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Introduction

The purpose of this manuscript is to give an overview of my research activity in view of the
obtention of my Habilitation a diriger des recherches. After a brief review of the results obtained
during my PhD and my two postdocs, the second and main part of the manuscript will concern

the results I obtained since the beginning of my permanent position at CNRS in 2013.

Since my very first contact with research, photons have been at the heart of my activity.
As a matter of fact, since 2006 I have focused my attention of the fluctuations of the elec-
tromagnetic field, of quantum and thermal origin, and on the physical effects they can entail.
More specifically, I have addressed several aspects of two phenomena directly connected to these

fluctuations: Casimir forces and near-field radiative heat transfer.

Casimir forces exist between any couple of electrically neutral bodies, also in the ground
state of the electromagnetic field. Even if in this scenario the average electric and magnetic
fields vanish, the fact that Heisenberg uncertainty relations prevent the variance of these fields
to vanish led Hendrik Casimir in 1948 to theoretically prove the existence of an attractive force
between two perfectly conducting parallel plates [1]. In the same year, he also unveiled, in
collaboration with Dirk Polder, the existence of an analogous effect between a neutral atom and
a perfectly conducting plate [2]. These intriguing results were generalized to the case of arbitrary
dielectric properties by Lifshitz and collaborators [3]. Several theoretical developments followed
these pioneering results, starting to delve deeper into the role played by optical properties,
temperature and geometry of the system, as highlighted by several review papers on this topic [4—

7).

Almost 50 years had to be waited for the first unambiguous experimental demonstration
of the Casimir force in a macroscopic system [8], followed by many others experiments [9-33],
performed in a variety of geometrical configurations, involving spheres, cylinders, along with the
initially considered plane- plane configuration. On a parallel side, several experiments explored
the behavior of the Casimir-Polder force in systems involving atoms [34-41]. All these investi-

gations confirmed the predictions and gave a further boost to the theoretical studies, leading to
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a variety of theoretical frameworks to deal with Casimir forces in very general scenarios [42-46].

A further important step in the history of Casimir forces came in 2004, with the first the-
oretical study of the effect of the absence of thermal equilibrium on the behavior of the force,
both in macroscopic systems and in configurations involving atoms [47-50]. It was shown that
the dependence of the force on the distance can be qualitatively modified, and that a repulsive
force can also arise. Shortly after these works, these findings were experimentally confirmed by

an experiment involving Bose-Einstein condensates [51].

At this stage, it was already clear that a precise knowledge of the Casimir force could be
relevant in several applicative domains [52]. More specifically, the ongoing miniaturization of
technological devices, and thus the transition towards distances between the operating parts (in
the micron and sub-micron range) where the Casimir force can be the dominant effect, paved
the way toward a more and more precise assessment in configurations such as the ones of Micro-
and Nano-Electromechanical Systems (MEMS and NEMS) [53,54]. As a matter of fact, it was
shown that not only is a precise knowledge of the force mandatory to prevent adhesion of the
(possibly) moving parts (usually referred to as stiction), but the force can be ideally actively

exploited for the correct functioning of these devices [12,13].

Around the same years when Casimir forces were initially theoretically discovered, the devel-
opment of the rigorous framework of fluctuational electrodynamics by Rytov [55], enriched by
the important results of Polder and van Hove [56] some years later, set the foundations of a new
paradigm in the domain of radiative heat transfer. The fact that two bodies at different temper-
ature, even separated by a vacuum gap, exchanged heat mediated by photons had been known
already for a long time. Nevertheless, the comprehension of this phenomenon was based on the
traditional approach of ray optics, expected to fail when the distance separating the bodies or
their size become smaller than the thermal wavelength Ay, = fic/kgT, of the order of 10 um at
ambient temperature. Under this approximation, Stefan-Boltzmann’s law sets an upper limit to
the radiative heat transfer between two bodies, attained only in the ideal scenario of two black
bodies (absorbing all the radiation impinging on them). On the contrary, for distances smaller
than Ag, in the so-called near field, tunneling of photons can take place and the energy exchange
can be dominated by evanescent waves, ignored within a ray-optics approach. The first obser-
vation, along with the impressive amount of further theoretical developments, described e.g. by
several review papers on this topic [57-61], allowed to highlight the fact that near-field radiative
heat flux can go beyond the black-body limit even by several orders of magnitude, especially
when the interacting bodies support surface resonant modes such as phonon-polaritons in the

case of polar materials.

As in the case of Casimir forces, a long time separates the first theoretical predictions from
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the first clear experimental observations. Nevertheless, also in this case, these led to a renewed
interest and to an impressively high amount of experimental confirmations in a variety of ge-
ometrical configurations [62-92]. Also in this case, this significantly nourished the theoretical
interest, paving the way to some general theoretical approaches to near-field radiative heat trans-
fer in arbitrary configurations [93-98]. Interestingly, at this stage it became clear that Casimir
forces and radiative heat transfer shared a common origin and could be studied also within a

common formalism [99-102].

The control of temperature and energy fluxes at the nanoscale is indeed a very relevant topic
in the context of micro- and nano-technology. In this sense, several works were devoted to the
control of near-field radiative heat transfer. In this recent branch of thermal management [103],
a relevant role is played by those works in which a way to control energy flux by means of an
externally adjustable parameters, such as a magnetic field [104] or the chemical potential [105,
106].

In the same spirit of active manipulation of near-field radiative heat transfer, the recent
development of thermotronics has to be mentioned (see [107] and refs. therein), whose purpose is
the development of thermal analogs of basic components of electrical circuits (diode, transistors,
...). This has recently led to the first experimental realization of a near-field radiative thermal
diode [88].

A further relevant applicative domain in which near-field radiative heat transfer could play a
key role is energy conversion. More specifically, around 20 years ago it was suggested that near
field could have a significant impact on thermophotovoltaic cells [108-110]. In these systems, the
thermal energy coming from a source (and not directly from the Sun as in ordinary photovoltaic
cells) is converted into an electric current. As suggested by Refs. [108-110], the efficiency of
such energy-conversion devices could benefit from the known dramatic amplification of radiative
flux due to the transition to the near-field regime. Since the initial proposal, several theoretical
studies have been presented (see Ref. [111] and references therein). Among the recent devel-
opments [76,112], an experimental realization of a near-field thermophotovoltaic device in the

nanometer range of distances has to be mentioned [87].

Albeit the impressive amount of theoretical and experimental developments in these fields,
several aspects have been somehow surprisingly almost ignored until very recently. A common
one between Casimir forces and radiative heat transfer is the role played by many-body effects.
As a matter of fact, it is known since the early theoretical results that both effects are non-
additive, in the sense that in the presence of more than two bodies, the effect on a given one
cannot be predicted as the sum of the individual two-body contributions which would exist in

the absence of the other bodies. This implies that a correct prediction of the force and energy
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transfer in configurations implying more than two bodies, of increasing relevance especially for
technological applications, requires an exact many-body approach, and that the precision of
results obtained within an additive approximations cannot be assessed in advance. This topic
has been indeed one of the main ones of my activity during the last decade. It has led to
the development of general theoretical frameworks describing the Casimir force and radiative
heat transfer in arbitrary systems made of two bodies (in the presence of an environment),
three bodies and later IV planar slabs. These results are the topic of Chapter 3. These general
approaches have been at the origin of a variety of theoretical predictions of many-body effects,

of which an overview is given in Chapter 4.

A further part of the results obtained concerns the theoretical analysis of Casimir forces and
heat transfer in systems involving gratings, i.e. periodically nanostructured surfaces. This topic
fits the general topic of the active manipulation of these physical effects by means of geometrical
and material parameters. The results obtained in this context, as well as the techniques used to

obtain them are described in Chapter 5.

Finally, an aspect which has not received the deserved attention is in my opinion the coupling
between conductive and radiative heat transfer. As a matter of fact, in almost all theoretical
works on radiative heat transfer, the main assumption is that the temperature within each in-
teracting body is constant, as the result of the contact with an external thermostat. While in
some cases this is fully justified by the comparison between conductive and radiative contri-
butions, some of the results I obtained during the last years have unveiled scenarios in which
this assumption can even dramatically fail. This has in my opinion on one hand a remarkable
theoretical interest, but plays also a key role in a precise quantitative prediction of the value of
the radiative flux. The results, obtained in the specific case of Fourier regime and within the

more general approach based on the Boltzmann transport equation, are the topic of Chapter 6.
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CHAPTER 1

Curriculum vitae

Place and date of birth

Citizenships

Professional address

Since 01/2018

10/2013-12/2017

01/2012-06/2013

Personal information

Palermo (Italy), 7 May 1983

Italian, French

Laboratoire Charles Fabry UMR CNRS 8501

2 avenue Augustin Fresnel, 91127 Palaiseau (France)

Current position

CNRS CRCN researcher (Section 03) at Laboratoire Charles Fabry
UMR 8501 (CNRS, Institut d’Optique Graduate School), Palaiseau

(France).

Past positions

CNRS CR2 researcher (Section 03) at Laboratoire Charles
Coulomb UMR 5221 (CNRS, Université de Montpellier), Montpel-

lier (France).

Postdoctoral researcher at Laboratoire Charles Fabry (CNRS, In-
stitut d’Optique Graduate School), Palaiseau (France).
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8 1. Curriculum vitae

Postdoctoral researcher at SYRTE (Observatoire de Paris), Paris
01/2010-12/2011
(France).
——— University education

Phd in Physics

Laboratoire Kastler Brossel (Ecole Normale Supérieure de Paris,
01/2007-12,/2009 CNRS, Université Pierre et Marie Curie Paris 6)

Universita degli Studi di Palermo

Vote: Trés honorable

Master degree in Physics
10/2004 - 09/2006 Universita degli Studi di Palermo
Vote: 110/110 cum laude

Bachelor degree in Physics
10/2001-10/2004 Universita degli Studi di Palermo
Vote: 110/110 cum laude

Casimir- Polder force between atom and surface: geometrical and

Titl
e dynamical effects
Supervisors A. Lambrecht and R. Passante
Date of defense 1 April 2010
Marie-Christine Angonin
Giovanni Carugno
Astrid Lambrecht Carugno
Committee

Roberto Passante
Francesco Saverio Persico

Giuseppe Ruoso

Mark Tres honorable



Title

Supervisor

Date of defense

Mark

2020-2021

2020-2021

2019-2020

2019-2020

2018-2019

2018-2019

2012-2013

2012-2013

Master thesis

Fluttuazioni delle forze di Casimir e di Casimir- Polder

(Fluctuations of Casimir and Casimir- Polder forces)

R. Passante
20 September 2006

110/110 cum laude

Teaching experience

14 hours- Tutorials on FElectromagnetism (third year of bachelor’s

degree, Institut d’Optique Graduate School)

19 hours - Tutorials and practical work on Numerical Physics (third
year of bachelor’s degree, Ecole Normale Supérieure de Paris-

Saclay)

14 hours- Tutorials on FElectromagnetism (third year of bachelor’s

degree, Institut d’Optique Graduate School)

19 hours - Tutorials and practical work on Numerical Physics (third
year of bachelor’s degree, Ecole Normale Supérieure de Paris-

Saclay)

14 hours- Tutorials on Electromagnetism (third year of bachelor’s
degree, Institut d’Optique Graduate School)

19 hours - Tutorials and practical work on Numerical Physics (third
year of bachelor’s degree, Ecole Normale Supérieure de Paris-

Saclay)

9 hours- Tutorials on Electromagnetism (third year of bachelor’s

degree, Institut d’Optique Graduate School)

36 hours - Tutorials and practical work on Random Variables (third

year of bachelor’s degree, Institut d’Optique Graduate School)
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2011-2012

2011-2012

2010-2011

2018 - present

2015-2017

2013-2015

2014-2016

2010-2012

04-05/2019

08-10/2018

52 hours - Oral tests on Electromagnetism (second year of bachelor’s

degree, University Paris 7 Denis Diderot)

44 hours- Oral tests on Mechanics (first year of bachelor’s degree,

University Paris 7 Denis Diderot)

50 hours- Tutorial of 5 students of the DU (Universitary Diploma)
Celestial Mechanics and Astronomy organized by the Observatoire

de Paris.

Supervision of PhD students and postdocs

Co-direction of the work of of Marta REINA
PhD student at Laboratoire Charles Fabry (Palaiseau)

Co-direction of the work of of Pierre DOYEUX
PhD student at Laboratoire Charles Coulomb (Montpellier)
Defense on 20 November 2017

Supervision of the work of of Bruno LEGGIO
Postdoc at Laboratoire Charles Coulomb (Montpellier)

Supervision of the work of of Antonio NOTO
PhD student at Laboratoire Charles Coulomb (Montpellier)
Defense on 21 March 2016

Supervision of the work of Sophie PELISSON
PhD student at SYRTE (Paris)
Defense on 25 October 2012

Scientific visits

“Visiting Research Scholar” at Princeton University, Department of
Electrical Engineering (USA)

Invited researcher at Princeton University, Department of Electrical
Engineering (USA)
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04-05/2017

04/2015

2010-2012

11/2010

11/2008

2021-2024

2018

2018-2020

2017

2015-2018

2007

“Visiting Research Scholar” at Princeton University, Department of
Electrical Engineering (USA)

Invited researcher at Los Alamos National Laboratory (USA), visit

to the group of Diego Dalvit

Visits to the group of M. Antezza, Laboratoire Charles Coulomb,
Université de Montpellier 2 (France)

Visit to the group of M. Fromhold, School of Physics and Astron-
omy, University of Nottingham (UK)

Visit to the Kavli Institute of Theoretical Physics, Santa Barbara
(USA)

Grants and awards

PI of ANR (French national funding agency) NearHeat (two labo-
ratories involved, total funding 319 k€, 3 years starting from March
2021)

Fulbright Visiting Scholar Fellowship, French - American Fulbright

commission (6 k€).

PICS (Projet International de Coopération Scientifique) project
("Many-body effects in near-field radiative heat-transfer and cou-
pling with conduction”), CNRS (21 k€, 3 years).

Funding for a 2-month visiting-sholar position to Princeton Univer-
sity, Laboratoire Charles Coulomb, Montpellier (5k€).

PEDR (Prime d’encadrement doctoral et de recherche), CNRS (4

years).

