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Introduction - NFRHT Hyponbohc media
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black- body radiation

e Planck’s radiation law

w? oo 1
u(w) = 28 XWX ST

e Stefan-Boltzmann’s law

Ppp = :/dwu(w) =oT*

o= 125”,,3’; . —5.67-10-8Wm2K—*

o for real (grey) emitter: & < dpp
e Be careful, this holds only for d > Ay, !

BB I1w in HM

Summary
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Theoretical predictions
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G. Cravalho, C. L. Tien, and B. P. Caren, Trans. ASME Ser. C 89, 351 (1967)
A. Olivei, Rev. Phys. Appl. 3, 225 (1968)

Polder and van Hove, Phys. Rev. B 4, 3303 (1971)
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Some recent experimental results
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® Huetal.,, APL 92, 133106 (2008) ® Narayanaswamy et al., PRB 78, 115303 (2008)
Ottens et al., PRL 107, 014301 (2011) Shen et al., Nano Lett. 9, 2909 (2009)
Kralik et al., PRL 109, 224302 (2012) Rousseau et al., Nature Photonics 3, 514 (2009)
M. Lim et al., PRB 91, 195136 (2015) J. Shi et al., Nano Lett. 15, 1217 (2015).
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heat flux expression

dw hw d?k
o =(S;) = /zew{m_ 1 / ez T+ T

1000

total ——
100 N\
AN
2 d °
& 10 N
S
1
01
10 107 10

d/m

e transmission coefficient (Polder and van Hove, PRB 4, 3303 (1971))

(1—1|g,'";|)2)(1—|f,-2°|2)
' . _ [1—r!%r?% exp(2ik.d)|?’
77(60, K d) = Im(r,-1°)Im(r,‘2°)elekZ|d
[1—r19r20 exp(2ik.d)[2’

K<

ol€ olg

K >

e T,€0:1]

Pendry, J. Phys.: Condens. 11, 6621 (1999)

Summary
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propagating modes
e plane wave

E, = A(x, y; t)elk?

N
N
S

e prop. modes x < %

od w?
evanescent modes kz: ?—HZER

e evan. modes x > %

2
/ w
T N
k; =i\/k CZEC

e res. transmission

nm
ky=—,neN
‘T d

Nanoscale Radiative Heat Transfer and Its Applications, ISBN: 978-953-51-0060-7, InTech (2012)

Summary
o]
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propagating modes
e plane wave

Ey = A(x,y; t)elke?

N
A
&

e prop. modes x < %

odl w?
evanescent modes kz: ?—HZER

e evan. modes x > %
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e res. transmission

nm
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Nanoscale Radiative Heat Transfer and Its Applications, ISBN: 978-953-51-0060-7, InTech (2012)
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Frustrated internal reflection
w
e propagating waves
P I T inside the medium
w=Ck/E wz
®@p i(1,z = ;55?6 — fiz S R

w
K
Kk <:>/<a<c\/2

Qg &

[

Nanoscale Radiative Heat Transfer and Its Applications, ISBN: 978-953-51-0060-7, InTech (2012)
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Frustrated internal reflection
w
e propagating waves
P I T inside the medium
w=Ck/E wz
®@p i(1,z = ;55?6 — fiz S R
w
K
ky SR < ;E'V/E
L ky
o |

z

Nanoscale Radiative Heat Transfer and Its Applications, ISBN: 978-953-51-0060-7, InTech (2012)
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Surface modes

w a2
( ¢ ’bound’ to the surface
N e — o for p-polarisation only
e transmission coeff. Kk > w/c
(.OT
N Im(r}0)Im(r20)e=2~d
k P 1 = r0r20 exp(—2xd)[?

z

Nanoscale Radiative Heat Transfer and Its Applications, ISBN: 978-953-51-0060-7, InTech (2012)
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Surface modes

w a2
( ¢ ’bound’ to the surface
W, - « for p-polarisation only
e transmission coeff. k > w/c
(.OT
N Im(rgo)lm(rpzo)e_a’“d
k "1 = rl0r20 exp(—2xd)?

