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Summary

Title:

Coupling electronic properties of molecules and materials to cavity optical

modes: a road towards optical and chemical complexity.

Keywords:

Electronic transport; STM plasmonic cavities; Photon emission statistics; Stochas-

tic dynamics; Energy-transfer; Chemical reaction networks; Optical Fabry-Pérot cavities; Elec-

tronic strong coupling; Polaritons; Polaritonic chemistry; Chirality

Abstract: We investigate from the point of
view of theory spectral and transport proper-
ties of open systems in interaction with elec-
tronic baths and photonic electromagnetic en-
vironments. We focus on three recent re-
search fields for which this investigation is rel-
evant and deal with the following questions
of i) understanding how electronic transport
properties (current and current-current fluctu-
ations) of STM plasmonic nanojunctions cor-
relate to their light-emission properties (lumi-
nescence spectra, g?)(7)-measurements), ii)
grasping how collective effects related to the
intertwined dynamics between molecular ag-
gregates and Fabry-Pérot cavity modes might
be responsible for a modification of the em-
bedded material chemical reactivity or chirop-
tical properties, and iii) how to model and
characterize the stochastic dynamics of chem-
ical reaction networks in concentrated molec-
ular aggregates for ultrafast pump-probe ex-

periments.

In all those research directions our objec-
tive is to propose and develop some theoret-
ical tools and methods that enable both ana-
lytical and numerical calculation of transport
properties, spectroscopic signatures and char-
acterization of physico-chemical properties of
molecular ensembles going from the single-
molecule limit to the mesoscopic aggregate
in presence of interactions with a dynamical
electromagnetic bath. We aim at initiating a
discussion on how to incorporate in the mod-
eling the necessary level of electronic, electro-
magnetic or chemical complexity found in the
related experiments.

This HDR thesis is an attempt to describe
some interesting physical mechanisms I had
the luck to find or think about during this re-
search journey and to enlighten open ques-
tions in systems where the chemical and op-
tical complexity is a relevant or key issue.
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To be read before reading

This manuscript covers a period of my own research activities from 2017 to 2024. It is
structured in three different parts that are independent and reflect my research interests as
well as the related future research perspectives I will follow in the next years. Each part
contains an introduction, a core text taken and reformulated from my recent publications
containing some unpublished material, and additional derivations that I found useful to add
for a better understanding of the main text. I tried to provide a pedagogical introduction to
the concepts and theoretical calculations developed in each of those parts. The conclusion
and a middle- to long-term research perspective are presented at the end of each section.
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Penser n’est pas sortir de la caverne, ni remplacer Uincertitude des ombres par
les contours tranchés des choses mémes, la lueur vacillante d'une flamme par la
lumiére du vrai Soleil. C’est entrer dans le Labyrinthe, plus exactement faire étre et

apparaitre un Labyrinthe alors que I'on aurait pu rester «étendu parmi les fleurs,
faisant face au ciel».

Les Carrefours du labyrinthe I. Cornélius Castoriadis.
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Chapter 1

Photon-Emission Statistics induced by
Electron Tunneling in Plasmonic
Nanojunctions

1.1 Introduction
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Figure 1.1: a) Schematics of current-induced light emission by a STM tunneling junction.
Inelastic tunneling of electrons is at the origin of the photon emission process. b) Observed
light emission spectra in a STM plasmonic nanojunction. Adapted from Ref. [[16]].

A brief introduction to STM light-emission. The scanning tunneling microscops (STM)
is a powerful tool in nanotechnology that enables to image atoms and molecules deposited
onto surfaces. Not only such device enables to explore and image the complex physical and
chemical properties of molecules with atomic resolution, but also it can be used to emit light,
thus playing the role of a new current-induced source of photons at the nanoscale. The under-
standing and control of the light emission process is of crucial importance in this field of
research, but is still incompletely understood. The simplest mechanism for light emission
is presented in Fig. [I.1}a): it involves inelastic tunneling of electrons across the tunneling
gap which couples to and excites the localized plasmon mode between tip and substrate



when the bias voltage exceeds an inelastic threshold [73,|93]]. The light emitted out of this
plasmonic cavity is further collected by a far-field detector: this gives rises to broad band and
high frequency plasmonic resonances [16] (due to losses in the metal) in the optical frequency
range (see Fig.[1.1-b)). A description of the light emission power spectrum can be obtained
by the following approach [60]: the electronic tunneling current is seen as a current source
in Maxwell equations and thus generates an output electromagnetic field which depends
on the peculiarities of the source and on the electromagnetic Green function of the STM
nanojunction that is function of its geometry and dielectric properties.
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Figure 1.2: a) Photon emission spectrum of a molecular wire contacting the tip to the sam-
ple of a STM plasmonic junction. The emission mechanism involves a narrow 0-0 transi-
tion and vibrational sidebands due to the formation of a molecular exciton. Adapted from
Ref.[23]. b) Observed light emission spectra in a plasmonic STM nanojunction in proxim-
ity of a molecule deposit on an insulating substrate. Fano resonances are seen which are
a signatures of molecular fingerprints on the emitted signal. Adapted from Ref. [65]. c)
Measured second order correlation function of the emitted light field presenting an anti-
bunching behavior. Light is emitted from single levels out of the band of C60 molecular
layer between the STM tip and substrate. Adapted from Ref. [81].

Molecular fingerprints in STM light emission. The actual mechanism at the origin
of light-emission in current-driven STM nanojunctions is however still not completely well
understood and is actually quite complex. In presence of a molecule inside or close to the
localized cavity plasmon, current injection excites the molecule to an electronic excited-
state that further decays back to ground state by emitting a photon. Several mechanisms
(see Fig. were proposed for describing this molecular excitation, including elastic tun-
neling of an electron and a hole from the metallic electrodes to the molecule [40], inelastic
tunneling of an electron across the junction at the origin of emission of a localized plas-
mon that is further absorbed by the molecule [40, 39], and a more complex energy-transfer
mechanism in which the absorption and emission processes of the localized plasmon by
the molecule interfere one with each other [65]. We note that the deposition of a single
molecule on an insulating substrate enables to block fluorescence quenching usually due to
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fast charge-transfer from the molecule to the metallic substrate. This allowed to report sig-
natures of molecular fingerprints like molecular vibrations [96] that impact the luminescence
spectra on top of the broad plasmonic feature. The relative isolation from the metallic sub-
strate of the deposited molecule is a nice playground for unveiling complex Coulombian
effects due to charging and discharging of the molecule upon passing an electronic current
from the STM apex: this signals the necessity to keep a manybody description of the molecular
electronic structure for computing light-emission in such structured plasmonic electromagnetic
environments [72]. While most of the works in STM tunneling junctions deal with such a
complex molecular structure and its impact on photon emission, we recently predicted that
upon proper tuning of the external electrode potentials a single electronic level was sufficient
to generate electrically-driven single-photon emission [[107]. Recent experiments with STM
on Cgy molecular films go in that direction and reported a Coulomb-blockade mechanism
resulting from tip-induced split-off single-level states [81]]. The resulting single level model
of a STM plasmonic junction is interesting and simpler than the complex molecular effects
above mentioned and are thus the topic of the present section of this study. This model
was even reported to lead to a photon antibunching mechanism both theoretically [107] and
experimentally [81] (see[1.Z-c)), which is the hallmark of single photon emission by the STM
junction.

Problematic of the present study. The main problematic of the present study in rela-
tion to the light emission mechanism in STM junctions is related to the following questions

1. What is the mechanism describing plasmon-molecule interactions and it role on light
emission ? What is the interplay between tunneling electrons charging or discharging
the molecule and the plasmonic electromagnetic environment ?

2. Isit possible to design innovative current-induced single photon sources of interest from
such STM junctions that would be tunable with external electrical parameters ?

3. How to characterize and model the statistics of light emission out of such junction ?

4. When and how is there single photon emission in such plasmonic devices ? What
controls the timescales of the related antibunching mechanism ?

In this section, we present a theoretical investigation of the statistics of photon emission
in a single-level plasmonic nanojunction in order to deal at least partially with the above
open questions. In Sec. we introduce the notion of photon emission statistics in the
framework of the paradigmatic model of two-level system. We show how to characterize
this statistics by defining and computing the second order correlation function of the emit-
ted light field ¢ (7) and the waiting-time distribution w(7) between successive photon-
emission events [99, (20, 26]. In Sec. we formulate a microscopic model of single level
STM plasmonic nanojunction from which we compute the current-voltage characteristics
at the origin of plasmon excitation. In Sec. we compute explicitly the second correla-
tion function of light emitted out of this junction and show the existence of a crossover
from bunching to antibunching upon fine tuning the molecular junction to a "sweet spot”
of high symmetry. The departure from this "sweet spot" and the related open perspectives
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of research in this field are sketched in the last Sec.[L.5] This work is the outcome of a
collaboration with Fabio Pistolesi (LOMA) and Thomas Frederiksen (San Sebastian). Most
of the presented results are part of the PhD thesis of Quentin Schaeverbeke [[108]. I tried to
reformulate those results and rederive them in a way that is generalizable to more complex
situations.

1.2 An introduction to photon emission statistics

In this section, we provide an introduction to the notion of photon emission statistics. We
found simpler to introduce this notion through the paradigmatic model of a two-level sys-
tem (TLS) which, after being excited, can emit single photons in the far-field electromag-
netic environment. The emitted photons are then collected by a single photon detector. We
characterize the statistics of random clicks measured by the photon detector in Sec. and
explain how to define and compute exactly the second-order correlation function g (1) of the
emitted field in the TLS model. We show that the emitted photons are antibunched, namely
they present a lower probability of being emitted close in time one from each other. The
signature of antibunching is obtained as a vanishing of g'®) (1) at zero delay time T = 0. In or-
der to understand better this antibunching mechanism, we introduce and compute exactly
in Sec. the waiting time distribution (WTD) between pairs of successive emitted photons
in the TLS model. We show that the WTD is a statistical indicator that is complementary
to the second order correlation function and that it provides additional information about
the typical timescales involved in the photon emission process. We close this analysis by
considering in Sec.[1.2.3|the role of having a non perfect photon detector with finite detection
yield. To write this whole section, we used part of the material that we published in our
recent Ref. [9]. This material follows directly from the PhD research work done by Quentin
Schaeverbeke [108], in collaboration between LOMA and San Sebastian. The derivation that
we propose here is inspired by the reading of the section devoted to photon emission statis-
tics in the book of van Kampen [[117] and by the seminal paper of Serge Reynaud [99]] de-
voted to fluorescence of atoms in the "dressed atom" picture. The former reference was and is
still to me the source and origin of most of the understanding I could developed in this research
topic.

1.2.1 Photon antibunching in the two-level system model

A first glimpse to the photon correlation functions. In this paragraph, we provide
a first glimpse at the description of the statistics of photons emitted by a simple two-level
system (TLS). This model is shown in Fig. [1.3}b). It is made of two levels labeled 0 and 1
connected by an upward rate I'y for exciting the TLS and a downward rate « for de-exciting
it and emitting a single photon in the electromagnetic environment. The emitted photon is
then collected by a single-photon detector, leading to a temporal trace of the photon "clicks"
(see Fig.[1.4rupper panel). The study of photon emission statistics aims at characterizing the
correlation functions of the stochastic temporal trace of the photon "clicks" provided by the
detector. In this context, following the seminal paper of Glauber [53]], it is natural to define
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Figure 1.3: Scheme of a simple two-level system at the origin of photon emission. The
states 0 and 1 are connected by an upward rate I'y, for exciting the TLS and a downward
rate x for de-exciting it by emitting a photon in the electromagnetic environment. The
emitted photon is collected by a single-photon detector. This leads to a temporal stochastic
sequence of photon detection events or "clicks" given by the detector. Unpublished Fig.

the correlation functions of the emitted photon output field as

1. G4 (to)dty the probability to "emit a photon” in the time interval [to, ¢y + dto],

2. Go(to, tg + 7)dtodr the joint probability to "emit a first photon" in the time interval
[to, to + dto] AND to "emit a second photon” in the time interval [t, + 7, to + 7 + d7].

The normalized second-order correlation function (SCF) of the emitted photons is defined
from the above correlation functions as

Gz(to,to -+ T)

(2) —
g (to, to+ 1) = GGt 1) (1.1)

In the stationary regime, the stochastic process is independent of time thus leading to
G1(ty) = G5' and Gy (tg, to + 7) = G5t(T = 7). The stationary g(®(7) correlation function
is thus given by

g(2) (7_) _ Gat(7—> .

(1.2)

While the first correlation function G5' characterizes the average intensity of emitted light by
the TLS, the second correlation function ¢'* (1) is a signature of the correlations between two
photon emission events obtained at a delay time 7. The computation and characterization of
g'?(7) is the main goal of this section.
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Figure 1.4: Upper panel: Time-trace of the history of "clicks" for a photodetector detecting
the emission of photons by a TLS with upward rate I';y = 0.03 and downward rate x =
0.1. This stochastic process is computed using a Monte Carlo simulation. Lower panel:
Corresponding ¢ (7) signal obtain from the Monte Carlo simulation (red points) compared
to the exact analytical solution in Eq. that exhibits antibunching behavior. Generated
using the Monte Carlo code implemented in our Ref. [9]. Unpublished Fig.

Expression of ¢(®(7) in terms of occupation probabilities. We now consider the
time-dependent process at the origin of the measurement of the correlation functions by
a single-photon detector, as exemplified in panel a) of Fig. The first order correlation
G1(to) provides the probability of emitting a single photon between ¢, and t + dt. It is
given by

Gl (to)dto = /‘édtoﬂ'l(to) s (13)

namely it is proportional to the probability of having the TLS in the excited state () at
timet, times the probability rdt, of emitting a photon through the radiative transition 1 — 0
in the time interval [ty +T, to+ 7+ dT] with rate k. Similarly, the unnormalized second-order
correlation function G5 (tg, to + 7) is provided by the expression

G2 (to, to + T)dtodT = kdrP (1t0 + T‘Oto) Hdtoﬂ'l (to) s (14)

namely it is proportional to the probability kdtymi(to) of emitting a photon in the time in-
terval [to, to + dto|, times the conditional probability P (1tq + 7|0ty) of having the TLS in
excited state 1 at a later time t) + 7 KNOWING it was in the ground state O at time t, af-
ter the first measurement, times the probability kdr of emitting another photon in the time
interval [ty + T,ty + 7 + dr]. We note the crucial role played in this expression by the
collapse of the wavefunction in the photon measurement process that imposes the TLS to
be in the ground state 0 after each photon emission process: this was noticed explicitly for
the first time by Claude Cohen Tannoudji and Serge Reynaud in Ref. [26]. Using Eq.|1.2) we
obtain the expression for the normalized second-order correlation function g (7) in the
stationary state

9(2)(T> = st : (15)



Explicit expression of ¢(?(7) for the TLS system. We compute in this paragraph the
explicit expression of ¢ (7) as written in Eq. For that purpose, we need to find the
conditional probability P (17]00), which is nothing but the 7, (7) probability for the TLS to
be in the excited state 1 at time 7 provided the choice of initial condition 7 (0) = 1 at time
0 is adopted. The former population is obtained from the rate equation (see also Fig. [1.3}b))

m(r) = Twmo(r) — kmi(7), (1.6)
Wo(t) = 1- 7T1(t) . (1.7)

Its solution for the initial condition 71 (0) = 0 is given by

m(r) = ﬂt{l—e_“”}, (1.8)
r
o= =, (1.9)

with k; = Kk + 'y the total relaxation rate. From the previous Egs. [1.8]1.9, the explicit
expression of the second-order correlation function follows

gA(r) = 1—e ™7, (1.10)

This is the main result of this section. The SCF is shown in Fig. [I.4-lower panel by com-
paring the outcome of a Monte Carlo calculation (red points) to the analytical formula of
Eq. (plain red curve). In the case of the TLS model, the second-order correlation func-
tion thus goes to zero at zero time-delay (¢ (0) = 0) and increases exponentially towards
unity on a time scale 7, given by

1
Ty = — = (1.11)

K¢ /{+F10'

It also fulfills at all times the inequality ¢? (7) < 1 which is the hallmark of a sub-Poisonian
statistics. The fact that g® (1) > ¢'®(0) with g®)(0) = 0 is a clear signature of antibunching
[125], namely the property for the TLS to have a lower probability to emit a photon at short
delay-times T < ,%t, after a first photon has been emitted at time 0. At large times 7 > ,%t
we find g® (7) — 1 and the photon emission statistics recovers the Poisonian statistics of
uncorrelated photon emission events.

Open question. We have shown that the light emitted by a TLS exhibits antibunching
in its g'® (1) correlation function and thus vanishes at zero delay time. The interpretation
of this antibunching mechanism is related to the interpretation of the second order corre-
lation function in terms of a two-probe measurement process: once the first photon has been
detected, the TLS is projected onto its ground state 0 and one has thus to wait during a given
delay time (T) before the next photon will be emitted. At this stage, the ¢(® (1) correlation
function contains only one time scale given by 7,2 in Eq. The question we ask is thus
the following: do we have that 7,z = (1) ?
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Figure 1.5: Illustration of Eq. giving the conditional probability distribution P(7|0)
to emit one photon at time 7 knowing that a photon was emitted at time 0 as a series in
terms of the corresponding "exclusive" probability distribution ()(7]0). A cross in a time
interval means that no photon has been emitted in that interval, while curly arrows stand
for elementary single photon emission events. Unpublished Fig.