Gugino prize for the best master thesis in Mathematics and Physics,

Universita degli Studi di Palermo.
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—— Conference organization

9022 Chair of the conference Furotherm Seminar 114 - Nanoscale and
Microscale Heat Transfer VII, Palermo (Italy).

2018 Chair of the conference Furotherm Seminar 111 - Nanoscale and
Microscale Heat Transfer VI, 2-7 December, Levi (Finland).
Organization of the special session Advances in Diffraction Gratings

2015 Theories at the conference PIERS 2015, 5-9 July, Prague (Czech
Republic).

S Invited talks

Montpellier (France)

13 January 2020

Rome (Italy)

17-20 June 2019

Cancun (Mexico)

18-23 August 2018

Oldenburg (Germany)

29 June 2017

Université de Montpellier

R. Messina, Near-field radiative heat transfer: surface-assisted am-

plification and coupling with mechanical motion

PIERS 2019, special session Fluctuational electrodynamics

and heat transfer

R. Messina, S.-A. Biehs, T. Ziehm, A. Kittel, and P. Ben-Abdallah,

Heat transfer between two metals through subnanometric vacuum

gaps

XXVIII IMRC 2018, special session Heat Transfer at the
Nanoscale

R. Messina, Surface-mode assisted amplification of radiative heat
transfer between nanoparticles

Institut fiir Physik, Carl von Ossietzky Universitét

R. Messina, Radiative heat transfer in the presence of temperature

gradients: new asymptotic laws and coupling with conduction
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Paris (France)

20 September 2016

Prague
(Czech Republic)

5-9 July 2015

Los Alamos (USA)

16 April 2015

Guangzhou (China)

24 -28 August 2014

Les Houches (France)

30 March-4 April 2014

Sharjah
(United Arab Emirates)

19-22 March 2013

Montpellier (France)

27-31 August 2012

Institut Langevin

R. Messina, Transfert radiatif de chaleur en présence de gradients
de température : nouvelles lois asymptotiques et couplage avec con-

duction

PIERS 2015, special session Casimir Effect and Heat Transfer

R. Messina, P. A. Maia Neto, B. Guizal, and M. Antezza, Casimir

interaction between a sphere and a grating

Quantum Lunch Seminar at Los Alamos National Laboratory

R. Messina, Momentum and energy transfer out of thermal equilib-

rium: three-body and nanostructuring effects

PIERS 2014, special session Casimir Effect and Heat Transfer

R. Messina, A. Noto, B. Guizal, and M. Antezza, Non-equilibrium

Casimir-Lifshitz force between dielectric gratings

Casimir Physics

R. Messina and M. Antezza, Three-body radiative heat transfer and
Casimir-Lifshitz force out of thermal equilibrium for arbitrary bod-

1es

META’13

R. Messina and P. Ben-Abdallah, Near-field optical properties of
graphene-based heterosystems: application to thermophotovoltaic

energy conversion

13émes Journées de la Matiere Condensée, special session
Transfert de chaleur et forces optiques aux échelles

nanométriques

R. Messina, M. Antezza, and P. Ben-Abdallah, Energy and momen-

tum transfer in three-body systems
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San Feliu de Guixols (Spain)

21-24 May 2012

Paris (France)
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Montpellier (France)

11 April 2011

Nottingham (UK)
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Bertinoro (Italy)
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Lille (France)
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Phonons and Fluctuations 3
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META’12, special session Quantum metamaterials

R. Messina, M. Antezza, and P. Ben-Abdallah, Near-field heat
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Laboratoire Charles Coulomb, Université de Montpellier 2

R. Messina and M. Antezza, Force de Casimir et transfert de

chaleur hors équilibre thermique

University of Nottingham

R. Messina, Scattering approach to dispersive atom - surface inter-

actions

Open Problems in Quantum Mechanics

R. Messina and R. Passante, Casimir- Polder interaction between
a neutral atom and conducting surfaces: fluctuations and different

geometries

Contributed talks

Thermal NanoSciences and NanoEngineering

R. Messina, A. Noto, B. Guizal, and M. Antezza, Radiative heat
transfer between metallic gratings using Fourier modal method with

adaptive spatial resolution

Eurotherm 108 - Nanoscale and Microscale Heat Transfer V

R. Messina, W. Jin, and A. W. Rodriguez, Strongly coupled near-

field radiative and conductive heat transfer
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R. Messina, P. A. Maia Neto, B. Guizal, and M. Antezza, Casimir

interaction between a sphere and a grating

Eurotherm 91, Microscale Heat Transfer I1I

R. Messina and M. Antezza, Scattering - matrixz approach to heat
transfer and Casimir - Lifshitz force between arbitrary bodies
Gravitation and Fundamental Physics in Space

R. Messina, D. A. R. Dalvit, P. A. Maia Neto, A. Lambrecht, and
S. Reynaud, Scattering approach to dispersive atom - surface inter-

actions

Central European Workshop on Quantum Optics

R. Messina, D. A. R. Dalvit, P. A. Maia Neto, A. Lambrecht, and
S. Reynaud, Scattering approach to dispersive atom - surface inter-

actions

Central European Workshop on Quantum Optics

R. Messina and R. Passante, Casimir — Polder force density between
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Gravitation and Fundamental Physics in Space

R. Messina, S. Pelisson, M.-C. Angonin, and P. Wolf, Atomic states

in optical traps near a planar surface
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Santa Fe (USA)
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Norman (USA)

21-25 September 2009

Casimir, van der Waals, and nanoscale interactions

R. Messina, D. A. R. Dalvit, P. A. Maia Neto, A. Lambrecht, and
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Quantum Field Theory under the Influence of External Conditions
2009

R. Messina, D. A. R. Dalvit, P. A. Maia Neto, A. Lambrecht, and
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Referee activity for scientific funding agencies

ANR (Agence Nationale de la Recherche, French Research Foundation)

DFG (Deutsche Forschungsgemeinschaft, German Research Foundation)

Referee activity for peer-reviewed

international journals
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CHAPTER 2

PhD and postdoctoral activity

2.1 INTRODUCTION

The aim of this chapter is to provide a brief overview of my research activity before being hired
at CNRS in October 2013. The three following sections are dedicated to my PhD, to my first

and second postdoc, respectively.

2.2 PHD AcCTIVITY

I did my PhD between 2007 and 2009 and defended my thesis in April 2010. On the basis of a
formal agreement between the two institutions, my PhD was shared between Laboratoire Kastler
Brossel (Paris, France) and Universita di Palermo (Palermo, Italy), with the double supervision
of Astrid Lambrecht and Roberto Passante. My activity was focused on the Casimir-Polder

force between an atom and a surface, and resulted in the publication of two articles [113,114].

The first one [113] deals with the study of the modification of the atom-surface force due
to the presence of a periodic corrugation. The key point in this work is the introduction of a
perturbative treatment of the corrugation, allowing to express the correction to the reflection
operator of the corrugated surface as a simple closed-form expression up to the first order in the
corrugation amplitude, following the approach presented in Refs. [115-117]. This has allowed
to express the correction to the energy (and thus to the force) as a simple expression directly
involving a response function g(k, z), along with the Fourier transform of the corrugation profile.

We have shown that it is possible to express this response function as a product of three terms

glk,z) = p(k, 2)npFip. (2.2.1)
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Figure 2.1 : (a) Geometry correction factor p as a function of kza for a silicon surface and several
atom - surface distances. The black line corresponds to the ideal Casimir - Polder result. (b) Correction
of the normal dispersive force between a Rb ground-state atom and a plane gold or silicon surface as a

function of the separation distance z4. From Ref. [113].

where Fgg is the well-known force between an atom and a perfect conductor, p(k, z) describes
the deviation due to the presence of the corrugation, while g accounts for the correction due
to real materials. As shown in Fig. 2.1, these corrections can take values significantly different

from 1 even for reasonable values of the geometrical parameters (see Ref. [113] for more details).

Our second work [114] concerned the time evolution of the Casimir - Polder force between an
atom and a perfectly conducting wall during the dynamical dressing of the atom. As a matter of
fact, the bare ground state of the system (product of the atomic and field ground states) is not
an eigenstate of the full system, and the actual ground state of the system (the dressed state)
can be obtained by using perturbation theory on the atom - field interaction Hamiltonian term.
By solving the Heisenberg equations for all field operators, we were able to calculate the time
evolution of the Casimir energy and force when the system starts its evolution from a partially
dressed state. This configuration could be experimentally realized by switching on an electric
field at a given time tg, producing a rapid modification of the atomic transition frequency from
wp to w(, and thus a modification of the fully dressed state. More details can be found in
Ref. [114].

2.3 POSTDOCTORAL RESEARCH AT SYRTE LABORATORY

This section concerns the results I obtained during my first postdoc (2010 and 2011) at SYRTE

laboratory, belonging to Observatoire de Paris, under the supervision of Peter Wolf and Marie-
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Figure 2.2 : Density probability of modified Wannier - Stark states for n = 1,2,3,4. The last two
functions (black, solid line) are compared to the corresponding standard Wannier-Stark state (red,
dashed line). From Ref. [119].

Christine Angonin. The main purpose of this postdoc was to model theoretically the experiment
FORCA-G (FORce de CAsimir et Gravitation a courte distance), under design and preparation
at that time at SYRTE [118]. The aim of this experiment was to investigate possible deviations
from the Newton law of gravitation at small distances (z < 100 ym). According to many theories
of unification of general relativity and quantum mechanics, this correction is often modelized by

means of a Yukawa-type potential

_ GMm
2

V(2) (14 aye /), (2.3.1)

added to the standard Newtonian one, where G is the gravitational constant and m and M the
masses of the two particles. In this expression, ay and Ay are two parameters introduced to
characterize the relative strength of the corrective potential and its typical range, respectively.
The aim of experiments focusing on this possible deviation is to impose new limits on the allowed

values for ay and Ay.

In the FORCA-G experiment, interferometric techniques are combined with a trapping po-
tential. This is generated by a vertical standing optical wave produced by the reflection of a
laser on a mirror. The vertical configuration leads to an external potential on the atom given by
the sum of the optical one and a linear gravitational term due to the Earth: this deviation from

a purely periodical potential produces a localization of the atomic wave packet, corresponding to
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Figure 2.3 : (a) Absolute value expressed in Hertz of the Casimir - Polder energy correction, compared to
the Casimir- Polder potential evaluated at the well center (red lower ticks). (b) In yellow are displayed
the regions of the (ay, A\y) plane excluded by experiments. The three superposed curves represent the
experimental constraints theoretically calculated for the experiment FORCA-G. They correspond to the
near regime, using a superposition between wells n = 4 and n = 6 (blue solid line, first from the left),
the far regime for n = 40 (red solid line), and for n = 70 (black dashed line). From Ref. [119].

the transition from Bloch to Wannier-Stark states [120]. Moreover the proximity of the trapped
atoms to the surface makes an accurate knowledge of the Casimir-Polder force at each atomic

site essential.

In our first work on this topic [119], we diagonalized the system Hamiltonian and calculated
the atomic wave function in the presence of the surface. Since the perfect periodicity is broken
in this configuration, the first atomic wave functions differ from the well-known Wannier - Stark
wave functions. This can be seen in Fig. 2.2, where the 4 first wave functions are represented.
As a result, we were able to calculate the energy shift due to the Casimir- Polder interaction,
calculated by exploiting the knowledge of each wave function. We stressed that the result
obtained differs considerably [see Fig. 2.3(a)] from the simple evaluation of the Casimir - Polder
energy at the center of each well. Finally, this has allowed us to predict the further regions of
the (ay, A\y) plane that the experiment FORCA-G could exclude [see Fig. 2.3(b)].

Two further works [121,122] were dedicated to the study of the dynamical aspects of the
experiment. In particular in the first article [121] was focused on the optimization of the inter-
ferometric path to be chosen in order to maximize the observed contrast. Finally, the second
article [122] concerned the lifetime of the atomic states in proximity of the surface, and how

these are influenced by a possible deviation from Newton’s law of gravitation.
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Figure 2.4 : (a) Radiative-heat-flux amplification factor with respect to the graphene chemical potential
1 as a function of the distance d. The red dashed curve corresponds to the ratio between the highest
and lowest values of the flux in the presence of graphene, while the black curve corresponds to the
ratio between the highest value of the flux in the presence of graphene and the flux in the ZnS-GaAs
configuration without graphene. (b) Landauer transmission coefficient [measuring the contribution of
each mode (w, k) to the energy exchange] in the ZnS- GaAs configuration. (c¢) Landauer transmission
coefficient in the presence of graphene (chemical potential g = 0.05V) for d = 20nm in TM polarization.
The horizontal lines correspond to the resonance frequencies of GaAs and ZnS. The green lines describe

the dispersion relation of the cavity surface modes. From Ref. [123].

2.4 POSTDOCTORAL RESEARCH AT LABORATOIRE CHARLES FABRY

This last section concerns my second postdoc (2012 and 2013) at Laboratoire Charles Fabry,
under the supervision of Philippe Ben-Abdallah. At this moment I had my first contact with the
new topic of near-field radiative heat transfer. Some of the preliminary results on many-body
effects were obtained during these two years. Nevertheless, for a better readability, these will be

described in the second part of the manuscript.

Among the results obtained during this postdoc, I will briefly focus here on three articles
concerning the possibilities offered by graphene in the domain of near-field effects. In a first
article [124], we studied the local density of states (LDOS) of the electromagnetic field in prox-
imity of a silicon carbide (SiC) substrate covered by a graphene sheet. We proved that a strong
coupling exists between the phonon-polariton supported by the SiC substrate and the plasmon
supported by the graphene sheet. This allows to manipulate the spectral properties of the elec-
tromagnetic LDOS by acting on the graphene chemical potential and could find application in

the field of near-field energy harvesting (spectral matching between the source and the cell).

This idea of manipulation of surface modes was exploited in another work [123] (realized
during the postdoc and published some years later) in order to increase the the near-field flux
between two semi-infinite planar bodies made of different materials (zinc sulfide, ZnS and gallium

arsenide, GaAs). As a matter of fact, it is well known that near-field radiative heat flux is
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strongly amplified in the presence of resonant surface modes (in the simple scenario of identical
materials), but strongly decreases in the presence of a shift between the resonant modes of the
two bodies. By covering the GaAs substrate with a graphene sheet and modulating its chemical
potential, we exploited the strong coupling predicted before and obtained a crossing between
the dispersion relations of the two bodies (ZnS substrate and graphene-covered GaAs substrate),

resulting in a strong amplification of the flux, of more than an order of magnitude (see Fig. 2.4).