Nanoscale Radiative Heat Transfer and Its Applications, ISBN: 978-953-51-0060-7, InTech (2012)
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Transmissions coefficient 7, (SiC, u = hw/kg T)

d=90um
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Transmissions coefficient 7, (SiC, u = hw/kg T)

d =80um
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Transmissions coefficient 7, (SiC, u = hw/kg T)

d=70um
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Transmissions coefficient 7, (SiC, u = hw/kg T)

d =60um

10/46



Introduction - NFRHT
0000000e00

Transmissions coefficient 7, (SiC, u = hw/kg T)

d =50um

10/46



Introduction - NFRHT
0000000e00

Transmissions coefficient 7, (SiC, u = hw/kg T)

d =40um
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Transmissions coefficient 7, (SiC, u = hw/kg T)

d = 30um

10/46



Introduction - NFRHT
0000000e00

Transmissions coefficient 7, (SiC, u = hw/kg T)
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Transmissions coefficient 7, (SiC, u = hw/kg T

=10um
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Transmissions coefficient 7, (SiC, u = hw/kg T)
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Transmissions coefficient 7, (SiC, u = hw/kg T)
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Transmissions coefficient 7, (SiC, u = hw/kgT)

d=7um
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Transmissions coefficient 7, (SiC, u = hw/kgT)

d=6um

10/46



Introduction - NFRHT
0000000e00

Transmissions coefficient 7, (SiC, u = hw/kg T)

d=>5um
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Transmissions coefficient 7, (SiC, u = hw/kgT)
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Transmissions coefficient 7, (SiC, u = hw/kgT)

d=3um
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Transmissions coefficient 7, (SiC, u = hw/kgT)
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heat flux (SiC, T; = 300K, T, = 0K)
(“)SF’hP
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d =500 nm
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0-110,5 o7 00 0% Landauer: Biehs, Rousseau, Greffet, PRL 105, 234301 (2010)
d/m Limits:Ben-Abdallah, Joulain, PRB 82, 121419 (R)(2010)
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Penetration depth of surface modes in SiC

Hyperbolic media
000000000e 00000

HMM

0000000

T

Emitter

T T

Vacuum Gap

Receiver

v 12 pum
N 08 ’ W
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% o @) Al 10 um
D 06} o e
o . i
041 SWL oM 8
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z/id

Summary

Basu and Zhang, Appl. Phys. Lett. 95, 133104 (2009)

e Ultrasmall penetration depth (d € [1 nm, 100 nm])

0 =0.25d
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heat flux between hyperbolic materials?

Hyperbolic material Hyperbolic material

Nefedov and Simovski, PRB 84, 195459 (2011)
Biehs, Tschikin and Ben-Abdallah, PRL 109, 104301 (2012)

Guo et al., APL 101, 131106 (2012)
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indefinite/hyperbolic media |

uni-axial materials

e, 0 O
€ = 0 €l 0
0 0 ¢

e ordinary modes (OM) and extra-ordinary modes (EM)
2 k2 2 2 k2 2
om: KL T ~- Y EME A -2
€1 EJ_ C € EJ_ C
e dielectrics
€,.>0 and ¢ >0
e hyperbolic/indefinite media

€1€ <0

Smith and Schurig, PRL 90, 077405 (2003)
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indefinite/hyperbolic media Il
« isofrequency lines N
extra-ordinary modes %@7
k2 k||2 w? \
—_ 4+ = = —
€| €1 C

e hyperbolic media — nano-structuration (Knax = %)

€ z
&
y
€

L X

¢ natural hyperbolic media -> Bis Ses, SroRuQy, etc.

Narimanov and Kildishev, Nat. Photonics 9, 214 (2015)
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Heat flux for anisotropic materials
e heat flux (T; = Tund T, = 0)

0= (80 = [32 orn— [ass T
e Transmission coefficient
ﬂ(nﬁmmWU—Mmm@y K <
Tr URZA—BQHDQ(B4A—RjﬂDmT}efzwﬂdﬁi>
e Reflection matrix (i = 1,2)

Ro— | wR) 7w, k)
I — r}LS(w’ KJ) r.p,p(w’ K)) )

e 'Fabry-Pérot denominator’
D' = [1 — Ry Rz exp(2ik.d)] "

T(w,k; d) =

ol€ olg

Biehs, Rosa, Ben-Abdallah, Joulain, Greffet, Opt. Expr. 19, A1088-A1103 (2011)
Bimonte and Santamato, Phys. Rev. A 76, 013810 (2007)

Biehs and Ben-Abdallah, Phys. Rev. B 93, 165405 (2016)
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SiC nanowire phononic-polaritonic hyperbolic medium
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Biehs, Tschikin and Ben-Abdallah, PRL 109, 104301 (2012)

B. Liu and S. Shen, PRB 87, 115403 (2013); M. S. Mirmoosa et al., JAP 115, 234905 (2014) 17/46
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heat flux between hyperbolic materials?