1.2.2 Waiting time distribution between successive photon emis-

sion events

Definition and expression of the WTD. To answer the question of the previous sec-
tion, we introduce here another indicator characterizing the statistics of emitted light by a
given emitter which is the delay-time distribution or waiting-time distribution (WTD) w(T)
between two successive photon emission events. In order to compute the WTD, we need to
introduce the following additional distribution functions [[117,99]

1. P(my|7) the conditional probability distribution to emit a photon at time 7, KNOW-
ING that a photon has been previously emitted at time .

2. Q(72|m) the "exclusive" conditional probability distribution to emit a photon at time
79 KNOWING that a photon has been previously emitted at time 7; but with THE
CONSTRAINT that no photon has been emitted in the time-interval |71, 75[.

Both P and () are obtained from the time-trace or history of "clicks" provided by the single
photon detector (see Fig. from which both the SCF and WTD can be expressed

gP(r) = , (1.12)

w(t) = Q(7]0), (1.13)



with S(7) = P(7]0). However, we remark that in general P # (). Indeed, as shown in
Fig. @ involves to the statistics of "exclusive" histories in which no photon-emission event
is observed in between two successive photon-emission events (see the a) history), while P
includes the statistics of the "complete” history of emission events including "0-photon” emis-
sion event plus "L-photon" emission events (see the b) history) plus "2-photon" emission events
(see the c) history) plus etc - - - in between two photon-emission events. This can be written
mathematically as the following series

P(7|0) = Q(7|0) + /OT dnQ(7,7]0) + /OT drm, /T drQ(7, 72, 71]0) 4 - - -, (1.14)

with Q(7,71|0) the exclusive probability distribution that one photon is emitted at time 7y
and another one is emitted at later time 7, knowing that one photon-emission event oc-
curred at time 0. A similar definition holds for Q(7, 72, 71|0) that contains an additional
photon-emission event at a time 7, in the interval |7, 7[. If the stochastic process of pho-
ton emission events is Markovian then Q(7,71|0) = Q(7|71)Q(71]0) and Q(7, 72, 71|0) =
Q(7|12)Q(72|m)Q(71]0) such that Eq. can be simplified to

P(r]0) = Q(]0) + / InQ(rm)Q(n|0) + / dr, / Q7 72) Q72 7)) QT [0) + - -
(1.15)

This series is illustrated in Fig. [1.5/and can be resummated into an integral equation con-
necting the P and () distributions

P(rl0) = Q(r|0) + / dn P(r|m)Q(0).
(1.16)

Using the definition of w(7) in Eq. [1.13] we finally obtain for a stochastic photon emission
process that is both Markovian and stationary

S(r) = w(r) +(S*xw)(7), (1.17)

with * meaning the convolution product as in Eq. This integral equation can be solved
by Laplace-transform thus providing a simple algebraic link between S(z) and w(z), the re-

spective Laplace transforms of S(7) = G\ ¢ (1) and w(r)
1

This is the main result of this paragraph devoted to the WTD.

Explicit expression of w(7) for the TLS model. We now compute w(7) analytically for
the TLS model of Sec. We find a one to one mapping between P(7|0) and conditional
probability P(17|00) in Eq.[1.5} leading to S(7) = P(7|0) = xP(17|00). This implies that
for the TLS emitter, the photon emission process is indeed Markovian and that we can use
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the relation connecting the WTD to the SCF written in Eq. We find for S(7) and its
Laplace transform S(z) the values

S(r) = K:“’ {1 -}, (1.19)
& . kL'

Incorporating Eq. into the expression of () in terms of S(z) written in EqJ1.18| we
find after inverse Laplace transform

K;Flo —I'io7 —KT
w(T) = e —e , 1.21
M = } (1.21)
~ kl'oT —+> O+, (122)
7—0
~ Tjpe o7 —— 0. (1.23)
T—+00

This expression is the main result of this section. It shows that w(7) is the sum of two
exponential functions, one with relaxation rate I'yy and the other with relaxation rate . The
WTD is shown in Fig. At "short" times (7 < min (£, I‘Lm))’ w(T) vanishes linearly
with 7 and is proportional to the product of both upward rate I';y and downward rate « at
which photons are emitted out of the TLS. The vanishing of w(7) at zero delay-time T = 0
is a signature of antibunching of emitted photons, while the proportionality of the slope with
['yo translates the fact that after one photon has been emitted, one needs to wait some delay
time for re-exciting the TLS and have another photon to be emitted. In the opposite limit of
"long" times (7 > min (%, F%0)), the WTD vanishes exponentially in time with the upward

rate ['1g (for k > I'yg). This reflects both facts that the WTD is a normalized distribution
function [ f0+oo drw(t) = 1] and that it becomes very unlikely that after one photon has

been emitted initially, another photon is not emitted after a delay-time much larger than
the TLS typical relaxation time. It is interesting to notice that w(7) is a non-monotonous
function of time, reaching a maximum at time 7,,, given by

1 K
Tm = In{— . 1.24
k —T'g (PIO) (1.24)

Finally, we obtain from Eq. an analytical expression for the average delay-time (T)
between two photon emission events

(ry = /0+°° drTw(T) ! + l (1.25)

Flg K

Conclusion regarding the TLS model. We conclude this introductory exploration of
the statistics of photons emitted by a TLS with the following summary

1. The normalized second-order correlation function of the emitted photons g (7) de-
cays exponentially in time with time scale given by the total dissipation time of the TLS

_ 1 :
Ty = 73, N Eq.
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2. In contrast, the WTD of delay times between photon emission events w(7) exhibits
a non-monotonous behavior with time. The corresponding average delay-time be-
tween two photon emission events (1) = F%g + % in Eq. is given by the sum of
the inverse upward excitation time of the TLS 1/T"1 plus the inverse relaxation time 1/k
by photon emission from the TLS.

Surprisingly, we thus find that in general 7, # (7). This is due to the fact that the SCF
g?(7) and WTD w(7) do not contain the same statistical information, each exhibiting dif-
ferent characteristic time-scales characterizing a different aspect of the photon-emission
statistics. The first timescale T,2) provides information about the speed at which the correla-
tions in the detection of photons pairs decay in time, while (1) provides information on how
long one has to wait between two successive photon emission events, hence the speed at which
the TLS is re-excited from the TLS ground state. Those two time-scales are thus not inconsis-
tent one with each other but constitute complementary statistical indicators of the photon
emission statistics [19]. Only in the short-time regime 7 < 7, the behavior in time of
w(r) and S(7) = G ¢® (7) do coincide since they are related to the same antibunching
mechanism, while at larger time 7 >> 7,,, they differ in a significant manner since w(7) goes
exponentially to zero while S(7) converges to the constant value I'yq.

1.2.3 Role of a non-perfect photon detection yield

E

L

Eo.lo —————————————————————————

;0.05 == 5(1);n=0.10

— m— w(T); n=0.10

@ ,

—0.00 50 100 150 200
0.10]
0.05 = = S(1);n=0.10

m— w(T); n=0.10

0.00%3 3 7 3 ) 10
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Figure 1.6: Upper panel: SCF S(7) = GgSt)g(Q)(T) and WTD w(7) of the photon emitted by
a TLS as function of time 7. The detector has a non-perfect detection yield n = 0.1. Lower
panel: same curve but zoomed in the short time range. Parameters are those of Fig.
Adapted from our recent Ref. [9].

In this last section, we model the non-perfect detection efficiency of the photodetector
collecting the photons emitted out of the emitter. For that purpose, we assign a probability
n € [0,1] for a photon to be detected by the photodetector, namely 1 is the experimental
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detection-yield. A perfect detector efficiency means 7 = 1. For computing how the SCF
g (1) and WTD w(7) are impacted by this detector efficiency, we need to generalize the
definitions of the previous probability distributions written in Sec. and Sec. We
thus redefine (see Fig.

1. G1(tp)dty the probability to "emit a photon AND detect it by the apparatus” in the
time-interval [to, to + di].

2. P (to,to + 7) dtodr the joint-probability that "a first photon is emitted AND detected
by the apparatus” in the time interval [to, to + dto] AND that a "another photon is
emitted AND detected by the apparatus” in the time interval [t, + 7,to + 7 + d7].

3. @ (to, to + 7) dtodT the exclusive joint-probability that "a first photon is emitted AND
detected by the apparatus” in the time interval [t(, to + dto] AND that a "second photon
is emitted AND detected by the apparatus" in the time interval [ty + 7,1y + d7], with
THE CONSTRAINT that "no photon is emitted in the time interval |t + dto, T[".

The role of a non-perfect detection-yield is taken into account by adding an additional ran-
dom process with probabilityn to detect the photon arriving on the detector that is independent
of the photon-emission event itself. Due to the above mentioned statistical independence be-
tween the photon-emission and photon-detection events, the previously defined probability
distributions do factorize

Gi(to) = nG,(t), (1.26)
P(to,to +7) = 1°Elto, to +7), (1.27)
with the underline symbols corresponding to quantities evaluated at a perfect detection

efficiency (n = 1). Those equations imply a modification of the expression of the SCF and
WTD as

S(r) = P(r]0) =nS(1), (1.28)
G3(r) = P(1,0) = 2Gst() (1.29)
9(2)(7—) = GEQO)) - n%st) _22(7—)’ (1.30)

so that the unnormalized SCF G5 (7) is modified by the non-perfect photon-detection quan-
tum yield: this is expected since the lower the detection yield, the lower the number of
collected photons per unit time by the detector. However, the normalized SCF ¢\*) (1) is not
modified by decreasing 1) since the n?* factors simplify in the numerator and denominator: the
only effect being now that one has to wait longer in order to achieve the proper statistics of pho-
ton "clicks" ! Using the definition of w(7) = Q(7|0) in Eq. we find that the modified
relation between the SCF and WTD

nS(t) = w(r)+n(wx*S)(r), (1.31)

which provides after Laplace transform

w(z) = — . (1.32)




This expression generalizes Eq. and shows that the WTD is modified by a non-perfect
detection yield. It recovers the results of Ref. [[118]]. The final expression of the WTD is
obtained after inverse Laplace transform of Eq. providing

F (K —K, )7’ (K +rK )T
w(r) = ULART {e ira)r | mited } ’ (1.33)
Rd

with kg = /K7 — 4nkT'19. The resulting WTD is shown in Fig. The corresponding
average delay-time (T) between two photon emission events is also modified to

111 1
<T> == E{F_lo—i_g} (1.34)

It is interesting to notice that, in contrast to the SCF, the WTD and the average delay time
between successive photon emission events (T) depends significantly on the non-perfect detector
efficiency n). In the case of (1), this is understood because due to a lower detection yield 7, a
fraction of the emitted photons arriving to the detector are not detected by it (false negative)
thus leading to a larger time to wait in average for a next photon to come after a first photon
has been detected.

1.3 Inelastic electronic transport properties of a STM plas-

monic nanojunction

1.3.1 Problematic

The TLS model for photon emission presented in the previous Sec. [1.2| was a very simple
one. However it seems to be insufficient to take into account the complexity of actual
experiments performed in STM plasmonic nanojunctions. The following points making
the mechanism of light emission quite a complex one are listed below:

1. Molecules have complex electronic and vibrational strutures that are beyond the de-
scription by only two levels.

2. A plasmon mode is actually localized in the tunneling gap between the STM tip apex
and the substrate. This plasmon mode is characterized by a high frequency (here
optical frequency), a broad-band plasmonic spectrum and an inhomogeneous spatial
structure of the electromagnetic field.

3. The interaction mechanism at the origin of light emission involves either inelastic
tunneling of charges through the tunneling gap or direct tunneling through the molecule,
or even interference between the plasmon field and the fluorescence spectrum of the
molecule.

4. The low mode volume of the plasmonic cavity in the STM gap might enable to reach
enhanced and thus stronger molecule-plasmon interaction strength.
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We do not aim in describing ab initio the mechanism of current-induced molecule-plasmon
interaction, but are willing to find a minimal model that would incorporate some of the fea-
tures listed previously. To the best of our knowledge, a complete theoretical understanding
of light-emission in STM is still missing,.

Open question. Can we formulate a minimal microscopic model that could be solved with
a sufficient level of accuracy and would enable to explore some of the characteristics of current-
induced light emission in STM plasmonic nanojunctions ?

For that purpose, we introduce in Sec. a theoretical microscopic model of single-
level plasmonic nanojunction from which we characterize the statistics of photon emission.
This model is derived from a formalism developed by Audrey Cottet et al. in Ref. [29] and
was adapted by us to describe a current-driven plasmonic nanojunction in our Ref. [107].
We then describe in Sec. the plasmon-molecule interaction mechanism in this junc-
tion. For that purpose we write and solve formally a rate equation ruling the dynamics of
the junction manybody states mixing charge and plasmon occupancies, with incoherent rates
computed using Fermi Golden Rule. This approach was developed in our recent Ref. [9].
We present in Sec. the current-voltage characteristics of this junction obtained from
the solution of the rate equation. The computed 7(V') curves present inelastic channels
corresponding to the onset of single or many plasmon emission in the plasmonic gap that
is induced by single electron tunneling events: this is a signature of the conversion of the
electron kinetic energy provided by the bias voltage into plasmon excitation inside the STM
cavity. This current-driving mechanism is at the origin of light-emission is this simple model
of STM plasmonic nanojunction. Most of the results presented here in a compact way, where
derived and expressed for the first time in the PhD work of Quentin Schaeverbeke [108]. For the
sake of clarity and simplicity, I chose to present here those results using only the plasmon-
molecule bi-partite rate equation, with the philosophy that most of the physics we discuss
can be understood using properly the Fermi Golden Rule.

1.3.2 The single-level model of a STM nanojunction

Hamiltonian description of the single-level nanojunction. In order to deal with the
open questions of the previous section, we proposed and study in our previous Refs. [9],[108]]
amodel of STM plasmonic nanojunction where the molecule is described by a single (HOMO
or LUMO) electronic level (see Fig.[1.7). That single level is coupled to two electronic leads
at the origin of current injection and to a composite electromagnetic environment made one
plasmonic mode that decays to an external electromagnetic bath. In this way, we take into
account the presence of a high optical frequency and damped plasmonic mode with its proper
dynamics that is coupled to the slower dynamics of current tunneling across the junction. Off
course, the complex electronic and vibrational structure of the molecule is not taken into
account in this model. Such models describing electron-photon coupling in mesoscopic
devices has been proposed in the context of circuit quantum electrodynamics in Ref. [29],
which led to a theoretical framework taking into account spatial inhomogeneities of the elec-
tromagnetic field at the scale of the molecular orbitals describing the junction. We use this
formalism and propose the following microscopic Hamiltonian describing the single-level
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Figure 1.7: Representation of a current-driven STM plasmonic nanojunction. The molecule
is shown as a single electronic level of energy £y. In presence of a bias-voltage V/, electrons
from the STM apex (L) or from the substrate (R) can tunnel to the electronic level, emitting
a cavity plasmon of frequency w,. The former decays with rate x, and a photon is emitted
(red wavy arrow) that is finally collected by a detector (in black) with detection-yield 7.
Adapted from our recent Refs. [9],[107].

molecular junction (SLM) presented in Fig.
H — Hs+ Hg+ Hi, (1.35)

with Hg the Hamiltonian describing the "molecule + plasmon mode" system as a whole, Hg
the bath Hamiltonian containing the electronic and electromagnetic environments and H
the tunneling Hamiltonian at the origin of system-environment coupling and tunneling of
electrons (photons) at the origin of the electronic (photonic) current. The "system" Hamiltonian
is written as

Hy = eod'd +weala+ (a+a) (Andid+---), (1.36)

with d' the creation operator for an electron on the single level of energy £, and a' the cre-
ation operator for the plasmon mode of frequency w,. The last term contains the molecule-
plasmon coupling operator that couples the dot charge fluctuations to the plasmonic electric
field, with a coupling strength A,, = Aw. with ) the dimensionless coupling strength. The
corresponding coupling strength is given by the matrix element

Am = —e/d3r|¢d (7:‘) |2VL (F) s (1.37)

- =

with ¢, () the dot electronic wave functionand V| (7) = —iw, [, C (o) A(1)-dl the photonic

pseudo-potential obtained as the integral of the cavity electrical field —iwcg(ﬁ (A is
the vector potential) on a path C (7, 7") connecting any reference point 7 to the point 7.
The coupling term A, has a simple physical interpretation: it stands for the work a tunneling
electron has to perform against quantum vacuum fluctuations of the plasmonic field in the STM
gap along the path it follows in an elementary tunneling event from one lead to the molecule.
We estimated in our Ref. that, due to the small cavity mode volume of the plasmonic
cavity, this monopolar coupling strength can be actually quite large, reaching upper values
A ~ 0.1 — 2w,. This mechanism of coupling the plasmon mode to the charge fluctuations
of the dot level should be differentiated from the different mechanism of direct coupling
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of the plasmon mode to the electronic tunneling current across the tunneling gap which
is usually much weaker in the experiments and provides a low quantum yield for photon
emission of order 10~* [93]. We note in Eq. the presence of dots "-- - " standing for
additional terms in the interaction Hamiltonian describing a modulation of the electronic
tunneling from the leads to the dot induced by the photonic potential as well as a direct coupling
between the electrons in the leads and the cavity plasmon mode. The former terms of weaker
amplitude are discussed in our Ref. [[107]] and will be neglected in our model. The electronic
and photonic environments are described by the bath Hamiltonian Hy in Eq. which is
given by

Hy = Y carClhpcon+ Y weblb, . (1.38)
ak q

with ¢/, and b the creation operators for the electrons on the leads a = L, R with energy
€ak and for the propagating photons of energy wy, respectively. Finally, the last term H; in
Eq. is the system-environment tunneling term given by

He = Y [tachd + tiydiey] + 3 [lyalb, + 6] | (1.39)
ak q

with ¢, and [, the electronic and photonic tunneling amplitudes respectively. As usual in
quantum transport, we suppose that the electrons in the leads are at thermal equilibrium with
a population given by the Fermi distribution function f(w—pu,) at temperature T' and chemical
potential i, for the lead c.. The photons in the electromagnetic environment are also supposed
to be at thermal equilibrium at the same temperature I’ which, being much smaller than the
optical frequency, makes as if the electromagnetic environment was at zero temperature
(corrections due to finite Bose distribution at temperature 7" are negligible).

g=1 ¢=0 @Nﬁdy
i \ \ /
o boaa) [N A P |, e
- | SN - .
—2;\E0 0 ];-ﬁeld
Lead L Lead R

Figure 1.8: Representation of the eigenstates of the system Hamiltonian after Lang-Firsov
transformation in Eq. The eigenstates are the (¢, n) manybody states corresponding
to the dot charge states ¢ = 0,1 and plasmon mode occupancies n € N. There are two
displaced harmonic ladders for the shifted plasmon mode written in Eq. and the elec-
tronic tunneling terms are dressed by the plasmon mode as written in Eq.