Finally, the properties of graphene were also studied in the context of a near-field
thermophotovoltaic cell [125]. We showed that, by covering an indium antimonide (InSb) cell by
a graphene sheet and considering a boron nitride (hBN) planar body as the source, the presence
of graphene is able to enhance the coupling between them and thus produce an increase going

up to 10%, if working at close distance d = 16 nm between source and cell (see Ref. [125]).
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3.1 INTRODUCTION

This chapter concerns the development of a general approach to deal with Casimir forces and
radiative heat transfer in the presence of bodies having arbitrary geometries and optical prop-
erties. The first work in this direction was done in collaboration with Mauro Antezza in 2011.
Around that year, also motivated by the increasing number of experimental results, several other
theoretical frameworks were introduced, some of them with the aim of treating Casimir forces
only [42-46], some others for radiative heat transfer [93-98], while some accounting for both
phenomena simultaneously [99-102], as the approach we are going to discuss in this chapter.
Some years later, the approach was generalized to the case of three arbitrary bodies, and finally
to a configuration involving an arbitrary number N of planar slabs. The results presented below
were obtained in collaboration with M. Antezza, P. Ben-Abdallah., S.-A. Biers and 1. Patella

31
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Figure 3.1 : (a) Geometry of the system: two bodies of arbitrary shape and optical properties, dividing
the space in three regions. (b) Graphical definition of incident, reflected and transmitted fields, as well

as scattering operators. From Ref. [126].

3.2 Two0-BODY THEORY

The first step in the development of a general approach to treat Casimir forces and radiative
heat transfer for arbitrary bodies was realized in the scenario of two interacting bodies, depicted
in Fig. 3.1(a). Each body is described, both geometrically and optically, in terms of its reflection
and transmission operators, whose definition is graphically given in Fig. 3.1(b). In this context,
the two bodies are assumed to be at two different temperatures 17 and 75, kept constant by
some external thermostat. Moreover, the entire system is supposed to be placed in an external
environment, characterized by a third (in general different) temperature T3. It is then clear that,
while we restrict from the beginning our treatment to time-invariant configurations, we consider
scenarios out of thermal equilibrium, which thus go beyond the applicability of the fluctuation-
dissipation theorem. For this reason we need to introduce an important assumption, typically
referred to as local thermal equilibrium. We assume that the fact of assigning to each individual
body a given temperature T is equivalent to stating that the field it radiates coincides with the
one the same body would radiate if it was at thermal equilibrium at the same temperature 7.
This key ingredient will allow us to explicitly derive the correlation functions of the field emitted

by each body in the system, and thus of the total field in each region.

A specific feature of the approach described here is the explicit choice of the basis used
to decompose the electromagnetic field. Here we have chosen a plane-wave basis, since it al-
lows to express explicitly the scattering operators in several relevant geometries (plane, sphere,
dipole,...) and thus to obtain closed-form expressions of the Casimir force and radiative heat
transfer. We stress that this choice of basis imposes to limit our applications to geometries where
the bodies are separated by a plane z = zy [see Fig. 3.1(a)]. Nevertheless, this condition is veri-

fied in the majority of experimental configurations (plane- plane, sphere - plane, atom - surface,

).
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From a more technical point of view, our purpose is to express the flux of the Pointing vector
(giving the radiative heat transfer) and Maxwell’s stress tensor (giving the Casimir force) under

the form of a generalized flux

- Qr <SZ>Sym m =1
©m(Z) —/sz oo =2 (3.2.1)

where the index m allows to switch between the two expressions. We have shown in Refs. [126,
127] that this can be cast under the form

) - d’k +0 du Kk dw\ [Pk, \m /
@m(z) = (_1) +12€OCQZ/ (27‘(‘)2 (Z / g + Z / 27T> < w ) <p7k’C¢¢ ‘pa k>7
P =g ¥ o¢ 70
(3.2.2)
where the quantity (p, k|C’¢’¢’/ |p, k) is defined by the relation
/ 1 / /
(Eﬁ(k,w)Ef,T(k’,w’»Sym — 5<E$(k,W)Ez)/T(k/’w/) + E;f,T(k”w’)EI?(k,w)) (32.3)

= 276(w — ') (p, K|C?? (w)|p, K),

as the monochromatic correlation function of the electric field. The simple form of this expression
highlights the common origin of Casimir forces and radiative heat transfer in terms of field

fluctuations, as well as the convenience of treating them under a common framework.

Equation (3.2.2) makes apparent that the quantity we need is the correlation function
(p,k]C¢¢l Ip, k) of the total field in each region. Referring to Refs. [126, 127] for the details,
here we only describe the main steps leading to the knowledge of this quantity. These steps can

be summarized as follows:

1. The fields generated by the fluctuating charges inside each body are identified as the source

fields, along with the environmental field in which the system is immersed.

2. The correlation functions of the individual source fields are deduced from the assumption

of local thermal equilibrium.

3. The total field in each region is explicitly written, in terms of the source fields, as a result
of the scattering (reflection and transmission) processes occurring due to the presence of
the bodies.

4. The correlation functions of the total field in each region can be deduced.
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Figure 3.2 : Casimir pressure acting on a 61 = 2 um thick slab (body 1, fused silica) parallel to a
d2 = 1000 pm thick slab (body 2, silicon). Lines: equilibrium pressures at 7' = 0K (black solid), 300 K
(blue dashed), 600K (red dash-dotted). Symbols: non-equilibrium pressures, 75 = 0K (blue circles),
300K (green diamonds), 600 K (magenta plus), with 77 = 300K and 7> = 0K in (a), 71 = 0K and
T5 =300K in (b), Ty = T> = 300K in (c). From Ref. [126].

Without giving here the explicit results for the Casimir force and radiative heat transfer,
we present one example of application in the case of Casimir forces. We show in Fig. 3.2 the
Casimir pressure between two slabs made of fused silica and having different thickness, placed
in an external bath, for different choices of the three temperatures in the system. The solid,
dashed and dot-dashed lines correspond to the results at thermal equilibrium (77 = To = T3)
at different temperatures. As it is well known, the pressure in this scenario is always attractive
(positive in our sign convention) for any separation distance and varies with temperature. As the
figure clearly shows, the situation changes when a non-equilibrium configuration is considered.
In particular, we clearly see that for low environmental temperatures (blue circles), we observe
a transition from attraction to repulsion, implying also the existence of an unstable equilibrium
position. While a precise design of a configuration for the experimental observation of repulsion
in a macroscopic system was out of the scope of our work, these results showed that this is
definitely within experimental reach, in particular observing that the transition takes place at a

distance between 6 and 7 pm.
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3.3 THREE-BODY THEORY

The development of a general two-body theory served as a first step towards the exploration of
many-body effects in Casimir forces and radiative heat transfer. As a matter of fact, some years
later the same approach and theory was generalized to the case of three arbitrary bodies [128].
We must stress here that, among the theoretical frameworks developed during the same years
and mentioned above, some are indeed in principle able to deal with a many-body scenario.
Nevertheless, the final expressions given in these works are often compact and thus show less
clearly the role of many-body effects and, more importantly, very few are the actual applications
to many-body systems. More specifically, systems of nanoparticles have been addressed, but
only within the dipolar approximation or other simplified frameworks [129-136]. Apart from
these, results for three slabs [137,138], or a sphere between two slabs [98] were discussed, but
only after the work presented here. This motivated our three-body theory and the applications

presented in that work.

We do not discuss here the technical details (which can be found in Ref. [128]), and we

L 1 [ T

0 0.05 0.1 0.15 0.2

10°

10°

0

1
d;, (um)

dul((ﬁm) 100 107 10"
Figure 3.3 : Relative difference of two- and three-body pressures acting on slab 1. The four panels (a),
(b), (c) and (d) correspond to four different values of the thickness of slab 2, namely 100 nm, 1 gm, 5 ym
and 10 pum respectively. In each panel the dot-dashed curve corresponds to a relative difference of 10%,
while the dashed line gives the point where the two-body coming from body 2 equals the one coming
from body 3. From Ref. [128].
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just present two examples of applications concerning the Casimir force. The first one consists
in a quantitative analysis of the deviation of the exact result from an additive approximation.
To this aim, we consider a system of three parallel finite-thickness AlyO3 slabs and calculate
the pressure acting on slab 1 either within our exact approach or by summing the two-body
contributions due to slab 2 and 3, respectively. To the best of our knowledge, this is the
first quantitative study of this deviation. The relative difference between these two results is
plotted in Fig. 3.3 for different thicknesses of the intermediate slab 2. We observe that the
error committed in applying an additive approximation can be as high as 20%, clearly within
experimental sensitivity. Moreover, it is interesting to observe that the region of large error is
concentrated around the points (dashed curve) where the individual contributions due to slabs 2
and 3 are equal. Finally, we observe that the region of error larger than 10% (within the dashed
line in figure) corresponds to a relatively large region of distances between bodies 1 and 2 (d;2),
as well as between bodies 2 and 3 (da3), making an experimental assessment of non-additivity

clearly feasible.

The second application concerns the energy and force experienced by a neutral Rubidium
atom placed in a cavity of width D formed by two sapphire slabs of equal thicknesses ; = 3 =
5 pm, in a non-equilibrium configuration. The results coming from our three-body theory are
shown in Fig. 3.4 with black solid lines, and compared to the results at thermal equilibrium at

0K and 600K (red lines). As clear from the figure, the behavior of the energy and of the force

sHo D=12 pﬁ ;o

53 5

T - 0

z (um) z (um) z (pm)
Figure 3.4 : Force [panels (a), (c¢) and (e)] and potential energy [panels (b), (d) and (f)] associated to
a Rubidium atom in a cavity made of two sapphire slabs of equal thicknesses 1 = 63 = 5um. The
temperatures are 71 = T35 = 300K and T, = 600 K. The figure shows three different values of the cavity

width D. From Ref. [128].
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at thermal equilibrium is always qualitatively the same, with only one unstable equilibrium
position in the middle of the cavity. On the contrary, the presence of different temperatures
dramatically modifies, by modulating the cavity width D, this feature. More specifically, we
clearly see that by increasing D, already within a symmetric configuration as the one considered
here, we observe the existence of several stable and unstable equilibrium positions, leading to
the idea of the design of an atomic trap based on thermal non-equilibrium. As discussed more
in detail in Ref. [128], the values of the energy shown in Fig. 3.4 are not sufficient to design an
actual atomic trap. Nevertheless, this scheme could work for a Rydberg atom, for example, for
which the fact of having a high principal quantum number n leads to a strong increase of the

polarizability by a factor close to n’ with respect to the ground state.

3.4 N-SLAB THEORY

A further step in the study of many-body effects was done in 2017, when we developed a theoret-
ical framework to study the Casimir force and radiative transfer in a system made of arbitrary
number N of parallel planar slabs of arbitrary finite thickness and optical properties, immersed

in an external environment [139]. In analogy with what described before, the system is charac-
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Figure 3.5 : Equilibrium temperatures in four-body systems. (a) Equilibrium temperature of body 2
as a function of the separation distance ds with fixed Th = 400K and T3 = Ty = 300K. Bodies 1
and 3 are hBN slabs of width 61 = d3 = 200 nm, whereas bodies 2 and 4 are made of SiC and have
widths d2 = 200nm and d4 = 5 pum, respectively. The rest of the separation distances are fixed to
d1 = d2 = 200nm. (b) Equilibrium temperature of body 3 as a function of the separation distance d
with fixed 71 = T» = 400K and T4 = 300 K. Bodies 2 and 4 are hBN slabs of width d2 = §4 = 200 nm,
whereas bodies 1 and 3 are made of SiC and have widths 61 = 5um and §3 = 200nm, respectively.
The rest of the separation distances are fixed to d2 = ds = 200nm. In (a) and (b), we also show
the equilibrium temperature of the intermediate body in a three-body system: T;gB is obtained by
removing body 4 in (a) and T;%B is obtained by removing body 1 in (b). In both cases the environmental
temperatures are fixed to Top = T5 = 300 K. From Ref. [139].
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terized by N +1 temperatures, and the slabs are supposed to be in local thermal equilibrium. As
a consequence, by writing down explicitly the total field (and thus field correlation functions) in
each zone determined by the slabs, we were able to calculate explicitly the Poynting vector and
Maxwell’s stress tensor, obtaining closed-form explicit expressions for the force and heat transfer
on each slab. More specifically, these expressions allow to identify clearly the contribution due to
each other slab (and the environment), which depends explicitly on all the other bodies present

in the system, paving the way for an easier study of purely many-body effects.

We show here a simple example of application of this framework to the case of radiative
heat transfer in a four-body system. We consider four parallel slabs, shown in Fig. 3.5, and
fix the temperature of three of them, while the temperature 75 is left free to evolve. We then
calculate the equilibrium temperature 75 as a function of the position of one of the bodies [see
Fig. 3.5 for details]. This value is compared to the three-body scenario, in which the body with
varying coordinate is removed. As clear from the figure, the position of the fourth slab acts as a
parameter to modulate the equilibrium temperature of the intermediate slab 2. Moreover, even
in the limit of large distance of the fourth slab, we do not recover the three-body limit. This
is a signature of the participation of the propagative contribution of the flux exchanged with
this slab, which does not (in the ideal case of vacuum separating the bodies) tend to zero when

increasing the distance.

3.5 PUBLICATIONS CONCERNED BY THIS CHAPTER

[127] R. Messina and M. Antezza, Casimir- Lifshitz force out of thermal equilibrium and heat
transfer between arbitrary bodies, Europhys. Lett. 95, 61002 (2011).

[126] R. Messina and M. Antezza, Scattering-matriz approach to Casimir - Lifshitz force and
heat transfer out of thermal equilibrium between arbitrary bodies, Phys. Rev. A 84, 042102
(2011).

[128] R. Messina and M. Antezza, Three-body radiative heat transfer and Casimir-Lifshitz force
out of thermal equilibrium for arbitrary bodies, Phys. Rev. A 89, 052104 (2014).

[139] 1. Latella, P. Ben-Abdallah, S.-A. Biehs, M. Antezza, and R. Messina, Radiative heat
transfer and nonequilibrium Casimir-Lifshitz force in many-body systems with planar geometry,
Phys. Rev. B 95, 205404 (2017).



CHAPTER 4

Many-body effects in radiative heat transfer

4.1 INTRODUCTION

The purpose of this chapter is to give a brief overview on my activity concerning many-body
effects in near-field radiative heat transfer. This topic is indeed a very recent and active one.
It has been known for a long time that radiative heat transfer is a non-additive phenomenon,
meaning that the exact calculation of the flux exchanged in a system made of more that two
bodies demands a specific many-body theory taking into account all mutual interactions. This
allows to anticipate potential important collective effects on the value and direction of the flux,

as well as on its dependence on the distances in the system and its transport regimes.