Hyperbolic multilayer Hyperbolic multilayer
metamaterial metamaterial
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Radiative heat flux in multilayer systems

Volokitin and Persson, Phys. Rev. B 63, 205404 (2001)
Narayanaswamy and Chen, JQSRT 93, 175 (2005)
Biehs, EPJ B 58, 423 (2007)

Francoeur et al., APL 93, 043109 (2008)

Lau et al. APL 92, 103106 (2008)

Ben-Abdallah et al., JAP 106, 044306 (2009)
Francoeur et al., JQSRT 110, 2002 (2009)

Pryamikov et al., JQSRT 112, 1314 (2011)

Tschikin et al., PLA 376, 3462 (2012)

Maslovski et al., PRB 87, 155124 (2013)
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Building up hyperbolic bands

Transmission coefficient 7, (/j = b = 10nm; d = 10nm)
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Building up hyperbolic bands

Transmission coefficient 7, (/j = b = 10nm; d = 10nm)
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Building up hyperbolic bands

Transmission coefficient 7, (/j = b = 10nm; d = 10nm)
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Building up hyperbolic bands

Transmission coefficient 7, (/j = b = 10nm; d = 10nm)
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Building up hyperbolic bands

Transmission coefficient 7, (/j = b = 10nm; d = 10nm)
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Building up hyperbolic bands
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Building up hyperbolic bands

Transmission coefficient 7, (/j = b = 10nm; d = 10nm)
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Building up hyperbolic bands

Transmission coefficient 7, (/j = b = 10nm; d = 10nm)
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SiC/SiO, multilayer with SiC on top

1
» 08
0.6
Yy} PN
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——— total (b)
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Y. Guo, C. L. Cortes, S. Molesky, and Z. Jacob, APL 101, 131106 (2012)

Biehs, Tschikin, Messina, und Ben-Abdallah, Appl. Phys. Lett. 102, 131106 (2013)
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SiC/SiO, with SiO, on top

= Non-Bloch
° 00¢ —
" 206 —— Hyperbolic
=
= 0.4
0.2]
|
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Biehs, Tschikin, Messina, und Ben-Abdallah, Appl. Phys. Lett. 102, 131106 (2013)
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Spectral heat flux GaN/Ge multilayer Systems
(d =100nm, A = 100nm, w = 1.36 - 10'%rad

w—}ulk
'm m I EMT
= = = Ge on top

= = = GaN on top|

H(w, z)/HBB(w)

100 200 300

z (nm)

Lang et al., APL 104, 121903 (2014)

Tschikin et al. JQSRT 158, 17 (2015).
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HTC and penetration depth in mHMM

(a) (b)

= = =Ge on top
= = =GaN on top

o - \mi= EMT _ 0
a9 10 - = =Geon top A =10nm
= = = GaN on top
: 5
10 10
10' 10° 10° 10 10! 10° 10° 10
() d(um)
(@)
10°
| —
i A =100nm

= = =Ge on top
= = = GaN on top

d(um) d(um)

Lang et al., APL 104, 121903 (2014); Tschikin et al. JQSRT 158, 17 (2015).
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Laws of thermal radiation inside hyperbolic materials

hyperbolic
material

Liu and Narimanov, Phys. Rev. B 91, 041403(R) (2015)

Biehs, Lang, Petrov, Eich, Ben-Abdallah , PRL 115, 174301 (2015)
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Equilibrium properties of thermal radiation

Type Type II

e Local density of states (LDOS)

D(w,¥) = %

G. S. Agarwal, Phys. Rev. B 11, 253 (1975)

ImTr[eG™E(r, 1, w) + pGH(r, 1, w)]