Lang-Firsov unitary transformation. The Hamiltonian written in the previous section
shares similarities with the well known Holstein model describing electron-phonon inter-
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actions in molecular junctions [61,7,79]. As in the former case, the spectrum of the Hamil-
tonian Eq. is not known for arbitrary values of the junction parameters, especially in
out of equilibrium situations where a bias voltage is applied between the leads that is at
the origin of an electronic current. In this paragraph, we perform a Lang-Firsov unitary
transformation on the Hamiltonian H. This transformation enables to remove the explicit
electron-photon interaction term from the system Hamiltonian Hg. This unitary transforma-
tion is defined as

U = r'dla—al) (1.40)

which acts by shifting the cavity plasmon mode operator @ = UaU to the displaced oper-
ator depending on the dot charge

a=ua—\'d, (1.41)

and dresses the electronic dot operator D = UdU" by a photon cloud operator coupling
exponentially to the plasmonic electromagnetic environment

D = deMa—a") (1.42)

The new Hamiltonian H = U HU' thus gets modified in the following way: first the system
Hamiltonian gets to a form that is diagonal in the charge and plasmon occupancy degrees of
freedom

Hs = é&odid+w.ala, (1.43)

with the shifted dot level position &y = £ — A2w,. The eigenstates of Hg are the manybody
states |¢, n) corresponding to the charged (uncharged) state of the dot ¢ = 1(0) and to the
number n € N of quanta occupying the harmonic oscillator corresponding to the plasmon
mode of frequency w.. They have eigenenergies ¢¢o+nw.. Both eigenstates and eigenenergies
can be represented as two displaced harmonic ladders shown schematically in Fig. Finally,
the Hamiltonian H; coupling the system to the environment gets modified by the unitary
transformation to

H = [takchy D+t Dicy,] + 3 [laa'h, + 13b5a] (1.44)
ak q

The electronic tunneling term is dressed by the plasmonic environment as written in Eq.[1.42}
this is a similar phenomenon to the dynamical Coulomb blockade theory describing the cou-
pling of electrons tunneling to the electromagnetic environment in ultrasmall tunnel junctions
[66]. Then the photon tunneling term couples to the displaced plasmonic field: this is a sig-
nature of the possibility for slow charges fluctuations to couple to the high frequency plasmonic
electromagnetic field.

A comment about this transformed Hamiltonian. The transformed Hamiltonian H
removes the explicit plasmon-molecule coupling from the system Hamiltonian and dis-
placed it into the tunneling Hamiltonian coupling the system to the environment. This is
well suited to perform an expansion into a weak sytem-bath interaction, while keeping the non-
pertubative nature of the plasmon-molecule interactions given by the coupling strength A\. We
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also note that H is the same Hamiltonian as the one describing the Franck-Condon physics
induced by electron-phonon interactions that was studied in depth in molecular electronics
[77,]78]], expect that now the energy scales are quite different (the plasmon mode is in the
high-frequency optical range).

1.3.3 Fermi Golden Rule and its consequences

Problematic. We want in this section to compute the typical timescales associated to in-
elastic electronic tunneling of electrons and by photon emission out of the STM plasmonic junc-
tion, as described by the microscopic Hamiltonian in the previous Sec. The electronic
and photonic environments will provide the necessary energy costs to induce incoherent
transitions between the manybody states (g, n) of the system "plasmon + molecule" through
the perturbation Hamiltonian Hj in Eq. We will compute the rates associated to those
incoherent transitions using Fermi Golden Rule.

o o o b)) CliCkH
e nk W

(N = 1)WY e

BWC4 ; ; .2 2 3LUC
- AN - z g ¢ _

Vi=nr—2 gg\\g \g Fz(n-}-S,n) — éii%i %4 FR(n,fS,n,)
/—\ Bwﬂ /—\
/\A 2wc .
/\A o, /—\A
F s .
/\* —we /\A Ve =nur —&o

—2wW,
—3we
L Sample

Figure 1.9: Representation of the incoherent transitions associated to inelastic electronic
tunneling and photon emission out of the STM plasmonic cavity. The rate I'} (n + 3,n)
in blue is the rate of tunneling of a single electron from left lead thus charging the dot
and emitting three quanta in the plasmon mode. The rate I';(n — 3,n) in blue is the rate
of tunneling of a single electron from the dot to the right lead thus discharging the dot
and absorbing three quanta in the plasmon mode. The rate « is the rate at which single
photons are emitted out of the cavity from the decay of the plasmon mode occupation by
one quantum. Unpublished Fig.

Inelastic electronic tunneling rates. We first consider the incoherent electronic tun-
neling events coming from the photon-dressed electronic tunneling Hamiltonian in Hj (see
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Eq.[1.44). The former Hamiltonian induces transitions of the form (¢,n) — (7 =1—¢,m)
among the system manybody states with ¢ = 1 — ¢ . In such a transition, the charge-state of
the dot is modified fromq = 0 toq = 1 or from q = 1 to ¢ = 0 for a charging or discharging
event of the dot level respectively. Moreover, it is accompanied by a modification of m — n
additional or lower number of quanta populating the cavity-plasmon mode. If m —n > 0
the corresponding transition is an inelastic tunneling event of a single electron mediated by
the emission of m — n quanta into the plasmon mode. On the other hand, if m —n < 0 the
inelastic tunneling event is mediated by absorption of n — m quanta from the plasmon mode.
The specific case m = n is an elastic tunneling event of a single electron in the molecular
junction. We write I’;‘(mm) the inelastic tunneling rate of a single electron emitted from lead
a = L, R that charges the dot in the transition (0,n) — (1, m). The other rate associated
to discharging of the dot is written F;(mm). Using Fermi Golden Rule, we obtain for those
incoherent rates

Clmm = LalXaml*f((m—n)w.—Va), (1.45)
Lomm = Lol Xmal?[1 = f((n—m)we. = Vo], (1.46)

with Ty = 27 Y, [tar|*0(EF — €ar) the tunneling rate of electrons from the lead « to the
dot level evaluated at Fermi energy. We note that we made the wide band approximation
which neglects the energy dependence of ', on the scale provided by the voltage around
Fermi energy. The factor X,,,, = (n|m) is the Franck-Condon overlap [78|] between the
state |n) of the cavity with empty dot and the displaced-state |m) of the cavity with occu-
pied dot. Finally we introduced the lead voltage V,, = p, — £y which provides the relative
distance in energy between the chemical potential of the lead and the position of the renor-
malized single level of the molecule. The expression of the rates ny(mn) are dependent on
temperature 7, on the voltage drop V,, and on the tunneling rate I',,. Upon modifying those
electronic parameters of the junctions, it becomes possible to excite the plasmon mode by in-
jecting an electronic current across the STM junction. We illustrate in Fig.[1.9|the transition
Fz(n +3m) (blue arrow) in which an electron from the left lead charges the dot level and emits
three plasmons in the junction. Another transition rate I' R(n—3.m) (blue arrow) is shown for
which an electron discharges the dot level to the right lead and absorbs three plasmons in the
Jjunction.

Photon emission rate. The second type of transitions is induced by the photon tunnel-
ing Hamiltonian in Hj (see Eq. . Those are transitions of the form (¢,n) — (¢,n — 1)
which do not change the charge state of the dot but decrease by one the number of cavity-
plasmons. Those incoherent transitions are associated to the cavity losses through which single
photons are emitted in the far field and later detected by a photon detector. We write £ (,—1 p)
the incoherent rate associated to such a transition the expression of which is given by

K(n—1m) = MK, (1.47)

with x = 27 3 [l,|*6(w.—w,) the cavity damping rate. Here also we made a wide band ap-
proximation, evaluating this rate at the cavity optical frequency w,. One transition ;1 )
is shown as a red arrow in Fig. In this transition a photon of frequency w. is emitted out
of the STM plasmonic cavity and induces a "click" of the photon detector. Finally, we make
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a remark that the photon dressed tunneling Hamiltonian couples the displaced plasmonic
field (see Eq. to the electromagnetic far field. Thus, strictly speaking, the electromag-
netic far field of the bath couples not only to the high frequency optical plasmon mode
of the STM cavity, but also to lower frequency charge fluctuations of the single dot level
occurring on a timescale 1/T",. It is clear physically that low frequency electronic current
fluctuations always induce photon emission. The possibility to detect or not those additional
lower frequency (MW) photons out of the plasmonic junction is a property of the photon detec-
tor that is used. This question will be discussed in a new preprint in preparation [13] that is
part of the PhD thesis of Andres Bejarano. In what follows, we will suppose that we have
a photon detector with a bandwitdh centered on optical frequencies so that only optical
photons at frequency w, are detected out of the STM plasmonic nanojunction.

Hierarchy of energy scales. In this paragraph we evaluate the typical energy scales
associated to the previously derived incoherent transition rates. We estimate from exper-
iments performed on current-induced STM tunnel junctions [73, 93] and STM molecular
junctions [72] typical values of the parameters

1. The typical tunneling current / ~ eI’ ~ 5 — 500 pA.

~ 9. €&V
2. The plasmon mode frequency w, ~ 2=~

3. The cavity losses kK =
cavity.

% ~ 0.lw, related to a quality factor () ~ 10 of the STM

4. A temperature 7'~ 4 — 10 K.

We thus end up with a hierarchy of typical frequencies characterizing the physical problem
given by

I,~10°—-10"%w. < T~ 103w, < k ~ 10" w, < w,. (1.48)

In the previous inequality, the condition I', < 7" plus the fact that the molecules are de-
posited on an insulated substrate thus preventing charge transfer and fluorescence quench-
ing due to the underlying metallic substrate enables to consider that electronic tunneling is
a sequential process, namely the electrons that tunnel from one lead to the dot loose their phase
coherence fast enough on timescale 1/T before the next coming electron enters the dot on the
slower timescale 1/T",. In parallel, the condition k < w, corresponds to an electromag-
netic bath that decays to equilibrium on the fast timescale 1/w, compared to the slower
plasmon mode that relaxes with the cavity damping time 1/k. In both cases of electronic
and electromagnetic environments, one can thus treat perturbatively the coupling between the
system and such environments, making use of a Born-Markov approximation for describing
the plasmon-molecule dynamics. We derived the corresponding generalized master equa-
tion describing the dynamics of the system reduced density matrix in our Ref. [107]. In our
more recent preprint in preparation [14] we extended this approach to a two level model of
the plasmonic nanojunction. We solved and computed the electronic currents, the power
emission spectra and second order correlation spectra characterizing the emitted light field
by such STM nanojunctions. In this section, however, we choose another approach and decide
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to present all computations of physically relevant observables within a rate equation approach
(when possible) where the rates are computed using Fermi Golden Rule. This is so not only
because of the simplicity of this way of presenting, but also because most of the physics
we discuss can be understood with Fermi Golden Rule. The eventual limitations of such an
approach will be enlightened and the way to eventually cure it will be briefly given.

1.3.4 Therate equation dynamics of plasmon-molecule interactions

P2 T
2 ( ) 2
2K 2K
”Click” "Click”
1 \ Y 1
K K
? Click” >Click”
0 Y 0

Figure 1.10: Representation of the rate equation connecting the manybody states of the
plasmon-molecule system in the case V.|, [Vr| < 2w.. The rates I'},  corresponding to
inelastic tunneling of electrons and charging of the single level are shown as blue arrows
while the rates ', ,, corresponding to discharging of the single level are represented by
black arrows. The rates x(,, ) associated to photon emission out of the STM cavity are
shown as red arrows.

Writing of the rate equation. We investigate the dynamics of the manybody states
(¢,n) describing the molecule-plasmon system. We define P,(t) = Po)(t) the probabil-
ities of occupying the state (0,n) of the ladder of states with uncharged dot ¢ = 0 and
Qn(t) = P (t) the probabilities of occupying the state (1,7) of the ladder of states
with charged dot ¢ = 1. Those time-dependent probabilities are solution of a bi-partite rate-
equation (RE) with incoherent rates computed in Sec. We obtain

+o0o

Palt) = Y {Tm@nlt) = Ty Pal) b + 5 {(n + P (1) = nPa(0)} , (1:49)
Qn(t) = Z {F?;l,m)Pm(t) - F(_mm)Qn(t)} + ’{{(n + 1)Qn+1(t) - nQn(t)} 7(1-50)

with given initial conditions (P,(0), @,(0)) and with the rates F( ) = Fi( ot s Rim.n)
obtain as the contribution of both leads. This a bi-partite RE with two harmonic ladders
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that are coupled by inelastic tunneling events changing the charge state of the single level.
The RE in Eqs.[1.49]1.50]is shown schematically in Fig.[1.10|for the case |V |, |Vr| < 2w,. At
the "sweet spot" corresponding to an electron-hole symmetric junction for whichl'y =T'p =T
and Vi, = —Vp the RE takes a simpler form. Indeed in this regime, the tunneling rates get
independent of the charge-state of the dot

Thm = Tonm =Tonm s (1.51)
thus the occupation probabilities of the cavity-mode in each ladder are equal P, (t) = Q. (%).
Introducing 7, (t) = P,(t) + Q,(t) after integrating-out the dot charge states, we obtain
the simpler RE at the "sweet spot”

wa(t) = > {Tn,m)mn(t) = Tonmmn()} + 5 {(n+ D) (t) — nma(t)} (1.52)

with initial conditions 7, (0).

Formal solution of the rate equation. The RE in Eqs.[1.49[1.50]are in general not solv-
able analytically, especially in the case shown in Fig. where two infinite ladders of
states are coupled one to each other. The stationary out of equilibrium population thus re-
sults from a delicate balance between the incoherent drive of the plasmonic cavity induced by
inelastic tunneling of electrons and the damping of the cavity that tends to relax the cavity pop-
ulation to its ground state. We can however solve formally the RE and grasp the behavior of
its time-dependent solution since the RE is a system of linear equations. For that purpose,
we first eliminate the redundant degree of freedom contained into the normalization condition
of the probability of the manybody states, namely we substitute in the RE the population
Po(t) = 1—Qo(t) = S22 (P,(t) + Qn(t)) by its expression in terms of all the other ones.
The resulting system of linear equation then becomes invertible. For solving generally the
RE, we first define 7(t) = [Qo(t), Pi(t), Q1(t), -+ , Pu(t), Qn(t), - - -] the vector of which
components are given by the population of the manybody states. We then rewrite the RE
that connects those populations among themselves in the following algebraic form

#(t) =Tx(t) +q, (1.53)

with I" the invertible rate-matrix and q a constant vector due to the substitution of F(t) in
terms of the all the other populations. The RE is complemented with an initial condition
m(0). Its solution is formally obtained as

x(t) = e"'x(0) + (id — eft> Pl (1.54)
with 76" the stationary population given by
ot = —f‘_lg. (1.55)

We can further analyse the behavior of Eq.[1.54 by expanding it in terms of eigenmodes of
the RE. For this purpose, we define the right and left eigenvectors v, and w, associated to
the A (real and strictly negative) eigenvalue of the ['-matrix, such that
fﬂ)\ = Ay, (1.56)
Wil = ', (1.57)
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The solution of the RE given in Eq. can thus be expressed as a linear superposition of
eigenmodes with coefficients given by the initial condition

m(t) = > (1—¢") [wh - (z® = x(0))] vy + (0). (1.58)

A

This expression is exact and shows that 7(t) is the superposition of damped exponential func-
tions (A < 0) towards the stationary state, with damping rate given by the eigenvalues \ of
the rate-matrix. In particular, for times ¢ > Ai larger than the inverse of the eigenvalue
Am = max, () that is closer to zero, the time-dependent population dynamics takes the

following simple asymptotic form

o(t) ~ (1—e") [wh, - (=™ —x(0))] vy, +x(0). (1.59)

Open question. The formal solution of the RE written in Eq. generalizes the ana-
lytical expressions written for the TLS system in Sec. to the case of a bi-partite ladder
of states describing light emission in a single-level plasmonic nanojunction. However, we
still do not have written explicitly the connection of those populations to the actually measured
observables.