Nevertheless, such general many-body theories have been developed only during the last
decade and, surprisingly, a relatively low number of applications have been theoretically con-
sidered. Most of these applications [98,131-135,137,138,140-148] concern systems of particles
treated in the dipolar approximation, whereas only few of them involve macroscopic systems
discussed in the framework of an exact theory. On the experimental side, to date only one ex-
periment has been performed on a many-body system [149], and thus many of the theoretically

predicted intriguing many-body effects are still waiting for experimental validation.

Apart from describing the main results I obtained in this domain, one of the main purposes of
this chapter is to highlight the many facets of many-body effects in the context of radiative heat
transfer. On one hand, the fact of having many bodies in a system results in a variety of heat
sources exchanging heat with a given body. Moreover, the presence of other bodies modifies,
even dramatically, the heat exchange between two of these bodies, which cannot be treated
within a two-body theory. Moreover, many-body systems pave the way to the continuum limit,

allowing to discuss the properties and regimes of radiative heat transport. Finally, it should be

39
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kept in mind that also a far-field thermal bath can play the role of a third body, and produce
relevant effects. The results discussed in this chapter have been obtained in collaboration with M.
Antezza, P. Ben-Abdallah, S.-A. Biehs, B. Guizal, C. Henkel, K. Joulain, I. Latella, J. M. Rubi,
M. Tschikin and A. W. Rodriguez. I recently participated to a review paper on the many-body
radiative heat transfer, accepted on Review of Modern Physics [150], written in collaboration
with P. Ben-Abdallah, S.-A. Biehs, J. C. Cuevas, P. S. Venkataram and A. W. Rodriguez.

4.2  AMPLIFICATION OF RADIATIVE HEAT TRANSFER IN A THREE-BODY SYSTEM

My first result in the context of many-body effects was obtained in 2012, when I studied in
collaboration with Mauro Antezza and Philippe Ben-Abdallah the possibility of amplifying the
near-field radiative heat flux between two parallel planar slabs by exploiting the presence of a
third one placed between them [151]. This investigation followed a previous work [131], in which
this kind of effect was studied in a system involving three dipolar particles. The geometry of the
system is shown in Fig. 4.1(a) and (b), in the two- and three-body configurations, respectively.
The reference two-body scenario consists of two slabs, identified with indices 1 and 3, separated
by a distance d and kept at temperatures 77 = 400K and 73 = 300K, respectively. If we
limit our discussion to the contribution of evanescent waves, largely dominating in the near-field

regime considered here, the flux exchanged between the two slabs is given by the well-known

expression
d’k
e, d) = oo nya(@) zpj / Gl ke (4.2.1)
where the transmission coefficient is given by
B 4Im(plp)Im(pgp)e’mm(kz)d
7-237P(W7k7d) - |1 _ plpp3p€—2lm(kz)d|2 ’ (4'2'2)

involving the Fresnel coefficients p, taking also into account the finite thickness of each slab.
This configuration is compared to the three-body scenario depicted in Fig. 4.1(b), where d is the
distance between adjacent slabs (1-2 and 2-3), while § is the thickness of the intermediate slab
2. We stress here that this choice of distances in the three-body case makes d the smallest and
unique distance in the two configurations, thus making the comparison easier and fair. In other
words, if we had kept the distance d between the external bodies, and placed an intermediate
slab in the middle, we would have observed a trivial amplification of the flux, simply due to the
smaller total thickness of the vacuum gap in the system. On the contrary, the total thickness of

the vacuum gap in the three-body case considered here is 2d, twice as the two-body case.

Another relevant point is the choice of the temperatures in the three-body configuration.
For the external bodies we keep the same temperatures 77 = 400K and 75 = 300 K. For the
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Figure 4.1 : Geometry of the system in the (a) two- and (b) three-slab configurations. The distance d

(b) d

between adjacent slabs (1-2 and 2-3) in the three-body configuration equals the distance between slabs
in the two-body case. (c) Total heat-flux amplification ¢ss(d, d)/p2s(d) as a function of distance and
slab thickness. The black dashed line corresponds to ¢3s(d, §)/p2s(d) = 1. From Ref. [151].

intermediate slab 2, we calculate in every configuration the equilibrium of slab 2, i.e. the tem-
perature at which the flux on slab 2 vanishes. This assumption allows to avoid the introduction
of a supplementary thermal source and keep the comparison between the two configurations

meaningful.

It is instructive to inspect the explicit analytical expression of the radiative heat flux on slab

3 in a three-body configuration, which reads

p3s(w, d,d) = hw

vy
k>w ’

d’k (12) o)
(2r)2 [nlz(w)fas,p (w, Kk, d,0) + no3(w)Tae ) (w, k,d,0)|,  (4.2.3)

where the two transmission coefficients are defined as

)6—4Im(kz )d

472, (0) Py (s
T (w, k, d, 8) = 2 p) 1 P3p ,
o () S D)oo TR L — pry iy G T

ot (4.2.4)

7E))(822) (w, k, d, §) = 4Im[,012p(5)]1m(03f)€

11— p12p(8)pspe 2m(k=)d|2
These expressions depend on the Fresnel reflection coefficient p1o (see [151] for details), associated
with the couple of slabs 1 and 2 considered as a whole body. By inspecting the denominators
of these transmission coefficients, we are able to anticipate a richer spectral behavior and, more
specifically, a dependence of the frequencies of resonant surface modes on the thickness § of the

intermediate slab.
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Figure 4.2 : Transmission probabilities of a three-body system for w = wespp and d = 200 nm as a function
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s )

0 = 265 nm (optimal thickness, green dashed line, same in panel (b)), and § — +oo (purple dot-dashed
line) compared to the two-slab transmission coefficient [black solid line]. From Ref. [151].

The main result of this work is shown in Fig. 4.1(c), where the ratio between the three-
and two-body fluxes ¢34(d, d)/pas(d) is shown as a function of the distance d and thickness 0.
We clearly see that an amplification region exists, with values of the ratio reaching 60% for
distances around 150nm. An insight into the physics behind this effect is given in Fig. 4.2,
where the transmission coefficients in the two- and three-body configurations are represented at
the frequency of surface resonant mode and d = 200 nm, along with the spectral flux for different
thicknesses in Fig. 4.2(e). We clearly see the behavior in the two two-body limiting scenarios:
d =0, i.e. absence of slab 2, and § — oo, when slab 3 exchanges heat only with the intermediate
slab 2. The transition region is characterized by a clear variation of the position of the peak of
the spectral flux, and the optimal thickness [green horizontal line in Fig. 4.2(b)] corresponds to
the almost horizontal region of participating modes in the three-body transmission coefficient
[see Fig. 4.2(b)].
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4.3 HEAT TRANSFER IN MULTIPLE DIPOLAR SYSTEMS

In Chapter 3 we discussed the development of several scattering approaches to both Casimir force
and radiative heat transfer in systems made of 2 or 3 arbitrary bodies, or an arbitrary number
of parallel planar slabs. While, as shown by means of some applications in Chapter 3, this
allowed us to shed light on some purely many-body effects, the treatment of systems involving a
large number of bodies can rapidly become challenging both from the analytical and numerical
point of view. For this reason, we developed in 2013, along with the approached described
before, a framework accounting for the near-field radiative heat transfer in a system made of
an arbitrary number of bodies and immersed in a thermal environment, but within the dipolar
approximation [152]. While this limits, of course, the range of distances that can be explored, it
dramatically reduces the numerical complexity, paving the way to the exploration of interesting
many-body effects, such as the ones described below. Compared to the study presented in
Ref. [131], the approach described below includes the interaction with an external thermal bath

and focuses on the relaxation dynamics as well.

We will first very briefly review the basic ideas behind this approach. Both the total electric
field and each dipole p; are written as the sum of a fluctuating contribution and an induced

part, as follows:

B(r) = E®) (r) + B (r),

pi=pi" +p"".

(4.3.1)

While the fluctuating parts are statistically described by means of the fluctuation dissipation

theorem, the induced part can be expressed by using the free-space Green’s function as

(4.3.2)

These equations constitute a coupled system, from which the field and the dipoles can be

obtained. Then, the power absorbed by each body i can be deduced and reads

oo dw 4 PP
pgabs) t,Ty,....,Tn, Tp) = / [Z Xlx] ; (TilejilT)
0

(4.3.3)

+ ok fgznbl Zajoszr( IIm(G( ))’]I‘kl”)},
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Figure 4.3 : Time evolution of the temperatures in a three-body configuration. The black lines corre-
spond to the two-body case (solid line for dipole 1, dashed line for dipole 2), while the red solid line
correspond to dipole 1 alone. Panel (a): three SiC particles. In panels (b), (¢) and (d) particles 1, 2
and 3 are respectively replaced by a gold nanosphere. We remark that in (b) the red and black curves
relative to particle 1 are almost superposed. The same is true in (c), while in (d) the blue and black

curves relative to particles 1 and 2 are superposed. From Ref. [152].

where we have introduced the differences

nij(w) = n(w, T;) — n(w, T}) (4.3.4)
of Bose-Einstein distributions
hw _].
n(w,T) = [exp(kBT> — 1] , (4.3.5)
along with the quantity
k3
Xi = Im(s) — 6?’0%‘2’ (4.3.6)

depending on the polarizability «; of body ¢, and the matrix T, which is a 3N x 3N block matrix
defined in terms of the (i,j) N x N sub-matrices (i,j =1,...,N)

Tij = 5ij]l — (1 — 5”)]€2OZIGZ(;)), Aij = 51'3‘60042']1. (4.3.7)
The result in Eq. (4.3.3) clearly highlights the decomposition of the power absorbed by body i
as the sum of contributions associated with the exchange of energy with each other body j (first

line) and with the external bath (second line).

This approach has been used in Ref. [152] to study the dynamics of the temperature distri-

bution in a system of three dipoles immersed in a thermal bath. The results, shown in Fig. 4.3,
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compare this dynamics (blue lines) to the one of a two-body system (black lines) and to the
relaxation of a single dipole in a thermal bath (red line). The different panels of the figure corre-
spond to configurations in which the three particles are made of the same material (SiC), or one
is made of a different one (gold). The most interesting feature to be observed in this figure is the
existence of two different time scales associated with the near-field relaxation between particles
and the near-field relaxation towards the bath temperature. This is manifest in panel (a), where
the blue curves show the thermalization of the three particles toward a common temperature
(around 310K), including the heating of the particles having a lower initial temperature, fol-
lowed by a global relaxation toward the bath temperature (300K), on a completely different
time scale. These different time scales result from the very different values of the heat fluxes
involved. Coherently with this interpretation, we see that when one of the particles is made of
a different material, it clearly evolves in a completely different fashion, basically ignoring the
other particles, from which it is effectively decoupled. The results shown here go in the direction
of a control of the dynamical temperature profile in a system of IV particles, mediated by the

control of the fluxes exchanged in the system.

4.4 ANOMALOUS HEAT-TRANSPORT REGIMES

The possibility to address radiative heat flux in a N-body system naturally paves the way to
the study of radiative heat transport in one-, two- or even three-dimensional chains, networks or
arbitrary complex arrangements of individual systems. This allows to discuss the nature of heat
transport followed by photons. The problem has been largely discussed in the case of phonons:
it is well known that in a bulk material heat transport is diffusive. More technically, this means
that if we look at the motion of phonons inside a bulk as a random-walk process, the step length

probability between two collision events is Gaussian.

In a first work on this topic [153], we treated the heat transport carried by photons as a
generalized random walk (GRW) and discussed its properties in ordered or disordered systems
of nanoparticles, within the dipolar approximation. For a system of N nanoparticles having
temperatures T; (i = 1,...,N), neglecting the exchange with the external thermal bath, the

time evolution of the temperatures satisfies

oT;
piCiVigr = > Picj+ Si, (4.4.1)

J#i
where p; and C; represent the nanoparticle mass density and heat capacity respectively while
Piwj and S; denote the net power exchanged between two arbitrary particles and the power

received by a particle from an external source, respectively. The interparticle term P;,;, which
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can be of course calculated within the formalism discussed in the previous section, can be further

simplified in a configuration close to thermal equilibrium as
Picrj = G(|ri — ;[ T)(T; — To), (4.4.2)

by means of the introduction of the thermal conductance G, function of the distance between
the two considered particles. This allows in turn to rewrite Eq. (4.4.1) under the form of a

Chapman-Kolmogorov equation

2§Z/Mmﬂiﬁﬁﬁ—?z?+$, (4.4.3)

Rd

describing a Markov process in which the probability distribution function (PDF) of step length

reads
1

pCVAV "

and is then directly connected to the conductance GG within the particles network. While, for

p(r,r) = (r)G(r —r'), (4.4.4)

a Gaussian PDF all the statistical moments are finite, properties which identifies a diffusive
regime, if the PDF decays algebraically, at least one of the moments diverges and the heat-
transport regime becomes diffusive. Within this scenario, and assuming that the conductance
scales as (/27 as a function of the distance x from a reference particle, an analogous way to
discuss this transition is to write the time evolution described by Eq. (4.4.1) as a fractional
diffusion equation

-Gvggc:—M—AWmT@)+84 (4.4.5)

piliVi ot i is

where @ = v — d, d being the dimensionality of the system, for a € [0,2], and the operator
(—A)*/2 denotes the fractional Laplacian, defined as

(—A)**T(r) = cga PV/ mdr’ (4.4.6)
Rd

) B 9—a 14d/2
with Cd;oo = F(1+a/2)F(‘i+Ta)sin(a7r/2)
¢

K= AVeo is the fractional diffusion coefficient inside the plasmonic structure. For a = 2 the

and where PV denotes the principal part. In Eq. (4.4.5)

heat transport process is diffusive, subdiffusive for a > 2, and superdiffusive for a < 2.

