W

Kittel et al. , PRL 95 p 224301 (2005)
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Radiative heat transfer at the
nanoscale

Radiometric approach

_

2T 00
q(cu)z/o cosedQ/O do - *lw% (1)) — I°(T»)),

o plwp2w
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ho
exp(hw/k,T)-1

\ T

(i) ==, Tm[e(0)]8,,, 001, - ,)

2

What about the temperature gradient ?
Can we assume the temperature to be uniform ?

JT

WT,-T)=-k—

(T -T) ==k

ar =L g ML)
07 k

AT 1000 (o o

(Tz_T1) 1
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Theory : Polder, van Hove, PRB 1971 nanosca Ie

(Tien, Caren, Rytov, Pendry)

- J  de[(T) - 1°(T)]

w={)

.S { [ K0 AP0 i

2iy.d|2
'; r?ze 73 |

_

A 1m(r5)Im(rs,)e2734

2
Il - r?lr?-)e -'yjd
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Transmission factor



INSTITUT ‘_/’

d'OPTIQUE
GRADUATE SCHOOL

Heat transfer between two SiC half spaces

1 15

0.8
0.6
0.4 575
0.2
0 0
0 7.5 15 0 7.5 15
K A‘th K A‘th
(a) d =5um (b) d =500nm Enhancement due to
surface waves
15 1 S
0.8
0.6
575 ¢ 04 5 4.25
0.2
0+ 0 3.5
0 7.5 15 0 120 240
K A‘th K th
(c) d =100nm (d) d = 100nm

Mulet et al., Microscale Thermophysical Engineering 6, 209, (2002)
Mulet et al. Appl.Phys.Lett. 78, 2931 (2001)
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Henkel et al., Phys.Rev.A 69, 023808 (2004)



omiouE —— Casimir force for aluminum
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not accurate

Q
o

Gold

Re(e)

-100
-150 +
-200

Nordlander’s model 20
o 15

g/e C
e(w) = €5 + ,/0+ E e ? , !

Jw

Im(g)

4 Lorentzian terms are used

o
o

Silver

-100 b

Re(g)

Circle: Johnson and Christy
Blue : Drude model

Im(g)

Hao and Nordlander, Chem.Phys.Lett. 446, 115 (2007)

Energy [eV]




INSTITUT ‘-_4

d'OPTIQUE
AAAAAAAAAAAAAA

Recent experimental results
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Measurements with silica

10" ——

best f|t y=AX"+B |
> A 2.061, n ~0.55 |
~-0.7 |

o

Proximity
approx. N

Conductance (nWK")
o

—
Q

(b) Gap (um)

A. Narayanaswamy, G. Chen
PRB 78, 115303 (2008)
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Optical fiber

X

J

- Vertical configuration
- Heating of the sample

- Vacuum P~10° mbar

E. Rousseau
A. Siria, J. Chevrier

Heater

Nature Photonics 3, p 154 (2009)
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Defects size

\%-.\N’ o “ 3 b o RSB
1um EHT = 2.00 kV Signal A= InLens  Date :20 Nov 2008
Mag= 15.00 KX | I .
WD= 4mm Photo No. = 6340 Aperture Size = 20.00 um

— T
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Nature Photonics 3, p 154 (2009)
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week endin
PRL 107, 014301 (2011) PHYSICAL REVIEW LETTERS IJUvaolgl

S’

Near-Field Radiative Heat Transfer between Macroscopic Planar Surfaces

R.S. Ottens,' V. Quetschke,” Stacy Wise,""* A. A. Alemi,"" R. Lundock,'* G. Mueller,'
D.H. Reitze,' D.B. Tanner,' and B. F. Whiting'
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Heat transfer coefficient (W/m?K)
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Observation of enhanced nanoscale radiative heat flow due to sur-
face plasmons in graphene and doped silicon

P.J. van Zwol!, S. Thiele!, C. Berger?, W. A. de Heer?, J. Chevrier’

1 Institut Neel, CNRS and Universite Joseph Fourier Grenoble, BP 166 38042 Grenoble Cedex 9, France
2 School of Physics, Georgia Institute of Technology, Atlanta, GA 30332, USA.
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Introduction to the concept of quantum conductance
Mesoscopic analysis of heat transfer at the nanoscale

d;:J do[I)(T,) - I°(T,)]

=0

.S [ Jm KdK (1-[r2P)(1 - /%)