1.3.5 Computing the current-voltage characteristics

Analytical expression for the electronic current. We close this section by computing
and showing briefly the current-voltage characteristic in the single level model. For that
purpose, we first express the tunneling current in terms of the stationary occupation prob-
abilities of the manybody states of the junction obtained in the previous Sec. We note
that since we look for dc currents, the electronic currents computed at left electrode < I, >
or at right electrode < I > do coincide, thus expressing that no charge is accumulated in
average on the dot in stationary state. Within Fermi Golden Rule and RE approximations,
a simple balance or charge conservation at the left electrode enables to express the < I, >
current as

“+o00 400
< [L > = —QZ Z {FZ(m,n)P7§St) - FZ(m,n)QSt)} : (160)
n=0 m=0

This expression has a simple physical interpretation: the first term gives the contribution to
current of tunneling events starting from the left electrode and charging the dot with emission
of m — n plasmons (when this quantity is positive) or absorption of n — m plasmons (when
this quantity is positive) inside cavity. The second term has a similar interpretation is terms
of discharging events of the dot. Following the discussion of energy scales in Sec. we
suppose that ' < 7' < Kk < w,. In this limit where x > I is the fastest relaxation rate, the
cavity damping is so large that we anticipate the cavity states to be nearly not populated
in stationary states (see also Fig.[1.10), namely that

P x §,0P, (1.61)
QWY 6,,Q%" . (1.62)
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Placing ourselves at the 'sweet spot" with symmetric tunneling I'y = 'y = I' and bias
voltage V, = —Vp = 2, we have that P = QéSt) R % and using the expression of
the rates written in Egs. [1.45)/1.46] we obtain for the expression of the current within this
large-x approximation

<Ip> = —e—z )‘2)\%{ (mwc—g) —f(mwc—f—%)}. (1.63)

This expression means that each time the voltage crosses a plasmonic sideband, one or several
plasmons might be emitted in the junction due to inelastic tunneling of single electrons. The
linewidth of those jumps in the current is given by the temperature in this model. The side-
bands are populated with a Poissonian distribution depending on the plasmon-molecule
coupling strength A. The typical scale for electron tunneling is el as expected in the se-
quential tunneling regime.
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Figure 1.11: a) Stability diagram as a function of (V, V) of the single level model for

= /2. The charge states ¢ = 0 and ¢ = 1 are stable in the white sectors while the
colored sectors correspond to the bias window where electronic tunneling occurs. b) Cuts
of the electronic current-voltage (V) characteristics along the symmetric voltage drop
(plain curves) and asymmetric ones (dashed curves) upon varying both the voltage V;, and
the plasmon-molecule coupling strength A\. Jumps occur each time the voltage crosses an
inelastic threshold for emitting one or several plasmons in the junction. Adapted from our
Ref. [[107].

Numerical calculation of the electronic current. For completeness, we show in Fig.
the I — V characteristics as a function of (V7, Vg) computed in our Ref. [107] for various
values of the plasmon-molecule coupling strength, in the regime of symmetric tunneling
rates ', = I'g. The panel a) exemplifies the stability diagram of the dot level coupled to
the plasmon mode, with the white sectors corresponding to the region of parameters where
the charge states ¢ = 0 and ¢ = 1 of the dot are stable. Single electron tunneling occurs in
the colored sectors. We show in panel b) a cut of the /(1) along either the symmetric bias
situation (plain curves) or asymmetric bias (dashed ones). The inelastic thresholds (position
and height) are well reproduced at the "sweet spot" (plain curves) by the approximate output
of the RE given in Eq. However, their linewidth is not given by temperature but rather
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by the damping rate x of the cavity. Indeed, since x > T, in Ref. [107] we had to take into
account the finite lifetime of the plasmon mode which necessitates to resummate the per-
turbation expansion in the photon tunneling Hamiltonian to all orders. This resummation
goes beyond the RE and Fermi Golden Rule approximation we made in this section.

1.4 Bunching and antibunching in a single level plas-

monic nanojunction

In this section, we would like to investigate the photon emission statistics of the single
level plasmonic nanojunction presented in Sec. generalizing the approach presented
for the paradigmatic two-level system in Sec.[1.2] For that purpose, we provide in Sec.[1.4.1|
a theoretical framework based on the rate equation to compute the second order corre-
lation function characterizing the statistics of light emitted by this single level junction.
Exact analytical expressions are given for it at the junction symmetric "sweet spot". The
related ¢(? (1) signals are computed and shown in Sec. A crossover from bunching to
antibunching of the photon statistics is predicted and analyzed at the "sweet spot".

1.4.1 Expression of the second order correlation function

General formulation. We derive in this section the relation between the second order
correlation function g (7) and the conditional probabilities that are solution of the rate
equation written in Eqs. [1.49)[1.50| with given initial conditions. This is the direct general-
ization of Eq.|1.5[that is only valid for the two-level system. We target the regime in which
k > I is the largest relaxation rate, following in that the hierarchy of energy scales written in
Eq. In this range of parameters, we expect that the populations of the manybody states
of the system formed by the single molecular level coupled to the plasmon mode fulfill the
following hierarchy in the stationary state occupancies (see also Fig.

PGS 5 PG PG 5 (ot

This hierarchy is also reminiscent of the approximation we used for computing the elec-
tronic tunneling current in Egs. It basically amounts to perform an asymptotic
expansion of the rate equation in the small parameter I /: the higher the excitation energy
of a state, the lower its probability. We also restrict ourselves to the range of voltage bias
VLI, [Vr| < 2w,.. Those restrictions enable to simplify the problem of the bi-partite infinite
ladder of manybody states due to the only remaining possibility in this regime to excite single
photons in the junction and thus the possibility to truncate the RE to at most n = 2 plasmon
excitations. The truncated rate equation is shown in Fig. with the probabilities that
remain to be computed (FPy(t), Qo(t), Pi(t), Q1(t), Pa(t), Q2(t)). The first Glauber correla-
tion generalizing Eq.|1.3|is provided by

Gt = K {Pl(st) + Q% 42 [PQ(“) + Qgﬂ } , (1.65)
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and is then expressed as the rate  of photon emission out of the STM gap times the contri-
bution of each populated excited state of the cavity with charge or uncharged dot. We note
that the contribution to the decay rate of the states with two plasmons n = 2 inside cavity
is multiplied by two compared to the one of the state with only one plasmon. The non-
normalized second order Glauber correlation function generalizing Eq. then becomes

@ (PQ(T)‘(Pom * Qz(r)‘%p)ﬂ

4 (sz\w n Q“T)‘(@O,m)}
L), | +2 (P2<T>\<pl,o> ‘ @2@)\(&0))]

o) + Ql(T)‘

+ Qi)

Go(1) = “2{P1(St) |:P1(7—)‘

(st)
+ P (T )
0! [ )

Qo,

2P0 | Pi(7)|
w2 o)

(st)
o L RGBT G T | }
: (1.66)

where we introduced the conditional probabilities like P; (7) ’ to be in state (¢ = 0,n =
0,

1) at time 7 knowing the system was in state (¢ = 0,n = 0) at time 0. This expression
corresponds to the sum of all possible ways, starting from a state of the system just after a first
photon emission event, to excite the plasmonic nanojunction again at time T and emit a second
photon. At zero time delay, this correlation function becomes

Ga(0) = 2/{2{P2(St)+QgSt)}. (1.67)

From Eq.[1.6501.66[1.67, we can express formally the normalized second order correlation

function as

g?(r) = 3 (1.68)

9 {PQ(st) +Q§st)}

(2)
9-7(0) .
{Pl(st) . Qgst) 19 |:P2(st) 1 Qgst)]}

(1.69)

In general, the conditional probabilities and stationary probabilities entering into the ex-
pression of ¢(?) (7) cannot be found analytically and have to be computed analytically. Look-
ing at the rate equation in Egs. we see that the population dynamics is in general a
multiscale dynamics involving both the energy scale r associated to photon damping out of the
plasmonic cavity, the electronic tunneling rates 'y, ' and the inelastic tunneling rates ]'_‘Et’I’VL,’I’L)'
We thus anticipate a rich stochastic dynamics describing the photon emission statistics even
in the simpler model of single level molecular junction.

Particular case: populations at the symmetric "sweet spot". We consider now the
specific "sweet spot" case described in Sec. for which the tunneling to the leads and
voltage bias are symmetric and close to the first inelastic threshold for photon emission.
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Figure 1.12: Graphical representation of the truncated rate equation giving the cavity-mode
populations 7,(t) in the case of a symmetric junction at the "sweet spot" and close to the
first inelastic threshold for photon emission. Red (blue) downward (upward) arrows stand
for dominant (subdominant) transition rates induced by cavity-damping (inelastic tunnel-
ing of electrons) . Adapted from our recent Ref. [9].

The rate equation has a simpler form derived in Eq. that involves only the occupation
probability 7,(¢) of the plasmon mode (the two ladder with different charge states having
the same probability of occupancy). The truncated RE is shown in Fig. which is a
specific case of Fig. In this regime, the dominant transition rates are represented in
Fig. as red downward arrows for cavity-damping rates (x and 2x) and blue upward
arrows for inelastic tunneling rates of single electrons across the STM junction (I';g and
['y1). After eliminating 7((t), one obtains the reduced RE written in Eq. for the vector
of populations 7 (t) = [m(t), my(t)] with a reduced matrix of rate I" given by

& | =(k+Tw+Ta) 26—T4o

I = Iy P (1.70)
In the limit of large x > I discussed in the previous paragraph, using the hierarchy of
probabilities written in Eq. we find the following asymptotic expressions for the eigen-
values \; of the reduced rate matrix I in Eq.[1.70|as

>\+ ~ — (/‘i + FIO — F21) ~ —Kk, (171)
A~ —2(k+Ty)~ -2k, (1.72)

as well as the stationary populations of the STM cavity plasmon-mode

st o Flo st

™ =~ 771'0 y (173)
I_‘21

e S — U 1.74

2 S (1.74)

o= 1-n' -7y ~1. (1.75)



The corresponding approximate solution for the time-dependent populations 7 (¢) with ar-
bitrary initial condition 7(0) = [m1(0), m2(0)] follows as

m(t) ~ w4 {m(0) + 2m(0) — [75' + 275 ] } e + 2 {3 — m2(0)} e~ (1.76)
o (%) T3+ {ma(0) — w3 f e, (1.77)
7T0(t) = 1- 1 (t) — 7T2(t) . (178)

Q

Exact asymptotic solution for ¢(?)(7) at the "sweet spot". Using the previous results
for the populations of the plasmon mode at "sweet spot" and the expressions of the two
Glauder correlation functions of the emitted field out of the plasmonic cavity written in

Eqgs.|1.6501.66] we find the asymptotic analytical expressions

r r
Gy ~ m@?+mﬁ):_£@i_ﬂzzrm, (1.79)
K
GH1) =~ KQ{(n€t+-2w§)2(1-—e‘“T)4—2w§e—“7} , (1.80)

from which the normalized g®)(7) correlation function of emitted photons is obtained

g? (1) = 14" (g(Z)(O) — 1) , (1.81)
oSt r 2 — A\2)?
9(2)(0 — #2 22 _ u (1.82)
(75t + 275t) T'o 2

Those expression for the second order correlation function of the light emitted by a single level
plasmonic nanojunction recover the ones we obtained in our Refs. [107,/9]. They are only valid
at the high symmetry "sweet spot" of the junction.

1.4.2 Statistics of photon emission in the single level model

Analysis of the second order correlation function. We show in Fig. the nor-
malized second order correlation function g(® () of the emitted photon field as a function
of time 7. This curve is computed at the symmetric "sweet spot" and is obtained numeri-
cally from a Monte Carlo simulations (dot and triangle curves) which is equivalent to solve
the RE written in Eq. The voltage-bias is fixed at the first inelastic threshold for
photon-emission (eV' = 2hw,) and the photon detection is perfect (n = 1). The outcome
of the analytical formula written in Eq. are shown as plain curves for comparison. A
very good agreement between the Monte Carlo and analytical calculation is obtained in the
whole range of plasmon-molecule coupling strenght. We thus find that, at the "sweet spot”
and in the large x limit, the g®)(1) correlation function evolves exponentially in time from
g®(0) with the cavity-damping rate k. The convergence of g (7) to 1 is due to the fact
that two distinct photon emission events separated by a time-interval 7 >> 1/ become in-
dependent. We find however that, depending on the plasmon-molecule coupling strength
A, the behavior of the second order correlation function is predicted to be quite different
(increasing or decreasing function), namely that
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Figure 1.13: Second-order correlation function ¢(® (7) for the emitted photons as a func-
tion of time 7, obtained from a Monte Carlo simulations (averaged over 40 runs) that is
equivalent to solve numerically exactly the RE written in Eq. Blue lower triangles
are obtained for a plasmon-molecule coupling strength A = 0.25, cyan upper triangles for
A= v2—+2 =~ 0.77 and red dots for A\ = v/2 ~ 1.41. Plain curves are the analytical
results from Eq. Parameters corresponding to the symmetric "sweet spot": 7 = 1,
k=kgT/h=01lw, T =Tg =T =0.0lw,and V;, = —Vi = V/2 = hw,.. Adapted from
Ref. [9].

1. For weak coupling A < 1, the second order correlation function exhibits a behavior
g (1) < ¢»(0) on the whole time-range with ¢*)(0) ~ 2 > 1. Those conditions
are a signature of a bunching behavior of the photon emission statistics, for which the
emitted photons tend to be emitted by packets at short delay times.

2. The opposite antibunching behavior is obtained for A\ = /2 ~ 1.41 which is character-
ized by g®) (1) > ¢'®(0) on the whole time range with ¢»(0) ~ 0 < 1. The photons
tend to be emitted one by one at short delay times, like in a single photon emitter.

3. At the critical point A\ = /2 — /2 ~ 0.77, we find that ¢® (1) = ¢®(0) = 1,
namely the photon emission events are uncorrelated and the statistics of photon emission
is Poissonian in this regime.

Upon increasing the plasmon-molecule coupling strength A we find a crossover from photon-
bunching to photon-antibunching in the second order correlation function. This result was
derived for the first time in our recent Refs. [107, 9]].

Analysis of the bunching regime. We interpret the results of the previous paragraph
first in the case of weak plasmon molecule coupling A < 1. While this case is described
approximately well by Eq. which predicts ¢'®(0) ~ 2 in the low coupling limit, the
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Figure 1.14: a) Representation of the incoherent transitions associated to inelastic electronic
tunneling and photon emission out of the STM plasmonic cavity at the "sweet spot”, close
to the first inelastic threshold 2w. > V) = —Vi > w,, and with low plasmon-molecule
coupling strength A < 1. The main inelastic tunneling rate for plasmon emission available
in this bias window are I'(;,11,,) = (n + 1)I';. b) Infinite ladder of the states of plasmonic
occupation in this regime. Unpublished Fig.

understanding of the physical mechanism at the origin of this value necessitates to take
into account the whole ladder of states that might be reached in this regime (see Fig.
b)). Indeed, at the "sweet spot", close to the first inelastic threshold (V;, = —Vi > w,.), the
only inelastic tunneling rates at the origin of plasmon emission involve the emission of a single
plasmon (see Fig.[1.14}a)) and are obtained in the limit A\ — 0 from the expression of the
Franck Condon rates in Eq. as

F(n+1,n) ~ (n+1)FT, (1.83)
[, = T\ (1.84)

From those expressions, the RE of Eq.[1.52] becomes the simpler one in this regime
m(t) = (n+ 1)cmp(t) + nlym,—1(t) — {nk + (n+ 1)t} ma(t) , (1.85)

The stationary solution it of Eq. is the balance between inelastic tunneling current that
tend to increase the population of the plasmon mode and the damping of the cavity that tend
to decrease it. This balance leads to an out of equilibrium distribution which is thermal-like
with effective temperature 1.¢ given by

6 (1 _ e‘m) ¢ Tt | (1.86)

1 1 K
— —In(=2). 1.87
Tosr we (FT) (187)




The average number < n > and second moment < n? > of the plasmon disctribution in
the cavity follow immediately and are written as a function of the Bose distribution np(w.)

1
<n> = np(w)=—=—, (1.88)
e Tt —1
<n®*> = np(w)[1+nplw)] . (1.89)

From those expressions, the zero time delay second order correlation function becomes

<n(n—1)>

@) —
g (0) P

=2. (1.90)
The result g®(0) = 2 in Eq. is consistent with the outcome of the approximation
Eq. in the limit A — 0. Hence the bunching behavior obtained for A\ < 1 in Fig.
(blue curve) is due to the establishment of a thermal-like out of equilibrium state in the junction

with effective temperature provided by Eq.
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Figure 1.15: a) Representation of the bi-partite harmonic ladder of plasmonic states of the
STM cavity. Case of the Franck-Condon overlaps at the origin of the inelastic tunneling
rates 'S, at the symmetric "sweet spot". b) Scheme of the ladder of states that remain from
Fig. at the specific value of the coupling A = /2. The transition I'y; vanishes at this
value of A forbidding to climb up further the ladder of states. Unpublished Fig.

Analysis of the antibunching regime. We now interpret the occurrence of photon
antibunching at the specific point A\ = /2 in Fig. For this, we consider the ladder
of states in the RE shown in Fig. We remark first that the Franck-Condon matrix
element at the origin of the rate I'y; vanishes when \ = v/2, which induces g(2) (0) =01in
Fig. This implies the impossibility to reach excited states of the ladder for which n > 2
(see Fig.[1.15}b)). Hence, the stochastic dynamics of photon emission in single level plasmonic
nanojunctions at this specific point is ruled by the effective two-level system made of the two
statesn = 0 and n = 1 shown in Fig.[1.15-b), which are connected by the incoherent rates I'g
and k. The mechanism of antibunching is thus completely mapped to the one explained
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in detail in the introduction given by Sec. for the paradigmatic TLS coupled to an
electromagnetic environment. As in this TLS case (for the regime x > I'yy), we find that
antibunching occurs with a typical timescale 1/x given by the cavity relaxation time (see
Eq. while the average delay time between two photon emission events is provided by
1/T'1 the inelastic tunneling time of single electrons in the junction (see Eq.[1.25). A similar
effect has been reported in dc-biased Josephson junctions coupled to microwave resonators
(102, [55]. We note that the fact that T's; = 0 for A = \/2 is a kind of additional selection rule
due to Franck-Condon blockade of photon emission occurring in the strong coupling regime
between the molecular single level and the STM plasmonic mode.