We have numerically studied the heat-transport regime in a 3D system of SiC nanoparticles.
The configuration we consider consists of N randomly distributed particles with identical radius
R and volume V. The minimum distance between two nanoparticles is 2R, we consider different
filling fractions f = NV/a3, a being the side of the cubic simulation box. In Fig. 4.4 we show the

average conductance measured with respect to a reference particle placed in the middle of the
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Figure 4.4 : Averaged thermal conductance (G) in log-log scale for clusters of SiC spherical particles as
a function of the separation distance x, for different volumic fractions f and at temperature 7' = 300 K.
The statistical averaging is performed with m = 250 realizations generated with a uniform random
distribution probability. The inset shows an example of network with a volumic fraction f = 1.5%
generated with N = 100 nanoparticles. From Ref. [153].

box. We clearly recognize a power-law behavior of G(x). Interestingly, already for the smallest
filling fraction considered f = 1.5% the exponent - is slightly smaller than 5, meaning that « is
close to 2 but smaller, so that we already are in a superdiffusive regime. As shown in figure, v
becomes smaller when increasing the filling fraction, making the transition to the superdiffusive
regime unambiguous. In more physical terms, this transition corresponds to the participation of
long-range interactions which, in turn, stem from collective (thus many-body) modes existing in
the entire structure. This anomalous transport regime can be indeed relevant in the context of
fast thermal management, since it allows to design systems going beyond the standard diffusive

limits which holds for conduction in solids.

More recently, we have performed a similar study in the case of a macroscopic system, made
of N parallel planar slabs [154], by exploiting the formalism discussed in the previous chapter.
While we assume that the temperatures of the external slabs are fixed at values 17 and T},
we let all the intermediate slabs evolve toward their equilibrium temperature T;*. D is the
distance between the external slabs and the N — 2 slabs in the middle, while d is the distance
between adjacent slabs of this group. In this scenario, both the temperature profile induced in
the system and the dependence of the mutual conductances on the distance are a signature of

the heat-transport regime within the system. In analogy with what we have done in the case of
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Figure 4.5 : Heat-transfer coefficients h, ; with respect to the normalized separation z, ;/zn, for fixed
values of 7 and D = 500nm, and three values of (a) d = 500nm, (b) d = 40nm and (c) d = 5nm.
Dashed lines indicate the asymptotic behavior of he; ~ 1/ ZZ ; at large separations. The value of
indicates the nature of the heat-transport regime, from superdiffusive (1 < v < 3) to ballistic (y — 1).
The insets decompose hy,; for j = 30 into TE and TM polarization contributions. (d) Exponent v as a
function of d. From Ref. [154].

nanoparticles, the net flux on slab j is written as a sum of linearized contributions

0; = > hei(Ty—Tj). (4.4.7)
7

By assuming that the heat transfer coefficients scale as hy ; ~ 1/ ZZ I for some exponent v = 1+aq,
where z¢; = |2 — zj| and z; denotes the position of the j-th slab, one finds (see Ref. [155] for
details) that in the continuum limit of N — oo (with fixed Nd), T; is replace by a continuum
temperature profile 7'(z) and

05 = 9(2) ~ (“A)2T(2), (1.4.8)

In this case, for 1 < v < 3 we have a superdiffusive regime, degenerating into a diffusive one for

~v — 3, while for v — 1 we approach the ballistic regime.
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We show in Fig. 4.5 the dependence of the heat-transfer coefficient hy ; on the distance. For
the smallest filling fraction considered here [see Fig. 4.5(a)], corresponding to d = 500 nm, we
find v = 2 and we recover the superdiffusive transport regime already observed in the case of
dipolar networks. This remains true for d = 40nm [see Fig. 4.5(b)], for which the value of
increases to 2.5. On the other hand, for the densest system considered here [see Fig. 4.5(c)],
we have a clear inversion, since we clearly observe a limit v — 1 and thus a transition to
the ballistic regime. This non-trivial dependence on the distance d between adjacent slabs is
highlighted in Fig. 4.5(d), where the non-monotonic behavior of v as a function of d is shown.
It is less evident to give an insight concerning this transition to a ballistic regime, since it might
seem in contradiction with the existence of collective electromagnetic modes in the structure,
mentioned above to discuss the superdiffusive regime. Nevertheless, one key difference between
this system and the nanoparticle network which should be highlighted is that when d (distance
between adjacent inner slabs) tends to zero with D (distance with respect to the two outer
slabs) fixed, a strong imbalance between the inner and outer couplings is produced, absent in
the case of random distribution of nanoparticles. This is a further signature of the richness of
many-body interactions, which could lead to an active manipulation of relaxation dynamics in

complex systems.

4.5 HEAT-TRANSFER MANIPULATION IN MANY-BODY SYSTEMS

Another relevant topic in which many-body effects can indeed play an important role is the
manipulation of radiative heat flux. This aspect has received a remarkable attention during the
last years. Onme first interesting example in this direction is the idea to use a third system as
an external source of control (typically amplification) of the heat flux in a two-body scenario.
Apart from the examples described above [131,151], this problem has been addressed by several
other groups [140, 148,156, 157] using a variety of properties of the intermediate system (planar
or structured slab, two-dimensional atomic system, hyperbolic media) and, in the more specific
configuration of nanoparticles, by exploiting their magnetic properties [144], as well as their
shape and anisotropy [133,134,158,159]. On a more applicative side, the impact of many-body
effects has been recently studied in the context of a heat engine [138], and the combination of
near-field many-body effects and insulator-metal transition materials (such as vanadium dioxide)
has led to the design of a variety of devices, including radiative thermal memory [160], a radiative

thermal transistor [137], as well as thermal-based logic gates [161,162].

We have studied two problems of heat-flux manipulation induced by many-body interactions
in configurations involving nanoparticles in the dipolar approximation. More specifically, in two

recent works we have studied the role played by a planar substrate placed in proximity of the
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two particles [163], while in a more recent one we have analyzed the impact of a third particle,

whose temperature and positions can be periodically modulated in time [164].

We first focus on the first work [163], where two particles are supposed to be placed at the
same distance from the substrate, and at distance d from each other. Without loss of generality,
their positions can be taken as Ry = (0,0, z) and Ry = (d, 0, z), the vacuum-substrate interface
being placed at z = 0. The entire system is assumed to be placed close to thermal equilibrium,
where one particle and the substrate have temperature 300 K, while the other particle has a
slightly different temperature 300 K4+AT'. Under these assumptions, the first particle experiences
a net radiative heat flux, which can be entirely ascribed to the other particle. Nevertheless, this
flux is modified by the presence of the substrate. This is formally clear by inspecting the

expression of the interparticle flux, which in terms of conductance can be expressed as

+°°dw w4
=4 = hw = n'(w, T)\*T f 4.5.1
G /O o 2wl (0, TICTR(GGT), (45.1)

where the dyadic Green tensor of the full system G can be easily connected to the Green tensor
G of a single interface (see Ref. [163]). Since the latter is written, in the presence of a planar

interface, as a sum

G =GO 4 gk, (4.5.2)

of a vacuum and a scattering term (going to zero in the absence of the substrate), we clearly see

the total conductance takes the form of a sum
G = GOV 4 GEese) 4 GO0 (4.5.3)

of a vacuum term, a purely scattering and a mixed term. The two last ones two represent the
deviation we intend to study from the reference scenario of two particles in vacuum. While
in Ref. [163] the role played by the substrate is analyzed in the case of both SiC and gold
nanoparticles, as well as in the presence of a graphene sheet on top of the substrate, we limit
here the discussion to the scenario of two SiC nanoparticles close to a SiC substrate, referring
to Ref. [163] for more details.

The main result is shown in Fig. 4.6(a), where the three contributions to the conductance
are represented, along with the total conductance, as a function of the distance d between the
nanoparticles, assuming a particle-substrate distance z = 50,nm. We first observe that, not
surprisingly, for very small separation distances the vacuum contributions becomes dominant
and the heat exchange is not influenced by the presence of the substrate. On the contrary, this
influence becomes manifest at intermediate distances (around 10 um), where the presence of
the substrate results in a dramatic amplification of the heat exchange, of a factor going up to

400 [see inset of Fig. 4.6(a)]. It is finally interesting to highlight a third region, for even larger
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Figure 4.6 : (a) Total conductance G (black solid line) and single contributions G(*®) (red dashed line),
G (blue dot-dashed line) and G®*¢) (in absolute value, orange dotted line) as defined in Eq. (4.5.3)
between two SiC nanoparticles at distance d, placed at distance z = 50 nm from a SiC substrate. The
thin black lines correspond to the small- and long-distance power-law behaviors of GO The inset
shows the ratio between conductances in the presence and absence of substrate as a function of d.
(b) The inset shows, as a function of the nanoparticles—surface distance z, the maximum of the ratio
G/G(O’O) with respect to the interparticle distance d for two SiC nanoparticles on top of a SiC substrate.
In the main part of the figure, the same ratio is plotted as a function of d for z = 50 nm (black solid line),
500nm (red dashed line), 1 um (blue dotted line) and 10 um (orange dot-dashed line). From Ref. [163].

distances d > 100 pm, for which the presence of the substrate inhibits the heat exchange. More
specifically, the modified conductance scales as d~* for large distances, contrarily to the known
d~? large-distance behavior in vacuum. Nevertheless, it must be noted that this further effect
takes place at distances where the conductance is already dramatically lower than its near-field
value. We finally addressed the question concerning the dependence of this amplification on the
particle-substrate distance z. The main result is shown in Fig. 4.6(b), where we observe a clear
and expected monotonic decreasing behavior with respect to z, along with the dependence on the
distance d for several particle heights z. In Ref. [163], we have shown that the effect discussed so
far is much weaker in the case of gold nanoparticles, not supporting surface resonant modes in the
infrared region of the spectrum. We show that this reduced effect can be strongly compensated
by the presence of a graphene sheet on top of the substrate, by means of the coupling between
surface modes already in Ref. [124].

We now focus on a more recent work [164], in which many-body effects are induced by the
presence of a third nanoparticle, whose position and temperature are periodically modulated in
time. This work follows two recent ones, in which the impact on thermal radiation of temporal
modulation was addressed [155,165]. The system is depicted in Fig. 4.7(a), where the particles 1
and 2 are placed at distance d along the z axis, while the third particle has coordinates (z3, y3),

and is supposed to be attached to a tip with the purpose to modulate its position. Moreover,
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Figure 4.7 : (a) Geometry of the system. Particles 1 and 2 are placed at distance d along the z axis,
while particle 3 has coordinates z3 and ys. The two individual contributions to the exchanged powers
are shown. We also show a schematics of the dynamic oscillation of the x coordinate of particle 3
produced by a tip. (b)-(d) Average power absorbed by particle 1 (black dashed line) and particle 2
(blue dot-dashed line) compared to the two-body power absorbed by particle 1 (red solid line). We
have Az = 2R = 100nm, AT = 5K, d = 12R = 600nm and y3 = d/2 = 300nm. The three panels
correspond to different dephasings ¢ between z3 and T3: (b) ¢ =0, (¢) ¢ = 7/4, (d) ¢ = 7/2. From
Ref. [164].

the same tip could be used to modulate its temperature.

The situation we consider is based on a reference scenario in which particles 1 and 2 are
at the same temperature 17 = Ty = Ty, while the temperature and position of particle 3 are
modulated as follows:

T3(t) = T eq + AT sin(wt), x3(t) = Axsin(wt + ¢). (4.5.4)

We have shown that, under these assumptions, the average power received by particle 1, within
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a Taylor expansion up to the second order in AT and Ax, reads

(Py) ~ % (Am

9P, AT 9%P, )

020T, cos ¢ + 2 o (4.5.5)

It is instructive to compare the expression obtained here to the one we obtained in a previous
work [155] where the temperature was the only varying parameter. In this case, only the second
term in Eq. (4.5.5) is left, and thus the average received power is necessarily positive in the ab-
sence of a negative thermal differential resistance. This is not the case here, since the magnitude
and the sign of the first term, proportional to Az, can be actively modulated by modifying the
dephasing ¢ between temperature and position variations, clearly highlighting the advantage of

considering the simultaneous variation of two parameters.

While this discussion is limited to the case 77 = T3, we have numerically exploited the
effect in the more general scenario in which one of the two temperatures (72) can be above
the other one. Figure 4.7(b)-(d) shows the average power absorbed by particles 1, having
temperature T7 = 300 K, and 2 as a function of the temperature 75 and for three different values
of the dephasing ¢. In all scenarios, the power is compared to the one received by particle
1 in a two-body scenario, which of course vanishes for 7o = T7 = 300K. Figures 4.7(b) and
4.7(c), corresponding to the values of the dephasing ¢ = 0 and ¢ = /4, respectively, share an
important feature, i.e. the existence of a region where although the temperature 75 is larger
than 77, particle 1 (2) tends to be cooled down (heated up). This is indeed a pumping effect,
whose magnitude can be modulated by means of the dephasing. Another consequence of this
feature is the existence of configurations in which one of the particles (or both in the scenario
¢ = 0) are thermally isolated, i.e. they absorb a net vanishing power, although the system is
in a non-equilibrium configuration. The case ¢ = 7/2, shown in Fig. 4.7(d), does not present
the behavior discussed before, and the powers have the expected sign. Nevertheless, it must be
stressed that the power absorbed by particle 1 is still significantly higher than the one the same
particle absorbs in a simpler two-body configuration. This analysis gives a further proof of the

richness of many-body interactions in near-field radiative heat transfer.

4.6 HEAT-TRANSFER SATURATION IN MANY-BODY SYSTEMS

While the conventional fluctuational-electrodynamics approach predicts a divergence of the flux
as 1/d?> when the distance tends to zero, it has been shown more recently that this divergence
is removed and the flux saturates to a constant value when the non-local dielectric reponse of
the materials is taken into account [166]. This saturation takes place at distances of the order

of some nanometers in the case of a metal.
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Figure 4.8 : (a,b) Sketch of the system. (a) A membrane is placed close to a substrate at a separation
distance d. The substrate is thermalized at a fixed temperature 77 and the structure is immersed in
an thermal bath at temperature T5. The temperature 7> of the membrane reaches a steady-state value
T5°. (b) A small particle is considered instead of the membrane. (c) Energy flux ® and membrane
temperature T5' as a function of the separation distance d. The substrate and membrane are made of
SiC. (d) Exchanged power and temperatures as a function of the separation distance for the substrate-

particle configuration. The substrate and particle are made of SiC. From Ref. [167].

In a recent work [167], we highlighted a saturation phenomenon induced by many-body
effects and taking place at much larger distances, of the order of 100 nm. More specifically, we
addressed near-field radiative heat transfer in a system made of a thin film or a particle in front
of a substrate, in the presence of a thermal bath at a third, possibly different temperature. The
main purpose of this work was to highlight that the presence of a bath, often disregarded in
previous theoretical works, can indeed fully play the role of a third body, inducing interesting

and new physical mechanisms, and possibly leading to a saturation of heat flux.