Eckhardt, Zeitschrift fir Physik B: Condensed Matter 46, 85 (1982)
e Green’s function for anisotropic media

Weiglhofer, IEE Proceedings 137, 5 (1990) 26746
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Thermodynamic potentials - dielectrics

e internal and free energy per unit volume
U= / dw D(w)U(w, T), F= / dw D(w)F(w, T)
0 0

where

Uw, T) = — . Flw, T)=ksTIn(1 — ¢ i)
- _ U-F

« entropy per unit volume S = Y=F
e dielectrics € > 0 and e; > O (w. Eckardt, Opt. Commun. 27, 299 (1990))

Uy = Uggerver and U = UBye /el

and

1

0/ € 0/€ 4 /e
FB/e:—guD/ and SY/° = %

3T
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Thermodynamic potentials - hyperbolic media

e DOS for kL,maX > % |€H| :

D ~ D ~ 2 VIl

o~ m2c2 ) kl,max

Planck’s law:

Df p(w)tt (w, T)
internal energy (Ic = h/kg T)

U I
/1
UIC/H 0.8 kJ_,max T3 and UigB 0.6 KC

including dispersion see

Smolyanov and Narimanov, PRL 105, 067402 (2010)
Biehs, Lang, Petrov, Eich, Ben-Abdallah, PRL 115, 174301 (2015)
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Comparison with normal blackbody

leLeyl =1,KL mx = &, A=100nm, T = 300K

1ot
10%
10%

10

Energy density

107

10%

10* 10" 10° 10' 10’
hw/ kgT
e Wien’s law

dielectric: Plomax _ 2.82 hyperbolic: flomax _ 1.59
ke T

Biehs, Lang, Petrov, Eich, Ben-Abdallah, PRL 115, 174301 (2015)
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Towards Stefan-Boltzmann’s law for HM
T#0 T=0
HM
< Sz>
HM i

» Poynting vector (Rytov’s theory; Levi-Civita tensor ¢.3-)
*dw 2w g
0 27T CZ

X /dr” (GEE(r, r”)Im(e)GHET(r, r”))

v

(Sy) = €apy2Re U(w, T)

af
e Green’s function for anisotropic media

Weiglhofer, IEE Proceedings 137, 5 (1990)
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Stefan-Boltzmann’s law for HM
e lossless limit

o/ = (S,) = / “ (w, T)/ L kLLZ"/C)
0 27'[' 0 27T ’yo/e
with
2 w? 2 2 w? 2 €L
PYOEFGLikl and ’ye E?Elfkli

e Stefan-Boltzmann’s law in dielectrics
€
=i (i)

o Stefan-Boltzmann’s law for HM (K1 max > 51/ l€) 1)

& L\? 5
e 1/11
CDI/H x ki,max T2 and o, ~ (X) 52

Biehs, Lang, Petrov, Eich, Ben-Abdallah, PRL 115, 174301 (2015)
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Hyperbolic media

Hyperbolic Multilayer Metamaterial

Thermal radiation inside HM

Summary
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Summary

e phonon-polaritonic near-field emitters

e narrow-band thermal radiation
¢ ultra-small penetration depth

e hyperbolic near-field emitters

e broad-band thermal radiation
¢ large penetration depth

¢ blackbody laws of hyperbolic materials

e Planck’s law
e Wien’s law
¢ Stefan-Boltzmann law
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Spectral HTC and penetration depth in mHMM

spectral penetration depth maximal hyperbolic heat flux
[ ] o]

—— bulk GaN
\m1m EMT

= Ge on top
= = =GaN on top

.

e o, e

GBI o e _rs s e gws
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Maximizing near-field radiation

1000

e Limit of htc P ne
100 B ‘IP‘E.:
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max,p — |\ ThAn | A < :
P ra? 3h 2 3
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Biehs, Tschikin, Ben-Abdallah, PRL 109, "
104301 (2012) T E—— 1 10
d/ Ay
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10* T T
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= = Without graphene
10° £\, = Theoretical limit E
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X. Liu et al., ACS Photonics 1, 785 (2014)
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Landauer-like expression for the heat flux