Open question. In the case of a single level model molecular junction finely tuned at the
symmetric "sweet spot”, we have shown the existence of a crossover between bunching and anti-
bunching for photon emission out of the cavity upon increasing the plasmon-molecule coupling
strength. However, the question remains about what is happening of this phenomenon out
of the "sweet spot" which might be hard to reach experimentally. We also ask whether or
not such signatures of antibunching are measurable depending on the time-resolution of
state-of-the-art photodetectors used in experiments to measure the g(?)(7) signals.

1.5 Conclusion and future research perspectives

Conclusion. In this section, we have explored the statistics of photon emission out of
a single level STM plasmonic nanojunction. We characterized the related stochastic pro-
cess of photon emission by introducing, computing and investigating the time-dependence
of the second-order correlation function ¢(®(7) and the waiting-time distribution w(7)
between emitted photons. By mixing numerical calculations based on Monte Carlo sim-
ulations and analytical results derived from the rate equation ruling the dynamics of the
molecule-plasmon interaction in presence of decay or excitation to the electronic and elec-
tromagnetic environments, we have shown that the two above mentioned quantities provide
complementary but not equivalent information about the statistics of emitted photons by the
nanojunction. In particular, we focused on the highly symmetric "sweet spot” for which
tunneling rates to the leads and voltage drops are symmetric. In this regime, for which
additionally the damping rate of the cavity « is much larger than the inelastic tunneling
rate [';( of single plasmons in the junction (x > I'yy), we have predicted the existence of a
crossover from bunching to antibunching that occurs upon increasing the plasmon-molecule
coupling strength \. The bunching regime at weak coupling strength (A < 1) is associated to
the build up of an out-of-equilibrium thermal-like distribution in the plasmonic junction with
an effective temperature that reflects the balance between inelastic current-injection and plas-
mon relaxation due to cavity damping and photon emission out of the STM gap. We analyzed
in depth the regime of photon-antibunching occurring at a specific value of the coupling
strength A = \/2. We have shown that, in this case, the normalized second order correlation
function g? () relaxes in time towards unity with the cavity damping-time 1/x, while the
average delay-time (7) between successive photon emission and detection events is pro-
portional to the inelastic tunneling time of single-electrons across the nanojunction 1/I'y.
We interpreted this phenomenon as resulting from a photon blockade mechanism mediated
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by an additional selection rule for which the Franck-Condon overlap between the bi-partite
plasmonic states of the cavity vanishes. This is at the origin of a highly non-linear behav-
ior of the plasmonic junction: everything happens as if there were an effective two-level
system dynamics between the two lowest energy states of the plasmonic cavity.

K

ﬁ Click”
i e Qs

4
$ .. > v
Vi =pL —2o V. e— N
TN, T Iren o
TN 7N Vp=pur—4
................... () mee—— e e rL(l,l)
Py LA y Q1
K
hwe < eV < hw,
Tip —hw,. < eVgp <0 Sample P, Qo

I r0.0)

Figure 1.16: a) Representation of the incoherent transitions associated to inelastic electronic
tunneling and photon emission out of the STM plasmonic cavity in an asymmetric config-
uration for which I'y # I'g, w. < VI, < 2w, and —w,. < V < 0. b) Asymmetric ladder of
states connecting P, (t) to Q,,(t) # P,(t). Unpublished Fig.

Future research perspectives. The work presented in this section leads the following
natural question: are the timescale measured in g'*) (1) experiments due to the finite detector
time resolution or are they due to the intrinsic plasmon-molecule interaction mechanism devel-
oping in current-induced STM photon sources ? The answer to this question is not trivial and
contains both experimental and theoretical aspects that necessitate further investigations.
We identify the following open questions as natural a perspective and continuation to our
work:

1. What is the issue of having a finite time-resolution of the photodetector in measuring
the power spectra and second order correlation function of the emitted light out of
plasmonic cavity ?

2. How robust is the mechanism of crossover from bunching to antibunching that we inves-
tigated to asymmetries in the configuration of the nanojunction like asymmetric tun-
neling rates and voltage drops (see for instance the case of Fig.[1.16}a)) ? What are
the timescales characterizing the photon emission statistics in those regimes that are
closer to the ones of experiments (like in Ref. [81]) ?

3. What is the effect on photon emission statistics of the inherently complex molecular struc-
ture which contains more than one electronic levels, molecular vibrations, Coulomb
repulsion and spin degrees of freedom ?
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4. The plasmonic cavity having a low cavity mode volume, one expects increased light-
matter interactions in this cavity. The question is thus to characterize the signatures
of entering the moderate to strong coupling regime for such plasmonic STM nanodevices.
Do we expect striking coherent signatures like a vacuum Rabi splitting of the mea-
sured emission spectra or simply an impact of the larger coupling between molecule
and plasmon on the timescales extracted from the measured optical signals ? We
started recently to investigate such questions in a manuscript in preparation [14],
but many aspects related to a consistent description of strong plasmon-molecule in-
teractions like the interplay between monopolar, dipolar and quadrupolar couplings
in such plasmonic cavities remain largely open.

Recently, we started to investigate some of those points within the single level model of
a plasmonic nanojunction. In particular, in a work in preparation [13]], we anticipate the
role of the photon detector time resolution on optically measured spectra. For instance, the
photon emission spectrum as measured by a perfect photodetector that is able to measure
all emitted photons out of the STM cavity is the Fourier transform of the output field cor-
relation function S(7) =< E, (1) E},.(0) > [53]]. The former is given by the expression

S(r) ~ w<al(r)a(0) >
= r{<a(r)a(0) > —2ARe < a'(T)n4(0) > +X* < ny(T)ny(0) >} ,(1.91)

with ng = d'd the occupation operator of the single level. Thus the high frequency (optical)
spectrum of photon emission is accompanied by a lower frequency contribution to the emission
spectrum due to charge fluctuations of the dot level, as well as with mixed terms. The question
of the possibility to observe this low frequency (typically in the microwave-range) signal
completely depends on the detector resolution. We also anticipate on the robustness of
the mechanism of crossover to antibunching developed in this section. For instance, in
the asymmetric regime for which I';, # I'g, w. < V; < 2w, and —w, < V, < 0 (see
Fig.[1.92}b)), the bi-partite ladder of manybody state between the dot and plasmonic mode
get populated in a very asymmetric way, namely in this case P # ngt). We predict a

modified zero time-delay of the second order correlation function in this regime as a result

of the asymmetric way of reaching the excited state n = 2 of the plasmon mode from PO(St)

but not from Q™

I‘L 21 FR 11
9(2)(0) ~ (21) (11)

ol (1.92)

KFL(lO) Pé
In the limit k > T, one can thus get antibunching signals in this asymmetric single level junc-
tion, even at low plasmon molecule coupling strengths, with a slow relaxation time provided by
the electronic inelastic tunneling time. We anticipate also more complex time dependencies
of the ¢g(® () correlation function that is intrinsically a multiscale process: the computed
signals involve the cavity damping time 1/ and inelastic tunneling times 1 /Iy, (1, ) depend-
ing on the electronic configuration of the junction. Here also the possibility to measure the
short-time dynamics depends crucially on the detector time resolution.

A final remark. The investigation of photon emission statistics by STM junctions thus
promises new and dynamic developments from both theory and experiments. On a more
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fundamental point of view, a missing link up to day is to connect the electronic current noise
at the origin of photon emission to the actually measured correlation functions of the photon
field emitted out of the STM cavity: this relation involves to deal non-perturbatively with
the plasmon-molecule coupling mechanism and to perform the joint calculation or mea-
surement of the electronic current fluctuations and of the photonic ones. The interplay and
feedback between those fluctuation signals promises a rich new playground for molecular
technologies and fundamental physics.
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Chapter 2

Stochastic Dynamics of Resonance
Electronic Energy Transfer in
Molecular Aggregates

2.1 Introduction

energy transfer
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Fig. 2. Typical log-log plot on an arbitrary vertical scale of the
excitation transfer function A(k, R) against intermolecular
distance.

Figure 2.1: a) Scheme of a RET process where a donor D molecule transfers energy to an
acceptor A molecule. The rate of RET is proportional to the overlap between the donor
emission spectrum and the acceptor absorption spectrum. Adapted from Ref. [110]. b)
Scheme of the dependence of the rate of RET as a function of the intermolecular distance in
log scale, computed with the perturbative quantum electrodynamic calculation of Ref. [3]].
Inset: the two diagrams used in the perturbative calculation corresponding to a virtual
photon of the vacuum exchanged between the two interacting molecules. Adapted from

Ref. [3].
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A brief introduction to RET. We investigate in this chapter how energy dissipates and
migrates from one place to another in complex molecular aggregates. In this context a key
role is played by resonance electronic energy transfer (RET) processes through which an
excitation (labeled *) initially stored onto a donor molecule (D) can be transferred to an
acceptor molecule (A), resulting into the RET process D* + A — D + A* (see Figl2.1}
a)). This topic is of paradigmatic importance in understanding various physical, chemical
and biological processes 22, [10]. The mechanism of RET is usually described by Forster
resonance energy transfer (FRET) theory [46, 76]. It involves the coupling mediated by fluc-
tuating dipole-dipole interactions between the involved donor and acceptor molecules. The rate
of FRET kp_, is obtained from quantum mechanics using Fermi Golden Rule [68]

kp—a = |Vo_al*Jp_a/27h2 =Tp (Ro/Rp_a)°, (2.1)

with Vp_4 the matrix-element corresponding to the dipole-dipole interaction Hamiltonian,
Jp_a the overlap integral between the donor emission spectrum and acceptor absorption
spectrum (see Figl2.1}a)), and % the Planck constant. This expression can be rewritten in
the standard form [46, [15]] in the second equality of Eq. We introduced I', the rate of
spontaneous photon emission of the donors, Rp_ A the distance between the D-A molecules,
and R, the Forster radius that quantifies the typical range of the RET process of order
1 — 10 nm. The rate of RET thus has a scaling with intermolecular distances kp_» o< Rp® ,
that is reminiscent of the dipole-dipole interactions between the donor and acceptor molecules.

Recent issues related to the RET mechanism. Despite its long history, the mecha-
nism of FRET is still the object of intense research activities and fruitful debates. For in-
stance, some recent theoretical investigations in molecules made of multiple chromophores,
emphasized the central role of non-equilibrium effects and molecular vibrations in FRET
[15, 68, [59, 37, 70]. The latter were shown to be responsible for a vibration-assisted long-
range energy-transfer mechanism beyond standard Forster theory. Other studies focused
on deriving kp_, rigorously from a microscopic model using a non-relativistic quantum-
electrodynamics framework. In the former case, the interaction between two molecules is
mediated by coupling to virtual photons of the electromagnetic reservoir [71,33,|3,|31,30,|105]
(see inset of the right panel in Fig.[2.1). Those studies predict the existence of a crossover from
the standard Forster static-regime at short-distances scaling with kp_, o Rp® , to a long-
range retarded radiation-regime mediated by the emission and propagation of real photons
scaling with kp_a oc Rp? \ (see the right panel in Fig. . The question of understanding
the effective range of RET processes beyond the two-molecule process is actually a very
important one, in particular for biological complexes or molecular aggregates, where disorder-
induced [83,/110,|1,|24], and coherent long-range mechanisms in the mechanism of FRET at the
mesoscale are supposed to play a key-role in the mechanism of photosynthesis [111,69,|114,
49,[89].

RET mechanism in optical cavities. A revival of those issues occurred recently in a
different context for which the RET processes are modified by an alteration of the electro-
magnetic environment mediating the interaction between the D and A molecules. This is
the case for molecules deposited close to a mirror [[120]] in which case the electromagnetic
vacuum is modified close to the mirror interface. This is also the case when embedding the
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Figure 2.2: Left panel: Scheme of an optical Fabry-Pérot cavity in which a layer of donor
D molecules and one of acceptor A molecules have been inserted. The D molecules are
resonant with one optical cavity mode frequency leading to the formation of polaritonic
excitations. The former hybridate with the A electronic states leading to a long-range en-
ergy transfer mechanism. Right panel: resulting kinetics of the RET relaxation process
measured as a function of time inside cavity (red curve) that is faster compared to the one
outside cavity (black curve). Adapted from Ref. .

donor and acceptor molecules inside electromagnetic cavities (see left panel of Fig. for
which one electromagnetic cavity mode couples resonantly and strongly to one molecular

species [[123, 104, 98]]. This results into a new kind of long-range resonance energy
transfer mechanism [123, mediated by the collective polariton excitations re-

sulting from the coupling between the molecules and the resonant electromagnetic cavity mode.
For instance, in the seminal paper of T. Ebbesen in Ref. [123]], was reported a modification
of the rate of RET by a factor seven as a consequence of this mechanism (see right panel of

Fig.[2.2).

Problematic of the present study of RET. The question of understanding collective
and non-equilibrium effects in RET processes occurring in molecular ensembles or aggregates
beyond the standard description in terms of single donor and acceptor molecules is thus still
alively and open important question in molecular sciences. In this chapter, we will develop
a theoretical modeling and understanding of one aspect of RET in molecular aggregates,
namely how to describe the incoherent but collective RET process occurring between many
molecules in the aggregate. We will deal with the following questions

1. How to define and compute a mean-field rate of RET, given a specific aggregate with
donor and acceptor molecules ? What is the scaling the computed rate with the av-
erage intermolecular distances ?

2. How to describe more generally the full stochastic dynamics of an incoherent RET
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process ? How to recover the mean-field solution in the macroscopic limit ? What are
the effects of spatial frustrations and correlations due to interactions between more
than two molecules ?

3. How to quantify deviations from the mean-field approximation due to mesoscopic
fluctuations in a finite but large aggregate ?

We will formalize those problems in three steps: we provide first in Sec. 2.2 a pedagogical
introduction to the description of the stochastic dynamics for the simpler process of fluores-
cence. We will introduce the necessary concepts and theoretical tools in the context of this
example, leading in the next section to the more complex study of RET. Then, we apply
those tools in Sec.[2.2] to the description of stochastic processes involving RET between many
D and A molecules dispersed in a mesocopic aggregate. Finally, in Sec. we will compute
quantitatively the impact of mesoscopic fluctuations at the origin of deviations with respect
to the mean-field description of RET. This chapter is an extended version of the work we
published in Ref. [8]. We took the opportunity of this HDR thesis to provide additional ex-
planations and we hope pedagogical derivations of the published results. We note that some
of our derivations are original in the sense that they are unpublished. Such is the case for
Sec.[2.2|devoted to fluorescence and in Sec.[2.4where the Fokker-Planck equation describing
an ideally homogeneous RET process is derived with some care from the chemical master
equation. We did our best to clarify the delicate points and physical approximations usually
made in such studies: the difficulty in developing and using the corresponding theoretical
tools is a consequence of the multi-disciplinary nature of RET which is at the carrefour be-
tween physics and chemistry. We hope to convince the reader of the interest of such studies
and to promote a further development of methods inherited from statistical physics to a
broader class of physico-chemical processes. This work results from a collaboration with
Gediminas Jonusauskas (LOMA) who asked us questions about his experimental studies of
RET and with Alice Marché who initiated this project during her master M1 internship in
LOMA.

2.2 Stochastic description of fluorescence in molecular
aggregates

In this section, we unveil the main properties and treat in some details the stochastic dy-
namics of fluorescence in a molecular aggregate. This problem is well known and sufficiently
simple to exhibit an analytical solution. The former enables to i) calibrate the involved nu-
merical schemes that become necessary to describe more complex physico-chemical pro-
cesses developing in molecular ensembles and ii) introduce the physical concepts and hy-
pothesis that are necessary to understand and think the underlying chemical complexity. In
Sec. we provide the general problematic underlying the description of fluorescence in
molecular ensembles. A statistical description of fluorescence is developed in Sec.[2.2.2with
the derivation of the chemical master equation. The former is solved both analytically in
term of a stochastic process on a graph of configurations and numerically with Monte Carlo
simulations in Sec. The connection between microscopic and macroscopic evolution
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is made in Sec. where we derive the kinetic equations for the fluorescence process
from the chemical master equation. Finally we include in Sec. the presence of Gaus-
sian laser pulse exciting the molecular aggregate at times shorter than the fluorescence
timescale. This is a necessary ingredient to add in order to compare to actual transient
fluorescence experiments.

2.2.1 Position of the problem

Macroscopic evolution. One way through which molecules put into their electronic
excited state can dissipate energy is through fluorescence. In such an elementary process,

any excited molecule M can emit a spontaneous photon and come back to its ground state
M;

M; — M; + hv . (2.2)

This process is stochastic, namely the time at which the photon is emitted by the molecule
M is intrinsically random. This reflects the well known fact that spontaneous emission
is due to coupling of the molecular transition dipoles to vacuum quantum fluctuations of
the electromagnetic reservoir [27]. We introduce I' the rate or probability per unit time
at which a spontaneous photon is emitted by any excited molecule of the ensemble. This
rate is computed quantum mechanically [27]. Under the assumptions that i) each molecule
has the same rate I' of fluorescence and that ii) there is no coherent effect in the underlying
spontaneous emission process [36], one expects that the average kinetics of fluorescence at
the macroscopic scale is ruled by the equation

d
SN () = =T (Nar-(8)) 2.9

with (N« (t)) the average number of molecules in the excited state at time ¢ and (N - (0))
the initial condition. The solution of EqJ2.3]is a simple exponential relaxation

<N]VI* (t)> = <NM* (O)) e*” . (24)

Problematic. We formulate the following problem: how is it possible to recover Eq.
describing the macroscopic time evolution of the number of excited molecules, knowing the
microscopic stochastic evolution of each molecule inside the aggregate ?