The two systems we discussed are shown in Fig. 4.8(a)-(b), for the film-substrate and particle-
substrate configurations, respectively. In both scenarios, while the substrate and the thermal
bath are assumed to be kept at temperatures 77 = 400 K and 73 = 300 K, respectively, by means
of external thermostats, the temperature of body 2 is supposed to reach its steady-state value

Ts' at any distance. This value is determined by imposing that the net flux on body 2 vanishes.

Under these assumptions we have calculated the flux on body 2 as a function of the distance
d, for several thickness § of a SiC film. The results, shown in Fig. 4.8(c), clearly highlight a
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saturation of the heat flux for distances of the order of 100 nm. We remark that the asymptotic
value at small distances is independent of the thickness, and also coincides with the value of
an opaque film (black line). This saturation is associated with the fact that the steady-state
temperature 75" of body 2 tends to T} for d — 0, and more specifically we have proved (not shown
here, see Ref. [167] for details) that the temperature difference T5* — Ty scales as d? for d — 0, as
a result of the 1/d? behavior of near-field radiative heat flux. We have confirmed that the same
kind of saturation happens for metallic films as well. Finally, as shown in Fig. 4.8(d), a perfectly
analogous phenomenon exists in the case of a particle placed in proximity of a substrate, with
a saturation value depending on the radius R of the nanoparticle. Apart from its fundamental
interest, this saturation mechanism can be very relevant in the quantitative estimation of the
flux in experimental configurations in which the temperature of the second (probe) body is not

completely fixed.
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CHAPTER 5

Casimir forces and radiative heat transfer

between gratings
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5.1 INTRODUCTION

This chapter concerns my results on Casimir forces and near-field radiative heat transfer in
system involving gratings, i.e. periodically nanostructured systems. This work, mainly done
in collaboration with M. Antezza, B. Guizal and A. Noto during my activity at Laboratoire
Charles Coulomb in Montpellier, is based on the development of numerical codes using the
Fourier Modal Method and the Adaptive Spatial Resolution, briefly described in the following.
It is also based on the collaboration with H. B. Chan, C. T. Chan, J. A. Crosse, P. A. Maia
Neto, V. Marachevsky, C. Y. Ng, L. Tang, and M. Wang.

o7
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Systems involving gratings have raised a remarkable interest in the scientific community
during the last years, for several reasons. First, the fact of having additional geometrical param-
eters (even in the simplest one-dimensional configuration, the grating height, period and filling
factor), paves the way to the possibility to tailor the value of the force and energy flux, which
proves to be relevant for several technological applications. Moreover, introducing a periodic
structure along one dimension clearly breaks the translational symmetry with respect to the
conventional scenario of two parallel planes, giving rise to new effects in the Casimir domain,

such as a lateral force and a torque.

All these reasons have motivated the development of several theoretical works both in the
context of Casimir forces [168-175] and near-field radiative heat transfer [176-186]. It should
be mentioned that the Casimir force in systems involving gratings has been also the focus of
several experiments [21,26,27,31-33,41], some of which have observed a behavior still not fully

understood theoretically.

In the following, we will briefly present the two numerical techniques mentioned above and

give an overview of the results obtained.

5.2 FOURIER MODAL METHOD

In the work presented in this chapter, the description of the scattering properties of each indi-
vidual grating has been obtained by means of the Fourier Modal Method (FMM) [187]. We are
going to describe the main features of this approach in the case of a one dimensional lamellar
grating as the ones shown in Fig. 5.1. This kind of system is characterized by a region [0 < z < h
in Fig. 5.1(b)] with a periodic modulation of the dielectric permittivity, while the permittivity
is assumed to be independent of x in all the other regions. Each uniform layer is characterized
by a thickness §;, while for the grating region we define the height h, the period D and, in the
simple case shown in figure, the filling ratio f =1/D.

The key features of the method are the following. First, a more appropriate choice of the basis
is performed, reflecting the periodicity of the system, where the x component of the wavevector
is replaced by kg, = kg + 27n/D, with k, taking values in the first Brillouin zone [—7/D, /D]
and n assuming all integer values. Then, while the fields in the uniform layers are directly known,
the one in the grating region has to be determined by solving Maxwell’s equations, involving the
Fourier decomposition of the periodic permittivity. At this stage, a modified factorization rule
introduced in Ref. [189] has to be employed in order to accelerate convergence. The next and
final step is the imposition of the boundary conditions at the surface separating each couple of

layers, from which the S matrix of the system, and thus its reflection and transmission operators,
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can be deduced.

We remark that the solution of this problem requires a truncation of the number of Fourier
modes involved in the description of the field. The convergence with respect to this parameter
represents then a key issue in the calculations presented here. This point is carefully described
in Ref. [188].

5.3 CASIMIR FORCE OUT OF THERMAL EQUILIBRIUM BETWEEN TWO GRATINGS

Our first context of application of this framework has been the calculation of the Casimir force
between two dielectric gratings in a configuration out of thermal equilibrium [188]. While we
have already seen in Chapter 3 the possibility of tailoring the value of the force by acting
on several different temperatures, as well as the possibility of achieving a repulsive force, our
interest was here to understand to which extent the additional geometric features provide a way

to further control the force.

A first example in this direction is provided by the results given in Fig. 5.2(a) showing the
force as a function of the distance d between a 10 um-thick SiOy grating (grating 1) and a
semi-infinite silicon one (grating 2), for the set of temperatures (71, 7%,7.) = (200,400, 10) K.
Both gratings have f = 0.5 and h = 1 um. The results (black lines) are compared, both at

equilibrium at 200 K and out of equilibrium, to the ones for f = 0 (absence of grating and

%y (@

(b)
D €1
e I
Bl 1G]
€3
hA0 -1 e
ZV 84
—
X

Figure 5.1 : (a) Two gratings, labeled with 1 and 2, at a distance d. The gratings, in general made of
different materials, are infinite in the xy plane, and periodic in the x direction with the same period D.
They have corrugation depths h; (i = 1,2), thicknesses §; and lengths of the upper part of the grating
l;. This defines the filling factors f; = l;/D. (b) Geometry of the FMM calculation. We consider one
grating with interface z = 0, corrugation depth h, and underlying thickness 6. This defines four zones

(see text) with four (in general different) dielectric permittivities. From Ref. [188].
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Figure 5.2 : (a) Non-equilibrium pressure [(T1,7%,Te) = (200,400, 10) K, solid lines] compared to equi-
librium pressure (7' = 200 K, dashed lines) for two gratings (black squares), and two slab-slab configu-
rations corresponding to filled gratings (f = 1, green circles) and an empty ones (f = 0, red triangles).
(b) Distance do of attractive-repulsive transition of the pressure as a function of T¢ for three different
values of T1 = T = Ty,. From Ref. [188].

larger distance) and f = 1 (completely filled grating). It can be seen that the grating results
are always intermediate between the two extreme cases. This has an important consequence
of allowing to modulate the value of the force at a given distance by choosing the appropriate
geometric parameters. Moreover, in the scenario out of thermal equilibrium, it has another
relevant implication, which is the possibility to modulate the distance at which the transition

between attraction and repulsion is observed.

Figure 5.2(b) gives further insight in this direction. It shows the distance at which the
attraction-repulsion transition occurs as a function of the environmental temperature T, in a
configuration of relative thermal equilibrium between the two gratings 17 = 1> = T}, for several
values of T},. While we clearly see that, for Tj approaching T,, we have a vertical asymptote,
signature of the impossibility of achieving repulsion at thermal equilibrium, for smaller values of
Te, we confirm the tunability of the transition distance dy, for distances in the um range, easily

accessible experimentally.

Finally, we have investigated the possibility of tuning the value of the pressure by acting on
the three grating parameters, namely the filling fraction f, the period D and the height hA. The
results are shown in Fig. 5.3, where the pressure P for a given value of the parameter is compared
to the one Py obtained for the reference configuration f = 0.5, h = 1 ym and D = 1 ym. These
results highlight not only an expected different dependence on the three parameters, but also a

relatively high degree of control on the pressure (in particular with respect to the filling fraction),
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1.6

Figure 5.3 : Variation of the pressure between two gratings at d = 4 um [temperatures (71,7%,T.) =
(200,400, 10) K] as a function of the geometrical parameters. The reference point (black circle) corre-
sponds to the set of parameters f1 = fo = 0.5, h1 = ho = 1 um, 61 = 10 pm, infinite d2, D = 1 um. The
three curves show the variation of pressure when changing one parameter at a time. On the y axis, the
pressures are normalized with respect to the reference one, while on the x axis each varying parameter
is normalized with respect to its reference value (fo = 0.5, Do = 1 um, ho = 1 um). From Ref. [188].

up to a factor 1.6 and down to almost 0.5.

5.4 CASIMIR FORCE BETWEEN A SPHERE AND A GRATING

Shortly after the discussion of the Casimir force out of thermal equilibrium between two gratings,
we tackled the study of the Casimir force at thermal equilibrium between a sphere and a grating.
This configuration is interesting for several reasons. First, the spherical geometry has been used
in several experiments measuring both Casimir forces and near-field radiative heat transfer in a
sphere - plane configuration, since this allows to get rid of the problem of controlling the paral-
lelism between two planes. Moreover, the mixture of the two (planar and spherical) symmetries,
combined with the breaking of the translational symmetry due to the grating structure is at the
origin of a lateral (along the grating periodic axis) force, vanishing in the sphere - plane scenario.
Finally, it has been recently shown experimentally [32] that a metallic nanostructured grating

leads to a strong reduction in the force, not fully understood theoretically.

It should be stressed that typically the theoretical analysis of experiments involving a sphere
and a grating [21,26,27,32,191] is done within the Proximity Force Approximation (PFA) [192].
This approximation consists in tracing back the calculation of the total Casimir force in a

specific geometrical configuration to a sum of plane - plane contributions, for which the pressure
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Figure 5.4 : Geometry of the system. A sphere of radius Rgs is placed at distance d from the upper
plane of a 1D grating, periodic along the z axis with period D. Moreover, f is the filling factor of the
grating, h its depth, while xs is the x coordinate of the sphere center. Ry and Rg are the reflection

matrices involved in the calculation of the Casimir interaction. From Ref. [190].

is known analytically. It is thus clear that this approximation ignores the well-known non-
additivity of Casimir interactions [193], and for this reason its precision cannot be assessed,
except by comparison with exact results taking the sphere curvature fully into account. In the
specific sphere - plane or sphere - grating scenario, PFA corresponds to the decomposition of the
sphere into concentric hollow cylinders, orthogonal to the plane, and of infinitesimal thickness.
Each one contributes to the Casimir energy with the product of its frontal area times the Casimir
energy per unit of surface between two half-spaces at the corresponding distance. The final result

is the integral of these contributions.

In our work [190], we have calculated the free energy

F=kpTy logdet[l — M(i&,)], (5.4.1)

written as the sum over the Matsubara frequencies

o 27TTLI€BT

n="m =012, (5.4.2)

where the prime stands for an additional factor 1/2 when accounting for the zero-frequency

(n = 0) contribution, and involving the round-trip operator M defined as

M = Rge KldHRs) Rt o~ K(d+Rs) (5.4.3)
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Figure 5.5 : (a) Casimir interaction energy (in units of kT = 25.9meV) between a gold sphere (radius
Rs = 5um) and a grating made of fused silica, as a function of the distance d. The grating has
period D = 1pum, depth h = 500 nm and four possible filling factors: f = 0.3,0.5,0.7,1, the last one
corresponding to a sphere-plane configuration. The points are obtained numerically and the solid lines
are interpolations. (b) Ratio between the exact Casimir energy and the PFA result as a function of
distance for four different values of the filling factor f. From Ref. [190].

where RE’; (Rg) is the operator accounting for the reflection of waves propagating along the
negative (positive) z—direction by the grating (sphere) (see Fig. 5.4), and e ®(d+Es) is the

translation operator (see [190] for more details).

As a result of the geometry of our system, the free energy F depends both on the vertical
distance d and on the lateral coordinate xg of the sphere, giving rise to the two components of
the force. The dependence of F on d between a metallic (gold) sphere and a dielectric (fused
silica) grating is shown in Fig. 5.6(a) for several different filling fractions f. Apart from the
clear increase of the normal component of the force when moving to smaller distances, we also
observe a monotonic behavior with respect to f, coherently with what already observed in the
case of two gratings. Figure 5.6(b) shows the ratio n between the exact and the PFA results
as a function of the distance d. We clearly see that in all the configurations shown in figure,
PFA overestimates the Casimir energy. Moreover, it becomes more accurate when the distance
decreases. A further important consequence of the results shown in Fig. 5.6(b) is that when
introducing a periodic structuring (f < 1) the value of  becomes even lower, proving that the
description of the sphere as a set of parallel planes becomes less accurate in a more complex
geometry.

We finally show the dependence of the free energy on the lateral coordinate xg for a sphere
of radius Rg = 100 nm at a distance d = 100 nm from a grating of period D = 2 ym and filling

factor f = 0.5. We clearly see that, while for h = 0 (corresponding to a planar case) we have,
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Figure 5.6 : Casimir energy variation with the sphere lateral position. The different curves correspond
to different grating heights. From Ref. [190].

as expected, no dependence on zg and thus no lateral force, the dependence is significantly
affected by the height, and reaches an asymptotic behavior around A = 1 um, in the specific case
around 10 times the sphere radius and distance from the grating. We clearly highlight two lateral
equilibrium positions (one stable, one unstable) at the center of the two grating regions, and the
strongest dependence of F on zg (i.e. the largest lateral force) is around the discontinuity of the
grating. Clearly, this shows that for grating heights larger than 1 um, the bottom of the grating
is not affecting the sphere- grating interaction anymore. We will provide further analysis of the

role played by the grating height in the context of near-field radiative heat transfer in Sec. 5.6.