2,2 s a 2iy,d|2
0 /¢ |1 =rr5e” ™

a=s.p

. J KdK 4 Im(r%,)Im(r%)e 273

2,2 2412
wie @7/C 11— r5e 2732



INSTITUT i

d'OPTIQUE
GRADUATE SCHOOL

Mesoscopic charge transport : a tutorial

1 Experimental observation

Conductanoe(Ze:R\)
O -~ NWLbabuvLOND

0 50 100 150 200 250 300
Piezo-voltage (V)

contact ponctuel atomique

2 Landauer formalism I — I" V

et r=2-2782-7;

n L




INSTITUT i

d'OPTIQUE
GRADUATE SCHOOL

Fundamental limits to radiative heat transfer
at the nanoscale

Sum over modes

» [ do
PALL _/O (2% /A7) [@(w,Tl)—@(w,Tz)]jz{Xs‘tp}/

d?x
(27/L)?

Ti(0,Kk:d).

/Om(;—: O(0,T)) —O(0,T1)] ~ 2[Ti —T).

“dw 00  mkgT
0o 2n T  3h

80 =
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A mesoscopic formulation of radiative
heat transfer at nanoscale

I = > T, 2782 1%

n
o = ([4X 700 [T 5T| ar
&= I do[I°(T,) - 1I°(T,)] = ff 2
Joso ! 47 3 h
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Biehs et al., Phys.Rev.Lett. 105, 234301 (2010)



INSTITUT z

d'OPTIQUE
GRADUATE SCHOOL

Fundamental limit: a new perspective on
Stefan’s constant

chB:/O [@(wﬁTl)—@(w,Tz)](w ) — opg(T} — T,

3n2 )4
27 o
Ppp = QOﬁ(Tl —T2). Ar=hc/(kgT)
k? 9)
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«omot — Quantized radiative thermal conductance
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If L is on the order of the thermal wavelength,

dzk %E

Biehs et al., Phys.Rev.Lett. 105, 234301 (2010)
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Measurement of the quantum
of thermal conductance

K. Schwab*, E. A. Henriksen*, J. M. Worlock*t & M. L. Roukes* NAIURE VOL 404 27 APRIL 2000
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Applications
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Thermophotovoltaics
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Application : thermophotovoltaics

Photovoltaics Thermophotovoltaics Near-field

thermophotovoltaics
T=6000K
Vo~

o )=
L v Q
d << ;"rad
TPV cell ~
PV cell TPV cell T=300 K

T=300 K T=300 K



Near-field output eleciric power

INSTITUT =
d'OPTIQUE =
tungsten source quasi-monochromatic source
15210 ; — ; x10°
near field :15.10° W/m? = ' ; '
near field : 2.5.106 W/m?2
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E 15
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1F
0'5- - . 3 ] -
‘ . BB 2000 K far field : 1.4. YVlm
10 10 10° 107 10 05 " — o s
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‘ output electric power enhanced
by at least one order of magnitude

Laroche et al. J. Appl.Phys. 100, 063704 (2006)



Near-field TPV converter efficiency
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‘ significant increase of the efficiency

Laroche et al. J. Appl.Phys. 100, 063704 (2006)
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Modulators
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Modulator with phase change material

107

Heat transfer coefficient h (W m™2 K™')

10

T T

----- Amorph PCM = Gold

----- Amorph PCM - Glass |

m= Cryst PCM - Gold
——Cryst PCM - Glass

10

FIG. 3. (Color online) Radiative heat transfer for PCM glass and

PCM gold.
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FIG. 4. (Color online) Modulation of heat transfer in vacuum
between a gold surface and a switchable PCM (AIST) layer on a
glass substrate protected by a 5 nm glass top layer. Data are shown
for different thicknesses of the PCM material.

Van Zwol et al. , Phys.Rev.B 83, 201404 (R) (2011)
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APPLIED PHYSICS LETTERS 98, 243102 (2011)

Modulation of near-field heat transfer between two gratings

S.-A. Biehs,” F. S. S. Rosa, and P. Ben-Abdallah
Laboratoire Charles Fabry, Institut d’Optique, CNRS, Université Paris-Sud, Campus Polytechnique, RD128,

91127 Palaiseau Cedex, France
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Textured surfaces

Heat transfer between gold gratings

1 d=1 ym
S l
,f; d=2.5 ym
r : 1 d=10 pm
z g E
I 1 ¢« 2z '
[ i PFA
y

Corrugation height a (um)

Y
I

R. Guerout et al., Phys.Rev.B 85, 180301 (2012)
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Textured surfaces
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R. Guerout et al., Phys.Rev.B 85, 180301 (2012)
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Heat transfer between two SiO2 gratings:
Physical mechanism
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J. Lussanqge et al., Phys.Rev.B 86, 085432 (2012)
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