2.2.2 Statistical description of fluorescence in molecular ensembles

Microstates and macrostates. We introduce the notion of microstate of the molecular ag-

gregate as the list of excitation-states for each molecule in the ensemble a = {O'(G)} (LA
i€l|1,N|

in which N is the total number of molecules and the variable JZ@ = 1(0) if the molecule
i is in excited (ground) state M (M;). We also introduce the macrostate of the molecu-
lar aggregate corresponding to the microstate a as the total number of excited molecules
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N ](V?l = ZZJ\LI ai(a) in this microstate. We note that the total number of microstates is huge

and equal to 2. For a give macrostate N ](\Zl, there are many possible microstates a given

(a)
. . Ny s !
by the combinatorics factor Cy™" = ————~.
(N-N{)!
Nppx ( M*)

Chemical master equation. Under the influence of random elementary spontaneous
emission processes described by Eq. starting from a given initial condition, the system
jumps randomly from one microstate to another, finally reaching a stationary state at times
much larger than the fluorescence lifetime 1/I". The time evolution of the system thus
follows a stochastic Markov process that is described by the following microscopic chemical
master equation (ME) [117]

Pa(t) = Z {Fabpb(t) - Fbapa<t>} (25)

with P,(t) the probability of occupying the microstate a at time ¢ and I', the incoherent
rate or probability per unit time for the system to jump from a to b microstates. In the
simple case of fluorescence, I',, = I for an allowed transition involving a spontaneous
photon emission event as described by Eq. and zero otherwise. We also chose to fix the

initial condition at time ¢ = 0 to be the microstate a;, = {al(ai“) = 1} : ”} in which all
i€[|1,N

molecules are excited in the aggregate, so that
P.(0) = daa, - (2.6)

The conjunction of Eq[2.5and Eq[2.6|provides a complete description of the stochastic flu-
orescence dynamics from the initial (fully excited) microstate a;, to the final (fully relaxed)

microstate af = {algaf) = 0} L for which all molecules are back to their ground-state.
i€f|1,N

In principle, the solution of the ME Eq. [2.5|provides the way to compute the average number
of excited molecules we looking for

(N (1)) = > N\ Pu(t). (2.7)

a

Problematic. The ME Eq. [2.5is a system of 2" linear equations the solution of which
necessitates to diagonalize a 2V x 2V matrix of transition rates. This cannot be done nu-

merically easily in the general case, when the number of molecules in the aggregate is large
N> 1.

2.2.3 Solving the chemical master equation

Exact solution. In the case of fluorescence, due to the homogeneity of the problem (each
elementary spontaneous emission process has the same transition rate), the sparse nature
of the transition rate matrix and independence of each fluorescence process with respect to
the chosen emitted molecule, the ME is simple enough to allow an exact solution for the
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Figure 2.3: a) Scheme of a distribution of N = 3 molecules (blue points) labeled M;,MJ, M}
that are initially excited. After some time, each molecule as a probability per unit of time

I to emit a spontaneous photon (red dashed) arrow. b) Associated graph of possible mi-

(@) (a) (

crostates <01 Nop ,U§Q)> (blue dots) corresponding to the macrostate NV “). The elemen-

tary transitions corresponding to a fluorescence process of rate I' allowed by Eq. are
pictured as red dashed arrows. Unpublished Fig.

average population of excited molecules. To illustrate this, we picture in Fig. [2.3|the graph
corresponding to the allowed transitions described by Eq.[2.5]in the case of N = 3 molecules
in the aggregate. There are 8 possible microstates pictured as the vertex (blue dots) of the
graph, while the possible elementary fluorescence process between those states are the
oriented edges (dash red arrows) of the graph. Starting from the initial condition where
all molecules are inially excited, the total number of excited molecules is then given by the
following combinatorial problem

(Na=(1) = Y _pCRPI(t) (1= Pi())" " = Ne™™, (2.8)

with P;(t) = e~!" the single molecule probability of fluorescence. The summand Eq.
has a simple interpretation: it is the total number C%; (combinatorial factor) of excited
molecules in microstates containing p € [|0, N|] excited molecules contributing to p times
the probability that p excited molecules emit a spontaneous photon and N — p molecules
are in ground state and thus cannot emit a photon at time ¢ in the fluorescence process. The
latter probability factorizes into a product of single molecule probabilities due to the inde-
pendence between the fluorescence process for each molecule. As expected, Eq.|2.§ recovers
the result of the macroscopic kinetic equation Eq.|2.7 with the initial condition (N;+(0)) = N.

Kinetic Monte Carlo numerical approach. The considerations of the previous para-
graph can be interpreted another way. Starting from the initial microstate (1,1, 1) where
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all molecule are excited, the systems can relax back by undergoing a succession of random
jumps downward the graph of Fig. during which a series of spontaneous photons are
emitted (dashed red arrows) and the emitting molecules are relaxed back to their ground
state. At time ¢, a given number of photons has been emitted along a given stochastic trajectory
on the graph, and the average number of emitted fluorescence photons (Ny;-(t)) is obtained
by summing on all possible such trajectories. The process stops when reaching the stationary
state (0,0, 0) for which each molecule is back to ground state. The above considerations
basically describe a kinetic Monte Carlo (MC) approach [52} 45], which is equivalent to
solve numerically the ME Eq. The main idea of it, is to discretize the time-window into
small time-steps dt. At each time-step, one either updates randomly the a microstate of the
system to the b one with probability o< I';,0¢, or leaves the a-state unchanged. The number
of excited molecules in the ground-state is then counted and stored. The final observable
value (Np+(t)) is obtained after averaging on a large-enough number N,,,; of stochas-
tic trajectories of the system connecting the initial to the final state. The chosen value of
Niraj = 10° is sufficient to reach a relative statistical uncertainty of ~ 1/, /Niraj ~ 0.3%
for the MC calculation. We implemented numerically such kinetic Monte Carlo algorithm in
Ref. [8] and used it to investigate more complex processes involving both fluorescence and RET
in molecular aggregates.

N =50.00; Ny = 100

50 = MonteCarlo: < Ny-(t)> |
== Exact:Ne™'
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Figure 2.4: Average number of excited molecules (IV/«(t)) as a function of time ¢ in units of
1/T", for a molecular aggregate with N = 50 molecules that are initially excited and further
decay with a fluorescence rate I'. Plain red curve: output of the kinetic Monte Carlo solver
we implemented and used in Ref. [8] in order to solve the ME Eq. The average is taken
on Niyaj = 100 stochastic trajectories. Dashed black curve : exact result given by Eq.
Unpublished Fig.

Numerical results. We show the outcome of such MC calculation in Fig. in the case
of a molecular aggregate with /N = 50 molecules that are initially excited and further decay
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with a fluorescence rate I'. The molecules in the simulation are put on a 2D square lattice,
but the computed population of excited molecules does not dependent on the spatial config-
uration of the molecules. Upon doing an average over Ni.,; = 100 stochastic trajectories,
we already obtained a very good agreement between the (Ny/«(t)) curve computed with
MC (plain red curve) and the exact result given by Eq. 2.4 (dashed black curve).

2.2.4 Derivation of exact kinetic equations

Time-dependent population of excited molecules. To complete our description of
fluorescence, as proposed in Sec. we have now all the necessary tools to derive the
macroscopic kinetic equation Eq. [2.3 from the ME Eq. The derivation starts by taking
the time derivative of (IVy«(t)) at time ¢ givenbiEq.and replacing into it the expression

of P,(t) by the right-hand-side of the ME Eq. We obtain
d
5 (N (1)) = D TanPa(®) {(Nare)y = (Nar), } = =T Y Pa(t), (29)
a,b (a,b)r

with P,(t) the solution of the ME with proper initial condition and Z(a’b)r the sum con-
strained on all pairs of microstates (a, b) connected by a spontaneous emission rate process
of rate I". The second equality in Eq.[2.9]is made because in the transition a — b, the number
of excited molecules in the microstate b after a single photon emission is lower by one unit
compared to the number of excited molecules before the fluorescence event, thus leading
to (Na+), — (Nu+), = —1. We note that the resulting simple expression is due to the fact
that Iy, = I for all pairs of connected states, namely the homogeneity assumption of the
fluorescence process.

Constraint sums. The constrained sums in Eq.[2.9/can be written more explicitly as

DRt = Y Y Pfoigon, (B (2.10)

(a,b)r =1 {Uj}j;éi

where in the configuration a the site ¢ is excited such that o; = 1 and a single spontaneous
photon emission event is possible, reaching the microstate b. The former is independent
of the state of the other sites {o; }j _; Which are thus summed independently. The output

of Eq. can be rewritten in a compact way, after introducing HE}) (t), the "one-molecule”
probability distribution that the molecule i is in the excitation state 0; = 0,1 at time t

{O'j}]';gi

Using the former definition in Eq. and back into Eq. we obtain finally the kinetic
equation for the fluorescence process

d
SANw-(0) = = =T (N(0) (212
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with the average number of excited molecules

(N (1)) = D {oilt)) (2.13)

i=1

that are given in terms of the sum of average excitation states (o;(t)) for each molecule i

(o:(t)) = Z ol (¢) (2.14)

Discussion of the derivation. We note that the obtained kinetic equation Eq. for
the fluorescence process is exact and recovers the macroscopic kinetic equation Eq. In the
more complex cases of RET developed later this is no more so, and we will need additional
assumptions to recover the macroscopic limit from the microscopic ME. Finally we note as
an additional property that the statistical averaging on microstate configurations restores the
spatial homogeneity of the fluorescence process, as is physically expected, namely that the
average excitation state of molecule ¢

(N (1))

i (2.15)

(oi(t)) = om-(t) =
is the same for all the molecules in the aggregate. In other words, the thermodynamic limit
limpy s oo (0;(t)) is well defined in Eq. and is given by the intensive quantity ¢y« (t)
which is the relative portion of excited molecules in the ensemble.

2.2.5 Towards a description of transient fluorescence experiments

Driving of the aggregate. To close this chapter devoted to the study of fluorescence,
we introduce in the kinetic equation Eq. an additional term standing for the optical
excitation of the molecular aggregate by a Gaussian laser pulse (see a scheme of experiment
in Fig. [2.5). In an actual transient fluorescence experiment, indeed, this pulse is necessary
to excite the molecules during a timescale shorter than the typical fluorescence decay time.
The fluorescence signal defined as F(t) = (Ny+(t)) /Max ((Ny+(t))) is then collected as
a function of time and is directly proportional to the number number of excited molecules
in the sample. The former quantity follows the modified kinetic equation

%<NJV[*(t)> = =T (Npy(t)) + W, (t) (Nu(2)) (2.16)

with (Ny/(t)) = N — (Ny+(t)) the number of molecules in the ground state and

_ (t—tg)?

Wy(t) = Wye | (2.17)

the time-dependent Gaussian pulse profile. The pulse is parametrized by W), its amplitude,
to its arrival time on the sample, and 7, its duration.
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Figure 2.5: Scheme of a transient fluorescence spectroscopy experiment. A time-dependent

Gaussian pulse W, (t) (thick blue arrow) is sent on a aggregate of molecules (blue dots)
M; to put them into excited state M. The excited molecules will relax to ground-state by
emission a spontaneous photon (dashed red arrow) with a rate I'. The fluorescence photons
are collected by a detector (in black) and produces a time-dependent signal proportional to
the number of excited molecules. Unpublished Fig.

Numerical results. We show on Fig. [2.6| the normalized transient fluorescence signal
F(t) (plain red curve) as a function of time ¢ in units of nanoseconds. This signal is com-
puted by solving numerically the modified kinetic equation Eq. We chose parameters
for which I' = 0.18 ns™!, t; = —0.04 ns, T, = 0.14ns and W, = 0.10 ns~'. The initial
condition is fixed at time ¢ = —0.8 ns to the value F(t = —0.8) = 0.0. This choice of pa-
rameters is relevant for describing transient fluorescence experiments performed on molecular
aggregates in LOMA by Gediminas Jonusauskas. The computed fluorescence signal is simple
to interpret. Initially at # = —0.8 ns no molecule is excited, hence no signal is collected. Af-
ter some time, the Gaussian pulse arrives on the sample and a portion of the molecules are
brought to their excited state thus giving rise to an increasing fluorescence signal. After at
time given by the pulse duration, the sample is no more excited by the pulse and the num-
ber of excited molecule slowly decays on the fluorescence timescale given the exponential
relaxation F(t) ~ e~ '* (black dashed curve). We thus recover the simple result of Fig.
in absence of drive, but with a choise of initial condition where all molecules are excited.
However, to correctly reproduce the experiments, one would need to add another non-
linear term in the kinetic equation standing for the presence of exciton-exciton relaxation
processes [91] that are important at short times: this could be done in a straightforward
manner.

Open question. During the duration of the pulse 7},, due to spatial and temporal coher-
ence of the laser field, we cannot exclude the formation of time-dependent manybody corre-
lations in the molecular aggregate that are prior to the spontaneous photon emission process.
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Figure 2.6: Normalized transient fluorescence signal F(¢) (plain red curve) as a function
of time ¢ in units of nanoseconds. The aggregate is driven by the Gaussian laser pulse of
Eq. and the fluorescence signal is computed after numerical solution of the kinetic
equation Eq. For comparison, the exponential relaxation e '* obtained in the absence
of drive is shown as a black dashed curve. Parameters are: I' = 0.18 ns~ !, ¢ty = —0.04 ns,
T, =0.14ns, W, = 0.1 ns~! and F(t = —0.8 ns) = 0.0. Unpublished Fig.

The question of quantifying the impact of such correlations on the fluorescence process
itself is beyond the scope of the theoretical treatment presented here, and is led open for
future theoretical as well as experimental investigations.

2.3 Stochastic description of RET in molecular aggre-
gates

In this section, we develop a stochastic description of RET processes in molecular aggregates.
As far as we could investigate it, this model does not exhibit any exact solution, but enables
nevertheless a thorough study of the main features underlying the RET processes. We intro-
duce the model of RET that is relevant for describing the ultrafast relaxation of an ensemble
of donor and acceptor molecules in Sec. The statistical description of RET from a mi-
croscopic point of view is provided in Sec.[2.3.2] together with the analysis of a special case
(with two donors and two acceptors on a regular square configuration) exhibiting an ana-
lytical solution. A hierarchy of exact kinetic equations is derived in Sec. that preclude
the existence of an exact solution in the general case, but provides a first hint on the col-
lective effects involving more than two molecules in the RET process. Finally we provide
in Sec. some reasonable physical conditions that are sufficient to recover a mean-field
description of the RET kinetics. A mapping between the microscopic rate of RET and the
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macroscopic one is found and computed explicitly in the case of a disordered 2D molecular
aggregate. The time-dependent populations of excited donor and acceptor molecules in the
case of a regular square lattice are then computed with the Monte Carlo simulation and
compared to the outcome of the mean-field approximation without any fitting parameter.

2.3.1 Position of the problem

We now consider in this section the more complex situation of a molecular aggregate made
ofd Np donor D molecules and N4 acceptor A, with a total number of molecules N =
N4 + Np. After the excitation by an external laser pulse that is tuned to the donor electronic
transition, all donor molecules are put into their excited state such that Np-(0) = Np, but all
acceptor ones remain in their ground state N4-(0) = 0. Similarly to the previous Sec.
the energy deposited onto the sample can decay at a later time by fluorescence from the
excited donors with a rate I'p. However, there is now an additional relaxation channel for
energy, namely any excited donor can transfer its excitation energy to a nearby acceptor
molecule. The former process is described by a RET process that is mediated by exchange of
virtual photons between the D and A molecules. We write the whole RET process as

D}, + Aj = D, + A7, (2.18)

with a € [|1, Np|] labeling the donor molecule number o and j € [|1, N4|] labeling
the acceptor molecule number j. The decay rate of the rate process is given by k,; =

k (ra; = ||Ta — 7;)||) and depends on the relative distance r,; between the pair of molecules
(D}, A;). Standard FRET theory [46, 15] provides the expression
R\ ®
k(ra;) = Tp (—0> . (2.19)
Taj

We did not take into account the more complex dependence of the rate k(,;, 6,;) with the
relative orientation ¢,; of the molecular dipoles [|83], and supposed from start a sufficient
orientational disorder of the molecular dipoles such that, in average, isotropy of the rates
in Eq. is restored. In other words, we investigated the chemical complexity arising from
spatial inhomogeneities of the molecular positions in the aggregate, but not from anisotropy
in the distribution of the relative molecular orientations. Finally, since the RET processes in
Eq. generates excited acceptors A*, the former can further relax their energy by emit-
ting a spontaneous photon with rate I' 4. If the aggregate is macroscopically homogeneous,
then we expect the following macroscopic kinetic rate equations to rule the evolution of
the D adnd A molecular populations

& Np-() = ~Tp (N (1)) — F {Np(6)) (N4 (1) @220)
CANA®DY = T (N (8) ~ F (Now (1)) (Na(1) @21)

with k the mean-field rate of RET. In the case of an equimolar ensemble of donors and
acceptors (Np = N4 = N/2) with the same fluorescence rate (I'p, = 'y = I), the previous
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macroscopic equations can be solved exactly analytically
exp{— (F+/~€) t+ % (1- e‘“)}
1 +l;:f0tdrexp{— <F+ l%) T4+ 51— 6*”)} ’

(1 =€)+ (Np(e))™ (2.23)

(Np-(1))™) =

| =

(2.22)

sl B

(Na)™ =

| =

with the macroscopic rate of RET k. In the thermodynamic limit where N — +o00 and
k — 0, the macroscopic rate k£ remains finite and

N_
B o= lim —k. (2.24)

Problematic. We ask ourselves how the macroscopic kinetic equations emerge from the mi-
croscopic stochastic RET process in the large N limit. In particular, what is the connection be-
tween the macroscopic rate of the RET k in Eq. and the microscopic one k(r,;) in Eq. E ?
What are the eventual deviations from the mean-field kinetics described by Egs. that
are induced by fluctuations in mesoscopic samples 7 The answers to those questions are not
simple and need a more involved approach developed in the following sections.