5.5 ADAPTIVE SPATIAL RESOLUTION

The two following sections deal with the calculation of the radiative heat transfer and Casimir
force in configurations involving metallic gratings. It is well known that the presence of a
high dielectric contrast due to the presence of a metallic behavior is at the origin of several
instabilities in the numerical evaluation of the scattering operators of a grating [195]. It has
been shown that the FMM technique can be modified in order to deal more effectively with this
scenario, by introducing the so-called Adaptive Spatial Resolution (ASR) [196]. The details of
this approach are discussed in Ref. [194], where this technique is employed to calculated near-
field radiative heat transfer between two gold gratings. The main idea behind this technique is
the introduction of a coordinate change [197] along the periodic direction, producing an effective

smoother behavior of the permittivity as a function of the coordinate.
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While these results are described more in detail in Sec. 5.6, we focus here on a single example
of calculation in order to show the considerable gain in terms of calculation effort and stability
associated with the ASR modification. We consider the calculation of near-field heat flux between
two identical gratings of height h = 2 um, period D = 1 um, filling fraction f = 0.5, infinite
thickness below the grating region, and temperatures 77 = 310K and 7> = 290 K. Figure 5.7
shows the value of the flux as a function of the truncation order, i.e. the number of Fourier
modes taken into account in the decomposition. The figure shows that the use of ASR presents
two main important advantages: a dramatic increase in the rate of convergence, as well as the
disappearance of the oscillatory behavior (around N = 10) clearly visible in the result obtained
with standard FMM. The use of this technique for a quantitative study of the near-field radiative

heat transfer between two gold gratings is the topic of the next section.

5.6 RADIATIVE HEAT TRANSFER BETWEEN METALLIC GRATINGS

As anticipated in the previous section, the use of ASR allows a dramatic increase of the conver-
gence rate in the calculation of the scattering properties of metallic gratings. By means of this
technique we have studied in Ref. [194] the radiative heat transfer between two gold gratings in
the near-field regime. This work was inspired by a previous one [177], where the effect of the
grating height was addressed more in detail. Nevertheless, the dependence on this parameter

was studied in a relatively narrow range, that we extend here, providing also a more detailed
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Figure 5.7 : Heat flux between two gratings (see text for details). The flux is calculated using both
FMM (red dashed line) and ASR (black solid line), for different truncation orders N. The black dashed
line corresponds to the asymptotic value obtained using ASR for N = 10, while the gray dot-dashed

line is associated to a 10% error with respect to this asymptotic result. From Ref. [194].
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spectral study of the effect.

More specifically, we chose the same parameters as in Ref. [177], by considering two identical
gold grating have period D = 1 um, filling fraction f = 0.5, infinite thickness below the grating
region, and temperatures 77 = 290K and 75 = 310K. The ratio between the radiative flux
between the two gratings and the one between two planar slabs is shown in Fig. 5.8. The main
part of the plot shows the main result of our work, namely a remarkable amplification of the
flux transferred between the two systems as a function of the grating height h. Thanks to
our improved numerical technique, we were able to explore large values of this parameter, and
highlight a final asymptotic regime, reached for A ~ 1 mm, where the transferred energy become
independent of h. In the same figure we compare our results (black line) to the ones (red points)
obtained in Ref. [177]. While the overall trend is similar, this comparison seems to highlight an
unstable behavior of the previous calculation, due in our opinion to the use of the unmodified
FFM.

In order to get more physical insight on the highlighted flux amplification, we have studied
the evolution of the spectral heat flux as a function of the grating height. The results are shown
in Fig. 5.9. The case h = 0 corresponds to the well-known slab-slab configuration, in which
the absence of surface resonances in the frequency window compatible with the temperatures
under scrutiny results in the absence of localized peaks. The physical picture becomes more
interesting when we increase the value of h. As clear from Fig. 5.9, this results in the appearance
of resonances in the flux spectrum, whose position and number strongly depends on h. More

specifically, each resonance shifts towards smaller frequencies when increasing h. These new

40
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Figure 5.8 : Ratio between the flux for a grating of height h and the one for h = 0, i.e. the the one

between two planar slabs. Our results (black solid line) are compared to the results of Ref. [177] (red
points). From Ref. [194].
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Figure 5.9 : Spectral heat flux for several grating heights h. In panel (a), the inset shows a zoom in

logarithmic x scale for small frequencies. From Ref. [194].

peaks are at the origin of the overall increased flux. If we consider values of h the order of
100 pm, we highlight the appearance of a very dense comb of resonance frequencies, which for
even higher values of h tends to a continuous profile, corresponding to the asymptotic scenario

discussed above.

It is instructive to compare these resonances to the ones, called spoof plasmons, predicted
by the theoretical model developed in Refs. [198,199]. In these works, the existence of a set of
modes in the case of a grating made of a perfect conductor is proven, and these new resonances
have frequencies w, = (2n + 1)mc/2h. We clearly see that the distance between two successive
frequencies decreases with h, coherently with the results shown above. Moreover, in Fig. 5.9(e),
we superpose the first 5 resonances to our spectral flux in the case h = 10 um. We observe that
the trend is correct, and the prediction for smaller frequencies works increasingly well. This
is not surprising, since in this limit the permittivity of gold diverges, and we get closer to the
behavior of a perfect conductor. In conclusion, apart from the direct numerical comparison of
the frequency values, this discussion confirms our interpretation concerning the origin of this

new resonances, and the associated flux amplification.

5.7 CASIMIR TORQUE BETWEEN TWISTED GRATINGS

Another relevant consequence of the absence of symmetry can be the existence of a Casimir

torque on the two interacting bodies. This topic has been already explored in the past [201-215],
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Figure 5.10 : (a) Geometry of the system: two one-dimensional periodic lamellar gratings having period
D, filling fraction f and height h, placed at distance d. The figure shows two samples with n = 5
periods. (a) side view of two aligned gratings. (b) Top view of two gratings rotated by an angle 6. (c)
Angle-dependent Casimir energy per unit surface between two infinite gold gratings (see text for grating
parameters) at distance d = 100 nm. The black dot (not in scale on the vertical axis) shows the energy
between two perfectly aligned gratings (6 = 0). The inset shows the torque as a function of 6 for 6 # 0.
From Ref. [200].

in a variety of configurations where the anisotropy can be due either to geometrical or intrinsic
optical properties. Very recently, this effect has been measured for the first time between two

optically anisotropic materials [216].

We have tackled the problem of the Casimir torque existing between two one-dimensional
gratings forming an angle 6 between them [200] [see Fig. 5.10(a)], and highlighted an anomalous
behavior close to # = 0 (aligned gratings), closely related to the transition between an ideal

infinitely extended grating and a finite one.

The torque between the two gratings can be indeed calculated by studying the angle de-
pendence of the Casimir energy. The energy and the torque as a function of 6 are given in
Fig. 5.10(b) for two infinite gold gratings with parameters D = 400nm, h = 200nm, f = 0.5
placed at a distance d = 100nm. We stress that the calculation for an arbitrary angle 6 requires
a specific theoretical framework (more general than the one for two aligned gratings), discussed
in detail in Ref. [213]. From Fig. 5.10(b), we clearly see, as expected from symmetry arguments,
that the torque vanishes at 0 = 0 and 6 = 90 degrees, resulting in a stable and unstable equilib-
rium position, respectively. Nevertheless, the striking result shown in figure is that, while the

Casimir energy tends continuously to a finite value for 6 going to 0, this value does not coincide
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Figure 5.11 : (a) Casimir energy per unit surface between two finite gold gratings having n = 5 (red
dashed line for two circular gratings having R = 1 um, blue dashed line for two square gratings having
L = 2pum) or n = 10 (red solid line for two circular gratings having R = 2 um, blue solid line for two
square gratings having L = 4 um) unit cells placed at a distance d = 100 nm. The black dot-dashed
line corresponds to two infinite gratings. Inset: Casimir energy per unit surface (in absolute value) for
0 = 0deg (upper curve) and 8 = 90 deg (lower curve) as a function of the radius R of the finite circular
grating. The red points obtained numerically are fitted with a function A + B/R (red dotted lines).
The asymptotic values for R — oo (red dots, not in scale on the horizontal axis) are compared with
the ones obtained theoretically for an infinite grating (black dots). All the points are represented with
the error bars coming from the respective numerical techniques. (b) Casimir torque per unit surface
between two finite gold gratings having n = 5 or n = 10 unit cells placed at a distance d = 100 nm. The
black dot-dashed line corresponds to two infinite gratings, multiplied by a factor of 10 in order to make
it more visible. From Ref. [200].

with the one obtained by means of a calculation for aligned gratings.

In order to understand the origin of this anomaly, we have focused our attention of the
difference between a finite and an infinite grating. More specifically, we stress that for infinite
gratings, if we consider an arbitrary (even very small) angle 6 between the two gratings, a given
grating line (the axis of a raised part of the grating) of grating 2 will make an infinite number
of intersections with the grating lines of grating 1. This means that, for infinite-size gratings,
passing from a finite 6 to strictly & = 0 implies passing from an infinite number of crossing
points to zero crossing points. This discontinuity is actually never encountered in the case of a

real finite grating, since an angle 6 below which no intersections occur always exists.

For this reason, we have compared the results for an infinite grating to the ones for finite
gratings of circular or square shapes. The associated energy and torque are shown in Fig. 5.11.
These results clearly show that considering a finite system we recover the behavior of perfectly
aligned gratings in the limit of large grating extension [see inset of Fig. 5.11(a)]. As a result,
we highlight a peak of the torque existing for small angles 6, whose value increases with the size

of the system. A simple theoretical model allowed us to show that this maximum torque is of
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Figure 5.12 : (a) Schematic of a part of the perfectly rectangular silicon grating. Initially, the displace-
ment d of the movable grating (blue) along the y direction is zero. The lateral separation between
adjacent grating fingers is ¢ = p/2 — w ~ 92nm and the initial separation in y is s = 430nm. (b) Top
view schematic for the interpenetration of the two gratings, describing the four stages of the interpene-
tration. d is defined as the displacement of the movable grating from this initial position. (¢) Measured
Casimir force gradient (blue) as a function of displacement. The red line is calculated by SCUFF-EM. (d)
The measured force gradient is integrated over displacement to yield the force. The red line is calculated
by SCUFF-EM and the black line is generated by the PFA. The inset plots the ratio p of the measured

force to the force calculated with the PFA. The dashed line labels where the gratings interpenetrate.
From Ref. [217].

the order of Typax ™~ —56R (R in pm, 7 in nN/m), linearly growing with the radius R of the
grating, and more and more accurate as the R — oco. Already for small systems with 10 period
repetitions, these values are much higher than the ones measured in Ref. [216], thus within the

present experimental sensitivity.

5.8 EXPERIMENT ON INTERPENETRATED GRATINGS

In this last section we will briefly review an experiment performed within the group of H. B.
Chan at Hong Kong University, to which we have contributed with a theoretical simulation of the
Casimir force between two gratings [217]. In this experiment, the Casimir force gradient has been
measured between two possibly interpenetrated silicon gratings, shown in Fig. 5.12(a) and (b).
Each grating has thickness ¢ = 2.58 um and period p = 2 pm. For each rectangular protrusion,

the width w and length h are 908 nm and 1.5 pm, respectively. Initially, the separation s in the
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y direction between the tip of the protrusions on the two gratings is 430 nm. The two gratings
are offset laterally by p/2 such that as the bottom grating (blue) moves towards the top one

(red) in the positive y direction, they interpenetrate when the displacement d exceeds s.

The scattering approach we developed is not applicable to interpenetrated gratings. For this
reason the calculations in the entire range of distances have been performed by means of the
SCUFF-EM code [43]. Nevertheless, in order to verify this approach, the results obtained have

been confirmed by a scattering calculations in the first region (before interpenetration).

The results shown in Fig. 5.12(c) and (d) clearly highlight a good agreement between theory
and measurements, as well as the existence of a non-trivial dependence of force and force gradient
on the distance d. It is important to look at the inset of Fig. 5.12(d), showing the ratio between
the actual force and the PFA result. While in the regimes IIT and IV, i.e. after interpenetration,
PFA is in good agreement with an exact theory, in the region close to interpenetration, PFA is
not able to describe the behavior of the force, resulting in a ratio p of more than two orders of

magnitude.
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CHAPTER 6

Coupling between conduction and near-field

radiative heat transfer
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6.1 INTRODUCTION

This chapter is dedicated to the results concerning the coupling between radiative and conductive
heat transfer. Surprisingly, albeit its remarkable fundamental interest, this topic has not received
the deserved attention during the last decades. As a matter of fact, even in very recent works, the
typical assumption has been to consider that the radiative contribution is insufficient to compete
with conduction inside each solid [218-220]. We have proved that this is not the case and,
depending on the distance and materials taken into account, near-field radiative heat transfer can
indeed produce a temperature gradient within each body. Of course, this temperature gradient
results, in turn, into a modified value of the radiative flux. As a result, in some scenarios
a correct description even of the radiative flux alone demands a quantitative description of
the conduction - radiation coupling. As a further remark, this coupling needs to be taken into
account also because experiments are exploring increasingly smaller separation gaps, down to
the nanometer range [62-68,71,72,77,80,82,221,222].

73
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The results within Fourier regime were obtained in collaboration with A. W. Rodriguez and
W. Jin from Princeton University. This collaboration was funded by a PICS project from CNRS,
of which I was principal investigator and which lasted from 2017 to 2019. The results obtained
after are mainly the work of M. Reina, PhD student in our group under the supervision of P.
Ben-Abdallah and myself from October 2018, and were obtained in collaboration with S.-A.
Biehs.

6.2 COUPLING IN THE FOURIER REGIME

While recent works have focused on the open problem of the transition between radiation and
conduction in the extreme near-field regime, either within fluctuational electrodynamics [225]
or in the context of phonon tunneling [226], we focused on the coupling between these two
energy-transport channels. The first two works on this topic [223,224] were dedicated to the
simple geometry of two parallel slabs. Since, as anticipated, the conduction - radiation coupling
is supposed to induce a temperature gradient within each slab, we first developed a theoretical
framework to calculate the radiative heat transfer between two slabs with an arbitrary tem-
perature profile [see Fig. 6.1(a)]. This was done in Ref. [223], and the main idea behind the
calculation is presented in Fig. 6.1(b). A given temperature profile is chosen for a slab, and local
thermal equilibrium is assumed inside the body. Each infinitesimal part of the slab is isolated
from the rest, and a three-body formalism is applied. This allowed us to express the correlation

functions of the field emitted by a slab with an arbitrary temperature profile, and thus the
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Figure 6.1 : (a) Schematic of two parallel slabs separated by a distance d along the z direction. The two
slabs are subject to a temperature profile T'(z). (b) Schematic of one slab having a position-dependent
temperature T'(z). The slab occupies the region [z1, z2] and the element from z to z + dz produces the
field Eo. The total field emitted by the slab on the left (right) side is ET (E~). From Ref. [223].
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Figure 6.2 : (a) Schematic of two parallel slabs separated by a distance d. The two slabs exhibit a
temperature profile T'(z). Temperature profile along the temperature-varying region of the hot slab in a
configuration involving two silica slabs with t, = ¢, = 100 um held at external temperatures 77, = 600 K
and Tr = 300K at the outer ends, and separated by vacuum gaps d. The three lines correspond to
d = 10nm (black), 20nm (red) and 50 nm (blue). (b) Total flux ¢ and temperature difference Ty, — T}
(inset) as a function of distance d between two silica slabs held at Ty = 600K and Tr = 300K. The
various solid lines correspond to different temperature-varying regions ¢ (from top to bottom): 100 nm
(black), 1 um (red), 10 um (brown), 100 ym (blue) and 500 um (green). The orange dashed line shows
¢ in the absence of temperature gradients. From Ref. [224].

radiative heat transfer between two such slabs.