L
electron electron
reservoir 1 IW reservoir 2
E +eV EF
F

/:rvzz—iz[;Tn}v ¢ = sz[Z/dHT'}

T - Jdu uPf(u)Ti(u, d)
" [duwrf(u)

uPel

Biehs, Rousseau, Greffet, PRL 105, 234301 (2010)

f(u) =

Wu et al., PRB 78, 235421 (2008) 38/46
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Mean transmission coefficient
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Biehs, Rousseau, Greffet, PRL 105, 234301 (2010)

fundamental limits:Ben-Abdallah and Joulain, PRB 82, 121419 (R)(2010)
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Green’s function in the gap region
e Summing up multiple reflections:
Ga(k;z,2")
— i ]lery,(z z') + 621% —iy(z+2’ )R
2%
+ eZiWrdeiﬁr(Z—Z/)R1 ]RZ

+ e4ivrde—i%(z+z’)]RQR1 Ry + .. ]

e complete intracavity Green’s function

d® ir-(x—x') i 12 i (z—2') i (z+2')
Gintra f— W € Z ]]) ]].e T + R‘] (] T
u Tt

+ D?! (]RzR1 ein(Z=2)g2ind Rzezw'de_i'y'(z"rzl))]

Biehs, Rosa, Ben-Abdallah, Joulain, Greffet, Opt. Expr. 19, A1088-A1103 (2011)
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SiC/SiO, multilayer with SiO» on top

spectral penetration depth maximal hyperbolic heat flux
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Biehs, Tschikin, Messina, und Ben-Abdallah, Appl. Phys. Lett. 102, 131106 (2013)
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heat flux modulation

Au grating
(T = 300K, T, = 0K, f = 0.3)
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Biehs, Rosa, Ben-Abdallah, APL 98, 243102 (2011)
e beyond EMT:

Rodriguez et al., Phys. Rev. Lett. 107, 114302 (2011)

o effective description:

€x,z = 6h,-(‘l - f/) + f/
P E—
YT =) + fie,

R. Guérout et al., Phys. Rev. B 85, 180301(R) (2012)
J. Lussange et al., Phys. Rev. B 86, 085432 (2012)
J. Dai et al., Phys. Rev. B 92, 035419 (2015)

J. Dai et al., Phys. Rev. B 93, 155403 (2016)
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Stefan-Boltzmann’s law for HM
e max heat flux for GaN/SiO2-HMM (A = 10nm)

HM
AD
||#

d

e conductivity in GaN/SiO,: ~ 0.79 %%

"
6
02K

d = 400nm = htc ~ 1.85 x 106¥
m°K

o Stefan-Boltzmann for HM (photons):

d=200nm = htc ~ 3.7 x 1

W
~ 6
htc ~ 2.3 x 10°—— o~
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heat flux between anisotropic materials?

Anisotropic material Anisotropic material
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Mean Poynting vector

_ _ o yw” s
(,(0.) = o (Ealr. OHS(1.1) = oy [ 57255 m00(T) gt
with

IS .= / ds’ [(V/ x GEE'(r, r’))t- (nx GHET(r,r’))

oV

+ GEE(rr) - (nx V' x GHE'(r, r’))].

G(r,r') electric Green’s function
with r and 1’ inside the gap
Volokitin and Persson, Rev. Mod. Phys. 79, 1291 (2007)

A. Narayanaswamy and Y. Zheng, JQSRT 132,12, (2014)
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Heat flux for anisotropic materials
e heat flux (T; = Tund T, = 0)

dw hw d?k
®=1(52 = /Eehw/(ksr) —1 /(2@27(”"’“ 9

e Transmission coefficient

Tr [(1 — RpR2)D12(1 — ]lem)n)m*} . k<
Tr [(R) — Rp)D'2(Ry — ]RI)]D”T} g2lkld o~
e Reflection matrix (i = 1,2)

o= o) e ]

T(w,k; d) =

ol€ olg

I I OO W O
e 'Fabry-Pérot denominator’
D' = [1 — Ry Rz exp(2ik.d)] "

Biehs, Rosa, Ben-Abdallah, Joulain, Greffet, Opt. Expr. 19, A1088-A1103 (2011)
Bimonte and Santamato, Phys. Rev. A 76, 013810 (2007)
Biehs and Ben-Abdallah, Phys. Rev. B 93, 165405 (2016)
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