2.3.2 Statistical description of RET in molecular ensembles

Extension of the chemical master equation. We extend the statistical description of
fluorescence derived in Sec. to the case of RET. For that purpose, one has to extend

the notion of microstate to the list a = {{aéa)} , {a<a)} } of states of
OZEHLND” ]6[‘11]\[14”

excitation for each donor and acceptor molecule in the ensemble. The macrostate associated
to the microstate a is the list of total number of excited donor and acceptor molecules

(Ng? = ZaN£1 Uéa), Nﬁ{? = Z;V:Al O'](-a)> belonging to a. As in the case of fluorescence, in
a macroscopic sample, there is a huge number of possible microstates leading to the same
macrostate. The resulting combinatorial complexity is at the origin of the chemical complexity
developing in the RET process. The description of the RET process is thus naturally done in a
statistical manner and is ruled by the same chemical master equation Eq.[2.5|that we derived
for fluorescence, but with the microscopic rates I';, between the microstates a and b that

are connected by the following processes:

1. I'y, = I'p the rate for a transition involving a spontaneous photon emission event
(see Eq. from an excited donor D,

2. 'y, = T'4 the rate for a transition involving a spontaneous photon emission event
(see Eq.[2.2) from an excited acceptor A%,
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3. I'yy = kq,; the rate for a RET process (see Eq.[2.18) between an excited donor D}, and
an acceptor A; in its ground state.

The whole stochastic process is described by a Monte Carlo simulation that starts from
the state in which all donors are excited by the laser and all acceptors are in their ground

state a;, = {{agn) = 1} , {g(.in) = 0} } and ends in the state in which all
a€l|1,Np|] JE[L,NA]]

J

molecules have relaxed in their ground state a; = { {ag) = O} , {aj(.f) = 0} }
ae[llvNDH ]€[|17NA|]

The formulation of this approach to the case of RET processes in 2D molecular aggregates of
D and A molecules is derived in our Ref. [8].

a) b)

(a)
‘NAI* (2D7)

(1,1;0,0)

.. (1,0:1,0) (0,1;0,1)

2
FY\;‘ D, 4,“ ) Ay

k “D) ,,,,,,,,, (1,0:0,0) (0,1:0,0)
D A 1 (147)
1 2 ‘ A7)

(0,0:1,1)

V&

Figure 2.7: a) Scheme of a distribution of Njp(N4) = 2 donor (acceptor) molecules located in
a square configuration presented as red circles (blue triangles). The excited donor (acceptor)
can emit a spontaneous photon shown as a red (blue) arrow. The RET process between
excited donor and ground state acceptor is shown with black arrows. b) Associated graph

of possible microstates (Ufjal), Jgg, UE{?, aﬁg)) (blue dots) corresponding to the macrostate

(N ,(5?, Ngi)) . The elementary transitions corresponding to fluorescence and rate processes

entering in the chemical master equation Eq. [2.5| are pictured as arrows with same colors
as in a). Unpublished Fig.

An exact solution in the case Np = N4, = 2 molecules. In contrast to the case of
fluorescence in Sec. there is no known exact solution to the computation of the average
populations (Np-«(t)) and (Nax(t)). We derive in this paragraph a special case in which
Np = N,y = 2 and for which an exact solution can been derived. The derivation and
solution of this exact model was done for the first time by Alice Marché during her Master
1 internship in LOMA [84]. In this case, the D and A molecules are put at the vertex of a
square and presented respectively as red circles and blue circles, as presented in Fig. [2.7}-a).
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The excited donors (acceptors) can emit a spontaneous photon presented as a red (blue)
arrow. The RET process between D and A molecules are shown as black arrow. Due to
the equidistance between each pair of donor and acceptor molecules, the rate of RET are thus
all the same and equal to k, thus making the RET process homogeneous. We show in Fig.
the graph of possible microstates we consider (in total 11 microstates), that are connected
by random jump events associated to either an elementary fluorescence process or by a
RET process. Starting from the state (1,1,0,0) = (2D*) with 2 donors and 0 acceptors
excited, the system undergoes a stochastic succession of jumps to finally reach the final
state (0,0,0,0) = (0*) without any acceptor excited. We note that the homogeneity of the
rate process is mapped onto a general symmetry of the graph itself that reflects the permutation
symmetry of the molecular ensemble with respect to the molecular indices 1 <— 2. This leads
to the following symmetry properties of the microstate populations

Paoio = Puoon = FPoi1.0 = Poi01) = Pap+ia+) (2.25)
Puooo = Poa100) = Pap+, (2.26)
Poo10 = Pooo1) = Paa, (2.27)

and the following expression of the average population of excited donors

The chemical master equation can be simplified by the symmetry properties written above
and lead to a reduced system of 3 linear equations

Popr(t) = —(4k +2Tp) Pap-(t), (2.29)
Pup-a(t) = kPap(t) — (k+Tp+Ta) Pap1an(t), (2.30)
This system can be solved exactly, with the initial condition Pap+)(0) = 1, P1p+14+)(0) = 0

and P1p+)(0) = 0. After substitution into Eq. this leads to the exact solution for the
population of excited donors

<ND* (t)> - 9 {Ce—(ZFD+4k)t + De—(FD+FA+k)t + [1 —C - D] e—(FD—i-Qk)t} 7 (232)

with the constant coefficients

C = 2k (2.33)
~ (Ta—Tp—3k)(I'p+2k)’ '
2
D = — 2k (2.34)

(Ta—Tp—=3k)(Ta—Fk)

Analysis of the exact solution. The exact evolution of the population of excited donors
encoded in Eq.[2.32/for Np = N4 = 2 already contains interesting features that are relevant
to understand the dynamics of larger molecular ensembles. First we see that, in contrast to
the single exponential relaxation obtained for a fluorescence process (see Eq.[2.4), the time
evolution of (Np-(t)) in presence of RET, is a sum of three exponential functions with three
different rates. We assign those rates to three different timescales involved in the random
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2 . O —— MonteCarlo: < Np-(t) >
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Figure 2.8: Time-dependent populations of excited donors (Np-(t)) (plain red curve) and

acceptors (N4 (t)) (plain blue curve) obtained from the MC calculation, in the case of the
regular square lattice made of 2 donor and 2 acceptor molecules shown in Fig.[2.7}a). Com-
parison is shown with the exact analytical solution of Eq. (dashed black curve). Pa-
rameters are: @ = 1.2Ry, Np = Ny = 2,I'p =T'y = 1.0, k = 0.33, and Ny; = 10%.
Unpublished Fig.

fluorescence and RET events (when Np = N = 2) that occurred with different probability
upon varying the number of excited molecules in the aggregate. The RET process is thus a
hierarchical stochastic process in which the physics of relaxation to equilibrium depends on
spatial and occupation constraints of the molecular sites at the origin of collective effects. The
former are negligible at the beginning and at the end of the relaxation dynamics, but dominate
in the intermediate times for which the distribution of excitations is maximally mixed in the
ensemble. Second, we show in Fig. [2.8| that the time evolution of (Np-:(¢)) computed with
the numerical MC simulation (plain red curve) exactly matches the outcome of the analyt-
ical formula in Eq. (dashed black curve). The evolution is monotonously decreasing
to zero because, once excited, the donor molecules can only loose their energy either by
fluorescence or by transferring their energy by RET. In contrast, the evolution of (N4« (t))
as computed by MC simulations (plain blue curve) is not monotonous and reaches a maxi-
mum at times ~ 1/I". This can be understood easily. Initially, there is no excited acceptor
in the ensemble. Thus one has to wait for RET processes to occur in order that some accep-
tor molecules get excited and thus increase (/N4 (t)). At longer times, the excited acceptor
population will decay by fluorescence and relax back to zero.

Open questions. The previous example leads to the natural question of what is happen-
ing for a similar aggregate in the macroscopic limit, when both N and N4 are very large.
It will certainly be interesting to consider and investigate the stochastic dynamics of RET
in the situation of an homogeneous RET process as the non-trivial limit of a stochastic pro-
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cess on a graph of increasing size: will this procedure converge to some fix point ? The
emerging chemical complexity in this process will be of combinatorial nature. Such a task
is largely open for future research and is at the carrefour of graph theory and statistical
physics. We suspect that the dynamics in the large N limit will be approximated by a series
of exponential functions with a lot of different rates, and thus will become a multi-scale and
non-linear process. This fact is of relevance for spectroscopic experiments which usually fit the
time evolution of the excited molecular populations (obtained by measurement of their related
fluorescence signal) with a single or few exponential, while the true evolution is certainly much
richer.

2.3.3 Hierarchy of exact kinetic equations
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Figure 2.9: Representation of a square lattice aggegrate of D and A molecules. Some RET
processes are shown emerging from the D}, molecule as plain black arrows when reaching
a nearest neighbor A; molecule and as dashed black arrows when reaching a next nearest
neighbor one. We illustrate the competition between i) the two RET processes D}, + A; —
Dy +Aj and D+ A; — D+ A7 and i) the one between the two RET processes D}, +A; —
Do+ Aj and D}, + Ay, — Do+ Aj. The single RET process Dy, + A; — D, + A;j is forbidden
and thus not shown, because the acceptor molecule A; is already excited. Unpublished Fig.

Derivation of an exact kinetic equation. We complement the derivation of the exact
kinetic equation made for homogeneous fluorescent processes in Sec.[2.2.4to the case where
additional non homogeneous RET processes occur between D and A molecular pairs (see
Eq. . This derivation was published in our Ref. [8]. An additional term 2 (Np«(t))pr
due to RET is thus added in Eq.

d
= (Np-())per = — PR AGE (2.35)
(ab)rET

with 3, by 1€ UM constrained on all pairs of microstates (a,b) connected by a spon-
taneous emission rate process of rate kj,. The constrained sum can be expanded further
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as

Np Na
Z Pa(t> - Z Z kaj Z Z Pa:{aazl,{ag}ﬂ#a,O'j=0,{0'l}z¢j} (t> ’ (236)
(a,)gET a=1j=1 {06}[3#& {oi}i;

where the sum is taken on all initial configurations of excitation states of the molecular
ensemble a for which the donor D, is excited o, = 1 and the acceptor A; is in the ground
state 0; = 0. Those configurations are the only ones that can lead to a RET process D}, +
Aj = D, + Aj (see Fig. . The output of Eq. can be rewritten in a compact way,
after introducing Hﬁfa)oj (t), the "two-molecule"” joint probability distribution that the molecule
D,, is in the excitation state o, = 0, 1 and the molecule A; is in the excitation statec; = 0,1

at timet

oo, = > > Pa:{%{m}mm’{m}l#}(t). (2.37)

{05}57&(1 {Ul}l;éj

Plugging the definition in Eq. into Eq. adding also the contribution of fluorescence
process, we obtain the final kinetic equation for the RET and fluorescence process in the
molecular aggregate ruling the evolution of the excited donor molecules

SAND(0) = T (N (1)) — (kpaNp (NA(1) @3%)

with the pair correlation function of excited donors and ground state acceptors

Np Na

(kpaND-()N4(1)) = D > kaj (0a(t)7;(1)) - (2.39)

a=1 j=1

We introduced in Eq. the pair correlation function of excitation states (o, (t)7;(t)) for
each pair of molecule D,, and A; defined as

(oa®)7;(1) = > > 051D, (1), (2.40)

0a=0,10;=0,1

Comments about the kinetic equation. The kinetic equation Eq. has a simple
physical interpretation. The first term in its right-hand-side stands for the decay channel
for the exited donors D} by a fluorescence process of rate ['p. The second term on the
right-hand-side, is related to RET processes with rate k, ;, that naturally correlates the
excited-state of the donor D, to the ground-state of the acceptor A;. This kinetic equation
is exact. However, contrary to the macroscopic kinetic equation Eq. it is not a closed-
equation. Indeed, one has to complement Eq. with an additional equation providing the
time-evolution of the still unknown pair correlation functions (o, (t)o;(t)).
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"Une mise en abime". The process of the previous paragraph can be iterated. It leads to
a hierarchy of coupled kinetic equations, which becomes an infinite hierarchy in the large N
limit. We provide below the three first equations of this hierarchy

d Na
at (o) = —Tp(oa)— Z ka,j(0a0;) (2.41)
j=1
d o
o) = Taloy) - > kaj(0a75) | (2.42)
a=1
d - _
pr (0a05) = Ta{oao;) — (Up+kaj) (0a0;)
Np Na
— Z ]{35’]‘ <0-a0-,86j> — Z ka,k <0-a6k5j> y (2.43)
=18 k=1k#j

etc

The existence of a hierarchy of coupled kinetic equations makes the problem of computing
exactly the average population of excited molecules as a function of time unsolvable for
an arbitrary large number /N of molecules. The origin of this unsolvability has a profound
physical significance: it reflects the manybody nature of the RET process that results into mi-
croscopic constraints and spatial frustrations at the origin of chemical complexity. Already in
those three first kinetic equations, we can interpret the resulting terms as follow

1. The average rate of excitation of the D, molecule in Eq. decreases due to fluores-
cence events D> — D, + hv of rate I'p, which are intrinsically "one-body terms" and
thus provide a contribution proportional to (o, (t)).

2. But (0,(t)) can also decrease in Eq. due to RET events D, + A; — D, + Aj of
rate k,; transferring the excitation energy of the D}, molecule to all available ground
state acceptor molecules A; in the ensemble. This is an intrinsic "two-body effect” that
is possible only if the A; site accepting the excitation are not excited, thus correlating the
evolution of the population to the dynamics of the pair correlation function (o, (t)7,(t)).

3. The pair correlation function in Eq. correlates to single and two-body processes
through fluorescence and RET events respectively. But it also couples to three-body
terms through RET events that come from a competition mechanism in the RET pro-
cess between three molecules. The former are shown in Fig. Indeed the term
(0a(t)op(t)T;(t)) comes from the competition between two excited donors to trans-
fer their exciton to the same ground state acceptor through the two RET processes
Di+A; — Do+Ajand Di+A; — Ds+Aj. Similarly, the other term (o ()71 (t)7; (1))
is associated to the competition between the following RET processes D} + A; —
Dy + Aj and D}, + Ay — D, + Aj.

Open question. In our quest to compute the time evolution of the excited donor and
acceptor molecules in the aggregate in presence of RET, we have mapped the problem of
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solving the microscopic chemical master equation onto the problem of solving an infinite hier-
archy of kinetic equations involving correlation functions of increasing order. Both problems
cannot be solved exactly for arbitrary configurations and number of molecules. We thus ask
ourselves in the next section how to truncate the hierarchy of kinetic equations and recover
the macroscopic ones.

2.3.4 The mean-field approximation

Spatial coarse-graining. We aim at proposing a closure assumption to the kinetic equa-
tions Eqs.[2.41|2.42|which simplifies it and reproduces well the macroscopic kinetic equation
Eq. obtained in the limit of large number of molecules N >> 1 in the aggregate or large
sample volume 2 (given by the sample surface S in dimension two). For that purpose, we
make a first assumption (A1) that in the large N limit, the spatially coarsed-grained two-

molecules joint-distribution function ﬁi)’gj (t) defined in Eq)2.37 factorizes, namely that

% ) ~TVen e, (2.44)

Oa,0j (o o

where A means the coarsed-grained (spatially averaged) value associated to any quantity

A. Using this approximation (A1), we can simplify the kinetic equations Egs. as

%<U“> - _FD<%>_Zka,j<0a> (@) (2.45)
%@ = Tulog) = ) _kayloa) (7). (2.46)

Those coarse-grained kinetic equations are closed for the fields {(0@} and {@} , and
a J

constitute a system of N non-linear mean-field equations. Such equations can in principle be
solved with proper initial conditions, although, due to the large number of unknowns and
the non-linearity of the equations, this remains a heavy and difficult task.

Spatial homogeneity assumption. We now make the last assumption (A2), that after
spatial coarse-graining performed in (A1), the molecular system becomes spatially homoge-
neous in the large-N limit, namely that translational invariance is restored at the mean-field
and macroscopic level

@ ~ o= T2 @47
wm ~ oo = a0 (2:48)
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Injecting back Eqsi2.47/2.48|into Eqsj2.45]2.46] we obtain the following kinetic equations

%Wp*(ﬂ) = —Tp (Np«(t)) — k (Np-()) (Na(t)) ,

(2.49)
Z (Na(t)) = Ta(Na(t)) =k (Np+ (1)) (Na(t) ,

(2.50)

which are nothing but the macroscopic kinetic equations Eqs. [2.41}2.42|but with the mean-
field rate of RET

Np Nga

— NDNA Z Z K - (2.51)

a=1 j=1

Eq.|2.51] is the main result of this section and answers to one of the questions formulated in
Sec. namely it provides the expression of the macroscopic mean-field of RET k in terms of
the microscopic rates k.. It has a simple interpretation: the rate k is obtained as the spatial
average on the whole molecular aggregate of the sum of microscopic rates connecting a D*
molecule to all other A; molecules (see the black arrows going out from the molecule D},

in Fig. 2.9).

