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Planck’s radiation law
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Planck radiation law from
thermodynamics

i) Maximizing the number of microstates:
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ii) Condition: energy is constant
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Photon tunneling: near-field regime
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Figure: Evanescent waves play no role in heat loss from a hot dielectric surface to vacuum, left hand
figure, but evanescent waves can carry heat from a hot to a cold dielectric surface, right hand figure.

[J. B. Pendry, J. Phys.: Condens. Matter 11 (1999) 6621-6633]

Heat flux much larger than blackbody limit! &y, = o1™



Enhancement of the heat flux in the near-field
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Questions:

-How much work can we extract from the radiation?
What is the efficiency of the process?
How to compute the dissipation?

-What is the optimal structure for heat transfer?

Thermodynamics for the NF



Thermodynamics of thermal radiation

Energy flux radiated:
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Energy conversion
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Efficiency

Work: Ideal work:

W =T.AS — AU — T.AS;, W =T.AS — AU

\

Energy dissipation
Gouy-Stodola theorem Nonequilibrium thermodynamics
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Spectral flux of modes:
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When:
d < i = Cﬁ/kBT
Ar=T7.6 um for T=300K

Emission is dominated by SPPs

Ex.: SiC, hBN



Black body radiation

The reflection coefficient vanishes:
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Nea r-fIE|d When the surfaces are close enough the spectral
flux of modes is dominated by p-polarized
evanescent modes
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Work:

kB Te
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Etficiency bounds
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Comparison with blackbody
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What is the optimal structure for heat transmission?

e two 5 pm-thick SiC samples: SPP at wspp >~ 1.79 X 1014 rad/s

e metal-like medium: surface mode (a plasmon) at wspp

(a)

(b)

Near-field:

d << At = he/(kBT), A\ =7.6pm for T'= 300K




Net energy flux on the cold body
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° 7}(111), 7}(10), and 7}(11::) are the transmission coefficients for polarization j that

depend on optical properties of materials



Net entropy flux on the cold body
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Spectral fluxes (a.u.)
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Results

Near-field thermodynamics, NFT

The maximum work that can be obtained from the
thermal radiation in the near-field regime is much
larger than that corresponding to the blackbody limit.

Thermal radiation energy conversion can be more
efficient in the near-field regime.

Optimal configuration: Three-body photon tunneling
can produce more work than in two body systems

New possibilities for the design of energy converters
that can be used to harvest energy from sources of
moderate temperature at the nanoscale

l. Latella et al., J. Appl. Phys., 115, 124307 (2014)
I. Latella et al., Phys. Rev. Applied, 4, 011001 (2015)



Casimir forces from dissipation

Casimir-Lifshitz force between a sphere of radius R and a plate separated
by a distance

d<<R

Proximity-force approximation (Derjaguin):

Fppp = 2nReP™P
ePP = —m*he /(720d°)

Deviations from PFA arise from curvature:

212 Rhc d d? a, . Correction coefficients
PFA — @ — |l +/5+0(—
720d R R



Kinetic model

O1(®) = a(0,T1.T>)J» (0. T5)
Rate of change of the energy

/ of the rdiation field

Jro (0. T5) = er(w,Ty)it(w, T,)

i) Dynamics of the system: collective excitations or vibration modes

ii) Overall relaxation (Matthiessen rule)

= !

iii) Relaxation times
1'3;1 = f;ll + cf,"f:-r;ll &, smallrandom input

=1 (14+30, &)



Forlargel, > & isasymptotically normally distributed

1 lnz(w/wg)]
Hw) = ex [—
( ! ) \/271'_(}’{0 p 262

iv) Adiabatic approximation

u(w, Ty) = ulw, Ty)/7(w)
Energy of a harmonic

oscillator
hw ( hw )

ulw,T>) = - coth



v) The relaxation process entails dissipation. Represents the asymptotic of the
diffusion coefficient

vi) The relaxation time leads to a new model for the dielectric permetivity
(generalized Drude model)

e(w) = €y \
(@) * 1 +iwt(w)

and to a new fluctuation-dissipation relation.

oo,
Total power: P, ; = / Qj(w)g;(w)dw
J @,

. 2723 _
g9j(w) = V;0°/n°c Density of modes
of material

Force: Fii ="P./c

=]



Isothermal case, with  a;(@.T) = ¢;(w.T) = 1

23/2 7312 ﬁESV,» In?(2rec/wyd)
Finjm—73 7 CXp |~ 2
d 0T 20
hec
x coth ,
(2kBTd)

L. Lapas, A. Perez, J.M. Rubi, Phys. Rev. Lett.
116, 110601 (2016)

i)  Unlike the PFA formula, it does not diverge as d goes to zero
i) For large separation, the dominant term goes as

kT /d3

iii) AtzeroT, it behaves as

l/a‘r4 Casimir-Lifshitz theory




iv) The PFA is not consistent with Heisenberg’s uncertainty principle

H. Gies, K. Klingmiiller, Phys. Rev. Lett. 96,220401 (2006)

Heisenberg’s principle

AXAp = Hl 2 hve 27ve
Ax < d 2d d "
Ap>hl2d
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-The corrected PFA may fit experiments of Murray et al. for the attractive
and repulsive forces with fitting parameters different from those predicted

a =2.82x107°(4.44x107°)
repulsive (attractive) [ =-2.3x10%(6.3x10%)

£=2.57(8.21)
o =3.22(2.37)

-The corrected PFA is not able to adjust Krause et al. experiments

£=10.23
o =2.46
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