In Ref. [223], we exploited this result to study asymptotic behavior of the radiative flux when
the distance between the slabs tend to zero, in the case of two polar materials, as a function of
the properties of the two temperature profiles. We first recovered the known result, according to
which for two constant temperatures, the flux diverges as d—2 for d going to zero. Nevertheless,
we showed that this divergence proves to be mitigated or even removed in some cases. In
particular, we showed that if the temperatures at the boundaries with the vacuum gap coincide,
the flux diverges as d—'. Moreover, if additionally the first derivatives at the vacuum boundaries
have opposite values, the divergence becomes logarithmic, and finally disappears if the second
order derivatives of the temperature coincide, giving rise to a constant limiting value of the flux.
Besides its fundamental interest, these findings pave the way to the possibility of controlling
and tailoring the behavior of the flux, under the condition of being able to manipulate (through

several thermostats, for example) the temperature distribution within each body.

We then used this framework to tackle the problem of conduction - radiation coupling, where
the temperature profile is not externally controlled but results, as anticipated, from the coupling
itself. A first step in this direction was in done in Ref. [224], where the coupling was studied in
the Fourier regime, between two planar slabs. In particular, we assumed that the temperature

is allowed to vary within a thickness ¢, (t;) in the left (right) slab, as shown in Fig. 6.2(a). In
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order to get analytical insight into the induced temperature profile and the resulting modification
of the flux, we performed a further approximation, consisting in assuming that the near-field
radiative flux is primarily exchanged at the surface between each body and the vacuum gap.
This assumption, supposed to be valid for polar materials, allowed us to treat the radiative flux
as a boundary condition in Fourier equation and to solve the problem analytically, obtaining
the temperatures T, and T} [see Fig. 6.2(a)]. The profiles obtained in the case of two silica
slabs of thickness t, = t; = 100 um are shown in Fig. 6.2(a) for three different distances. It is
clear that even at the largest distance considered, i.e. d = 50 nm, the deviation from a uniform
temperature profile is manifest and experimentally observable. The impact of slab thickness is
shown in Fig. 6.2(b), again for two silica slabs at different distances. Apart from confirming
the observable temperature profile (see inset), the flux shows a remarkable deviation from the
ideal d=2 behavior, with a clear saturation when the distance d approaches zero. These results
prove that a coupled theory is indeed relevant for some materials, even at distances of tens (or
even hundreds) or nanometers, in order to correctly predict the value of the flux and its possible
saturation. These results were shortly after generalized to more complex geometries by means
of a fluctuation volume-current approach [227,228], allowing to show that in the case of two
aligned rods the impact of conduction - radiation coupling can be even more dramatic, allowing

also to observe non-linear temperature profiles (see Ref. [227] for more details).

6.3 BOLTZMANN-EQUATION APPROACH

One step further in the study of conduction - radiation coupling was done during the PhD of
Marta Reina, student in our group since October 2018. The main purpose of her work was
to generalize the study presented before (limited to Fourier regime) to any transport regime.
To this aim, we considered again a system made of two finite-thickness parallel slabs, and
studied conduction inside each body within the framework of Boltzmann transport equation for
phonons [229]. This allowed to go beyond the Fourier regime, and to study the impact of coupling
for any slab thickness, and then from the ballistic regime to the diffusive one, fully addressing
also all the transition between them. In other words, contrarily to the works described above,
in this approach no assumption is made in advance on the specific heat transport regime by

conduction.
More specifically, we solved the dynamical energy-conservation equation
Ou(r,t)

T = Prad(r, t) + Pcond(r7 t), (631)
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Figure 6.3 : (a) Steady-state temperature (inset) and normalized temperature profile inside the left slab

for different thicknesses and a separation distance d = 1nm. (b) Same as (a) for d = 5nm. From

Ref. [229].
where .
v Z/ " dw b fo(w, T) D, () (6.3.2)
» w;nin

is the internal energy density inside each slab, fo(w,T) being the equilibrium Bose-Einstein
distribution and D,(w) the density of states. The sum in Eq. (6.3.2) is over all polarization
branches, between the minimum and maximum allowed frequency for the given branch. More-
over, in Eq. (6.3.1) P,.q the radiative power locally dissipated within each body and coming
from the other one, and P.y.q is the conductive contribution. While P.,q can be calculated by
means of the approach described above, P4 can be directly related to the phonon distribution
function f,, solution of Boltzmann’s equation in the relaxation time approximation,

A Vo Vi = —M, (6.33)
7p being the heat-carrier relaxation time and v, , the group velocity. The conductive power
P.ong is the divergence of the conductive flux

- w A% w w,Ir Dp(w)
@cond(t,r)—zpjégﬂ/d hw vy p(w) fo(t,w, r, Q) o (6.3.4)

These equations constitute a coupled system allowing us to follow dynamically the temperature

profiles as well as the conductive and radiative fluxes.

The coupled problem was studied in the simple scenario of two SiC parallel slabs, of the
same thickness 0 and separated by a distance d. The left (right) side of the left (right) slab is
assumed to be in contact with a reservoir at temperature Ty, (Tr). The stationary temperature
profiles inside the left slab are shown in Fig. 6.3 in the configuration (77,7Tg) = (300,400) K,
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Figure 6.4 : Radiative heat flux exchanged between two SiC slabs with respect to their thickness for
a separation distance of d = 1nm. We show the exact result (black line), the PvH flux (red dashed
line, uniform temperatures (T, Tr) = (300,400) K, and the modified PvH flux (blue long dashed line,
see text for details). Insets: absolute value of the error with respect to the PvH and modified PvH

approaches. From Ref. [229].

for different value of slab thickness and for the two distances d = 1,5 nm. These results confirm
the result already observed within Fourier’s equation and described above, that conduction-
radiation coupling is indeed able to produce an observable temperature profile within each slab.
Moreover, as expected, this result is stronger for smaller distances, for which the radiative flux
is higher and then more likely competes with conduction inside the bodies. The inset of the
two figures show the temperature gradient in absolute units, which reaches 40 degrees in the
best scenario of thickness § = 100 um. It is interesting to compare the profiles for difference
thicknesses in a normalized temperature scale, shown in the main part of Fig. 6.3. As a matter
of fact, this comparison allows to focus on the different shape of the profile, signature of the
transition between the different heat-transport regimes inside the bodies. We observe that in the
case of large thickness (§ = 100 um) the profile is linear: this is expected since in this case the
Fourier approximation is safely applicable. This is no longer true for the intermediate thickness
0 = 5um, of the order of the mean free path. In this scenario, the profile is approximately
linear except close to the vacuum gap, where it shows a strong increase. The third configuration
corresponds to a thickness § = 10nm, much smaller than the mean free path, for which the
transport regime is ballistic. In this case, we observe a sharp variation of the temperature close
to the thermostat as well, in agreement with the fact that we are approaching the so-called

Casimir regime, characterized by a uniform temperature inside the body.

We also addressed, as in the work described above, the impact of conduction-radiation
coupling on the value of the radiative flux. The exact value calculated within our approach

has been compared to two approximate results. The former is the standard Polder and van
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Hove (PvH) result, based on the assumption that the temperature is uniform in each slab and
coincides with the one imposed by the thermostat. Figure 6.4 shows that this result, which is
almost independent of the thickness 0, presents a dramatic deviation from the exact result, in
particular for high values of the thickness. This confirms that, at least for materials supporting
resonant surface modes and for distances in the nm regime, conduction - radiation coupling has
indeed an impact on the value of the radiative flux. The second comparison we did is with the
configuration we called modified PvH theory, defined as a scenario in which the temperature of
each slab is assumed to be uniform and equal to the temperatures at the boundaries with the
vacuum gap in the steady states resulting from the coupling with conduction. The purpose of this
comparison is to show to which extent the assumption of purely surface exchange holds, at least
in the case of polar materials supporting surface resonant modes. Figure 6.4 clearly proves that
the modified PvH scheme provides a very good qualitative and quantitative description of the
actual flux. Nevertheless, we have to stress that this result is interesting from the fundamental
point of view, since it gives an insight concerning the behavior of the flux, but does not provide
a simplified calculation path, since the knowledge of the boundary temperatures demands of

course the solution of the full conduction - radiation problem discussed here.
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Conclusions and Perspectives

In this manuscript I have given an overview of the results I obtained since the beginning of my
permanent position at CNRS in 2013. Thanks to several young and motivated PhD students and
postdocs, as well all numerous fruitful collaborations, my purpose has been to get a deeper insight
in the domains of Casimir forces and near-field radiative heat transfer, sharing the common

theoretical framework of fluctuational electrodynamics.

I believe that the results we obtained have shown that many aspects of these effects still
deserve attention, both theoretically and experimentally. In general terms, it can be said that
the purpose of my activity was twofold. On one had, we wanted to explore new paths to ma-
nipulate, in terms of amplitude, spatial and spectral distribution, the force and radiative heat
transfer in complex systems. On the other hand, keeping in mind both experimental realizations
and potential technological applications, we aimed at unveiling the limits of common theoreti-
cal frameworks to describe Casimir forces and radiative heat transfer, moving towards a more

realistic quantitative description of these effects, even in geometrically simple configurations.

Both my activity on many-body systems and gratings fit into the first topic, namely the
manipulation of force and heat transfer. As a matter of fact, we have shown that many-body
systems, studied by means of general theoretical frameworks developed ad hoc, pave the way to
qualitatively new effects, which in many cases cannot be predicted within a standard two-body
additive approach. In this context, I mainly refer to the amplification and pumping-like effects
discussed in Secs. 4.2 and 4.5, where three-body systems were addressed, in which the third
element can be thought as a probe system whose position and physical properties can be tuned
(and possibly time-modulated) to tailor the heat transfer between the two initial bodies, taken as
a reference. Another interesting example in the domain of Casimir forces is the two-slab atomic
trap presented in Sec. 3.3, whose shape and depth strongly depend on the geometrical properties
of the cavity. All my activity on gratings goes in the same direction as well. Concerning the force,
we have shown that the geometrical properties of rectangular gratings can have a remarkable

impact on the Casimir force both at and out of thermal equilibrium (see Sec. 5.3), are at the
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origin of a lateral force when brought in proximity of a sphere (see Sec. 5.4), and produce

interesting effects in terms of torque in the configuration of twisted gratings (see Sec. 5.7).
Also in the context of radiative heat transfer, we have shown in Sec. 5.6 that, in the case of
a metallic grating, the modulation of the grating height leads to a rich variation in terms of

spectral properties and results in a flux amplification around one order of magnitude.

Some of my results involving many-body systems concern the second topic, i.e. the accurate
prediction of Casimir force radiative heat transfer beyond the common theoretical approach used
so far. In this sense, we have used our many-body approach to quantitatively analyze the degree
of non-additivity already in a simple three-body scenario, as discussed in Sec. 3.3. Moreover,
we have been able to highlight the existence of anomalous transport regimes for radiative heat
transfer both in systems made of nanoparticles and planar slabs, as shown in Sec. 4.4. We
have also shown that in some configurations of possible experimental relevance, the predictions
obtained within the common theoretical approaches could be qualitatively and quantitatively
wrong. We have first shown, as discussed in Sec. 4.6, that the thermal bath in which a two-body
system is immersed can be at the origin of a saturation of the flux when the distance d separating
the bodies tend to zero, in strong disagreement with the known 1/d? divergence coming from
fluctuational electrodynamics. In the last part of the manuscript, I have described my results
concerning the coupling between radiative and conductive heat transfer, showing that at least
in the Fourier regime, this coupling can indeed produce a temperature profile within each body,

which in turn is at the origin of a modified (significantly reduced) value of the radiative flux.

I believe that the results presented in this manuscript pave the way to numerous possible
developments. First, I am convinced that the conduction-radiation coupling, along with the
saturation of the flux it entails, deserves at this stage more experimental attention. To this aim,
it will be clearly relevant to go beyond the simple geometry of two parallel slabs considered so
far. In particular, it would be interesting to understand to which extent this coupling is relevant
in configurations such as a sphere or a tip in proximity of a planar substrate, of much easier

experimental realizability.

Furthermore, I am convinced that the topic of many-body effects is an emerging branch in
which several new features still need to be unveiled. In this context, I believe that the objective
of a first unambiguous experimental observation could serve as a path to guide the theoretical
investigations. In this sense, having in mind a possible multi-tip experimental configuration,
the formalism described here to deal with an N-body dipolar system could be generalized to
include multipolar terms. This would allow to address smaller distances with respect to a
purely dipolar development, paving the way to an accurate prediction of a higher signal, to

the design of an optimal setup and thus an easier experimental observation and comparison
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with theory. Moreover, the many-body saturation effect we have highlighted could also play an
important role. As a consequence, it would be interesting to extend the formalism developed so
far to treat this aspect to geometrical configurations such as a sphere or a tip in proximity of a
planar substrate, of much easier experimental realizability. This could be done either by means
of a dipolar/multipolar approach, or by exploiting and developing already existing numerical

frameworks able to deal with complex geometries.

Parallel to these investigations, I am currently starting to investigate the physics of heat
transfer in the extreme near-field regime, namely for distances in the nm scales and below. At
these distances, the tunneling of electron and phonon through the vacuum gap separating two
bodies is expected to play a role and impact the total flux. Starting from this assumption,
several questions are in order. First, the asymptotic scaling as a function of the distance has
to be addressed for each heat carrier, including non-local effects when relevant. This could be
achieved by means of mesoscopic and/or microscopic approaches. Moreover, the estimate of the
total heat flux in a given configuration could be relevant for the analysis of recent experiments
which have started to explore this regime of distances. This topic is at the heart of a 3-year
project recently financed by ANR (French national funding agency), which started in March
and of which I am the principal investigator. This project is in collaboration with the group
of S. Mérabia from Institut Lumiere Matiere (Lyon), whose contribution will be focused on the
microscopic modeling of the physical problem by means of ab-initio and molecular-dynamics

calculations.
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