One simple example: the case of a 2D aggregate. In this paragraph, we provide an
explicit expression for the macroscopic mean-field rate of RET k evaluated in the special
case of a disordered bi-dimensional aggregate of D and A molecules (see Fig.[2.10}a)). This
case and the case of a perfect ordered square lattice are analyzed in depth in our Ref. [8]].
The disordered molecular ensemble is a random lattice that fulfills in the large N limit both
assumptions (A1) of decoupling of the pair correlation functions and of spatial homogeneity
(A2) (see Sec.[2.3.4). Substituting the mean-field expression of Eq. into the expression
of the macroscopic rate written in Eq. we obtain in the case Np = Ny = N/2 the

integral form
= N/d2 /d%m (Hr—r'H) (2.52)

with k <| = ]) given by Eq.|2.19| The spatially averaged density of pairs of donor and

acceptor molecules pp (7, 77) is defined as

—

ppa(i 1) = pp(Ppa(r’) (2.53)

with pp(7) = ZND 6% (F—7,) and pa(r') = ZNA 52 (7" — 7’]). The assumption (A2)
of spatial homogeneity implies that the mean-field rate becomes translational invariant after
spatial coarse graining or averaging on disorder configurations (which are equivalent proce-
dures in practice due to the self-averaging property of the molecular ensemble upon increasing
N) so that ppA(7,7) = ppa(F — 1) and

_ 2T 6)
Eo= —FDRﬁ/ / epDAT (2.54)
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Figure 2.10: a) Representation of a disordered 2D lattice with R, = 0.8 R, the cutoff dis-
tance, and (R) = 2.0R, the average distance between molecules. Donnor (D) and acceptor
(A) molecules are shown as red dots and blue triangles respectively. The system contains
Np = N, = 50 molecules of type D and A. b) Macroscopic mean-field rate of RET /(2n4)
(red points) as a function of the average distance < R > between individual excited donors
and their nearest-neighbor acceptor molecules. An average is performed on 1000 config-
urations of disorder for various random distributions of molecules on the square network
in a). The error bars represent one standard deviation, illustrating the uncertainty due to
fluctuations in the spatial location of molecules that varies from sample to sample. The
dashed-dotted red curve is obtained from the analytical rate f(anrand) jp Eq. Adapted
from Ref. [8].

We introduced S = mR? the surface of the sample supposed to be a disk of radius R and
R, the cutoff length defined as the minimum distance between two molecules. At this
stage, this expression of k is general and independent of the chosen bi-dimensional network of
molecules. It connects the effective macroscopic rate of RET to the actual spatial distribution
of molecular pairs of donors and acceptors in the macroscopic sample. In the specific case of
a random 2D lattice shown in Fig. [2.10)-a), the additional assumption (A1) of factorization
of the "two-molecules" correlation functions after spatial coarse graining implies that the
averaged spatial density of pairs in Eq. simplifies to

—

ppa(r,r!) (2.55)

~ pDﬁA )
with p, = P4 ~ N/2S the equal concentration of donor and acceptor molecules. This
provides a simpler and explicit expression for k in Eq. which is valid in the limit of
large number of molecules N >> 1 or of large sample surface S > R? R2. We obtain

~ R
k(amrand) ~ kO (2 0 (256)

i)

_59_



with kg = 'p (Ro/R.)" and (R) = \/S/wN the average distance between an individual
excited-donor and its nearest-neighbor acceptor that is proportional to the inverse square
root of the molecular concentration. The scaling-law ko <R)_2 in Eq. obtained for the
macroscopic mean-field rate of RET is a surprising result. Indeed one would have expected
a scaling k oc (R)~°® by simple inference from the microscopic rate in Eq. This inter-
esting effect comes from disorder in a bi-dimensional random sample, namely the average
rate of RET from a given donor D molecule results from spatial averaging of the contribution
of acceptor A molecules around D that scales at the mean-field level with the molecular con-
centration. We show in Fig. -b) (red points), the dependence of kand) in units of I'p,
as a function of < R > /Ry. This curve is obtained from a numerical evaluation of Eq.
for a random lattice containing Np = N4 = 50 molecules after averaging on 1000 con-
figurations of disorder. This calculation compares quantitatively very well to the predicted
analytical values of ;(an.rand) given by Eq. (see dash-dotted red curves). The scaling law
depends on the molecular network. In particular we show in Ref. [8] the expected scaling

k o (R)_6 for the regular square network (see also Fig. blue points).

a=1.00Rg; Np=Ny=50
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Figure 2.11: Left: Time-dependent relative populations of excited donors ¢p«(t) =
(Np«(t)) /Np (plain red curve) and acceptors ¢4+(t) = (Na«(t)) /N4 (plain blue curve)
obtained from the MC calculation, in the case of the regular square lattice shown in Fig.
Comparison is shown with the macroscopic mean-field analytical results ¢(Dnif)(t) (dashed
red curve) and gzﬁffif) (t) (dash-dotted blue curve). Right : Time-dependence of the contri-
bution due to fluctuations ¢p-(t) — gb(gﬁf) (t) (red curve) and ¢4+ (t) — gbffif) (t) (blue curve).
Parameters: a = 1.0Ry, I'p =1'y =" and Np = N4 = 50. The MC runs are averaged on

Nira; = 10° stochastic trajectories. Adapted from Ref. [8].

Full time-dependence of the molecular populations. For completeness, we show in
Fig. [2.11[left-panel) the outcome of the MC calculation for ¢p-(t) = (Np-«(t)) /Np (plain
red curve) and ¢4+ (t) = (Na«(t)) /Na (plain blue curve) for the regular square lattice
shown in Fig. With Np = N4 = 50 molecules. We chose the case where the distance a
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between two neighbor D and A molecules equates the Forster radius R, such that the rate
of spontaneous emission is of the same order of magnitude as the rate of RET (I' = k). There is
thus a competition mechanism between both processes and a significant energy-transfer occurs
towards the acceptors. The qualitative behavior and analysis of the curves is very similar
to the ones shown in Fig. that were derived in the case Np = N4 = 2, for which the
analytical exact solution of Sec. holds. However, the quantitative behavior is quite
different. Indeed, we show in Fig. the mean-field curves <b%11f) (t) (dashed red curve

obtained from Eq. and Qﬁ(Anff) (t) (dash-dotted blue curve obtained from Eq. ob-
tained as solutions of the macroscopic rate equations with the mean-field rate in Eq.
We see that the mean-field approximation is very well approximating the exact MC cal-
culations shown as ¢p«(t) (plain red curves) and ¢4«(t) (plain blue curves). The average
kinetics of the RET process in a macroscopic sample (large N limit) is thus accurately described
by non-linear mean-field equations rather than by a linear relaxation process as obtained in
Fig. (2.9 for a microscopic sample. We show in the right panel of Fig. weak deviations
from the mean-field approximation that are quantitatively computed through the quantities
¢p-(t) — qbglf) (t) (red curve) and ¢4+ (t) — fqn:f)(t) (blue curve). We see that the mean-field
approximation is not exact and that deviations of the MC calculation occur that are due to
finite-size fluctuations (here N = 100).

Open question. Our theory provides a solid approach to recover the macroscopic limit as
illustrated by the computation of the coarse grained RET of rate k in Eq or by the very
good agreement between the time-dependent evolution of mean-field molecular populations
and the ones computed with the MC calculation. However deviations to the mean-field ap-
proximation are seen. It still remains to analyze the origin of those deviations and there
relative amplitudes. In particular, what are the effects of spatial inhomogeneities and dynam-
ical constraints due to collective effects in RET on those mesoscopic fluctuations ?

2.4 Mesoscopic fluctuations and collective aspects of RET

2.4.1 Position of the problem

In this section, we come back to the problem of quantifying the deviations from the mean-
field approximation that we unveiled in the previous Sec. This is a notoriously difficult
problem. To keep some hope of progress in this task, we first simplify the model of RET
that we used up to now. Our physical intuition will be guided by the exact solution we
found in Sec.[2.3.2] for the model of Np = N4 = 2 molecules deposited on a regular square
network. Such an exact solution exists because of the homogeneity of the rates k for each
microscopic RET event occurring in the sample (see Fig.[2.7}-a)). This leads to the equalities
in Eqgs. among various microstates that are obtained one from each other by
a permutation of the index labeling the molecules. We thus now generalize this model to an
ideally homogeneous aggregate for which, whatever the pairs of molecules that undergo a RET
process D + A; — D, + A7, the microscopic rate of RET k,; for such an individual random
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event is the same, namely that
V(a,j) € (|1, Npl] x [|1, Nall; kaj =K. (2.57)

The condition in Eq.[2.57]is a condition of all to all homogeneous coupling: it is not fulfilled
in general, even in the case of the regular square lattice as soon as Np, N4 > 2, because of
the dependence of the RET with the intermolecular distance written in Eq. However, it
should be a good approximation to the behavior of an aggregate after spatial coarse graining in
the large N limit, for which the assumptions (A1) and (A2) of Sec.[2.3.4 hold and the aggregate

is homogeneous in average.

Problematic. We will rewrite the chemical master equation describing the RET process
in Sec. and investigate its stochastic dynamics in the case of an ideally homogeneous
aggregate. For the purpose of investigating the macroscopic limit of the molecular ensemble,
we will make use of statistical physics methods that were derived and explained for the first
time by van Kampen in his seminal book Ref. [117]. The final outcome will be the calculation
of the Fokker-Planck equation in Sec. and the calculation of corrections to the mean-
field approximation in Sec. that we simply wrote without justification in our Ref. 8]
due to length constraints. We thought that a detailed derivation could be of interest. This
derivation is original, in the sense that, to our knowledge, such a derivation is not published
nor known in the literature of RET. Moreover, it contains interesting physical concepts and
ideas that could be applied to broader classes of problems, for instance those encountered
in the field of polaritonic chemistry (see next Chapter).

2.4.2 Chemical master equation for the homogeneous RET process

The joint probability distribution of excited D* and A* molecules. In this para-
graph, we first consider generic macrostates (np,n,4) associated to all the microstates

a € Enp,n 4) for which the total number of excited donors and acceptors is N gﬂ) = np

and N = n A respectively. Similarly to the simple case of Fig. due to homogeneity
of the RET events, all the microstates belonging to £mnp,n4) have the same probability of
occurrence in the microscopic chemical master equation Eq. It is thus natural to retain
only the net contribution of all those microstates belonging to a given macrostate, thus focusing
on a coarse grained description of the dynamics involving only the macrostates (np,n ). For
that purpose, we introduce the corresponding joint probability distribution of having np
excited D* molecules and m 4 excited A* molecules P(np, m,) defined as

P(np,ma,t) = Y Pu(t). (2.58)

ac€mp,na)
This distribution is the main mathematical object in terms of which the chemical master

equation in Eq.[2.5|can be rewritten, in the special case of an ideally homogeneous aggre-
gate.
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Figure 2.12: Scheme of the graph of macrostates (np, n4) (blue points) corresponding to all
microstates containing np and ny excited donor and acceptor molecules. The elementary
fluorescence events from D* and A* molecules are shown as red arrows and blue arrow
with rates ['p and "4 respectively. The generic homogeneous RET events with rate k are
shown as black arrows. Unpublished Fig.

Derivation of the homogeneous chemical master equation. We present in Fig.
the possible individual random events connecting the macrostates (np,n,). We write the
resulting homogeneous chemical master equation as a sum of three terms

P(np,ma) = P(np,my) - + P(np,ma) - + P(np, mA))k : (2.59)

D A
The first term in Eq. stands for the contribution of fluorescence events D — D, + hv
with rate I'p. Such transition connects a macrostate (1, n4) to another one (np — 1,714)
containing one less excited donor but the same number of excited acceptors (see red arrows

in Fig.[2.12). We obtain

P(np, mA)‘ = FD{(nD +1)P(np +1,my) — nDP(nDymA)} . (2.60)

I'p
The second term in Eq. has a similar expression and interpretation, but in terms of
fluorescence events from the excited acceptors (see blue arrows in Fig.[2.12). The last term
of Eq. encodes the contribution of all homogeneous RET processes with D + A; —
D, + A with rate k. Such transition connects the macrostate (np,n.4) with another one
np — 1,m4 + 1 containing one less D* excitation and one more A* excitation (see black
arrows in Fig. [2.12). We obtain

P(nD,mA)‘k = k{(np+1) (NA—mA—i— 1)P(TLD+ l,mA — 1)

— np (Na = ma) Plnp,ma) (2.61)
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Operator form of the homogeneous chemical master equation. We can obtain an
operator form for the homogeneous chemical master equation in Eq. For that pur-
pose, following the notation of van Kampen in Ref. [117], we introduce the EE' and E%*
operators, defined by their action on any function f(np, m4) as

E%lf(np, mA) = f(nD + 1, TI’LA) s (2.62)
EX' f(np,ma) = f(np,ma+1). (2.63)

Those operators create or destroy one D* or A* excitation in the molecular ensemble. Us-
ing the previous definition inside Egs.|2.602.61| we can give to the homogeneous chemical
master equation its final operator form

P(nD,mA) = I'p(Ep —1)npP(np,ma) + T4 (Es—1)maP(np,ma)
+ k(EDEgl — 1) np (Na—ma) P(np,my) . (2.64)

This expression of the chemical master equation is the main result of this section. Apart
from being compact and aesthetic, Egs. consists now of a system of linear equations of size
(Np+1) X (N +1). We thus arrived to an explicit coarse grained version of the microscopic
chemical master equation that scales quadratically with the system size x N? instead of the
exponential scaling o< 2V obtained in the microscopic chemical master equation written in
Eq.[2.5 The coarse grained evolution encoded in Eq. is thus more suited to investigate
the stochastic RET dynamics of an ideally homogeneous mesoscopic sample than the mi-
croscopic evolution of Eq. Unfortunately there is no known exact solution to Eq. One
thus has to resort to an approximation scheme described in the next section.

2.4.3 Derivation of the Fokker-Planck equation for RET

The large-() expansion. We apply now the large-{2 expansion technique that was de-
veloped by van Kampen in Ref. [[117] in order to evaluate the behavior of the average pop-
ulations and their fluctuations from Eq. in the limit of large aggregates. The parameter
(2 is an extensive parameter, typically here the volume of the studied molecular system.
We suppose that Np, N4 > 1 and that the number of excited donors and acceptors in the
aggregate is large np, n4 > 1. Following van Kampen approach, we introduce the decompo-
sition or change of variable of np,n 4 into the sum of two quasi-continuous variables

np = Q@p+Q¢p, (2.65)
na = Qb, +Q2ny. (2.66)

In Egs. the first term is the mean-field contribution (undefined at this stage) to the
excited donor population that scales linearly with the system volume < §2. The second term is
the contribution of weak devzatlons or fluctuations from the mean-field term and scale with the
square-root of the system size < Q2. In the following, we introduce k = k() the macroscopic
rate of RET and ¢, (t) = @,4(0) — @ ,(¢) the concentration of acceptor A molecules in the

ground state, such that ¢ (t) = —® ,(t). The idea behind the large-Q) expansion is the

perform an asymptotic expansion of the homogeneous chemical master equation in the limit
of large €.
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Continuous limit of the E}' and E3' operators. Substituting the large-{2 expansion
provided by Egs. into the expressions of np and n 4, the action of the ES' operators
on any function f(np,ma) as written in Egs. f can be approximated accumtely asa
series of continuous differential operators in powers of Oz

EE' f(np,ma) = flnp+1,ms)= (@i@ ,nA)
Q—l 82
2 08,

Q

1 0
F +Q72 F
(€Da 77A) aSD

We thus obtain for the operators entering the homogeneous chemical master equation the
following asymptotic expansions

(p,na) + 55 F (Ep.na) - (2.67)

a Qo

EXl—1 ~ +Q3 2.
1 0 Q_l 82
EX 1 ~ +073 2.69
A ona + 2 ony’ (2.69)
(0 ) Ol( o 0?2
EpE7' —1 ~ Q72 — + { — } . 2.70
D {afD 377,4} 2 96 om (2.70)

Asymptotic expansion of the chemical master equation. We substitute the asymp-
totic expansions in Egs. in the chemical master equation written in operator
form Eq.[2.64/for P(np, ma, ) = (f D> M4, t). We get for the right hand side of the chem-
ical master equation

P(np,ma) chs FD{Qé—DSS) aggpn) +?_%}
+ FA{Q%QAgnri ag:AH> +%A%}
T @DfA ( a?D - af]A)Qn}. (2.71)

We now develop the left hand side of the chemical master equation and obtain

. dll 01_[ : oIl oIl
P(np, ‘ =— =
(np,ma)| = +&p(t) 5 9, +7a(t )85
01_[ o1l o1l
= Q2 |d P 2.72
L PR U B
where the last line is obtained after deriving Eqgs. [2.65][2.66] taking into account that in the

change of variable np = 1m4 = 0 (the variables n D m 4 do not depend explicitly on tlme
in P(np, ma,t)). We then equate Eq.[2 -and Eq.[2.72|and collect all the terms of order (22
and of order Q°.
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Recovering the mean-field equations. The terms of order Q2 in the rh.s and Lh.s of
the chemical master equation should be equal for any value of the independent variables
&p,na,t. This is so if and only if

@, = —I'p@,—kdpe,, (2.73)
by = —Tad,+kdpe,. (2.74)

It is interesting to notice that the former equations are the same as the mean-field equations
written in Eqs[2.492.50] The large-2 expansion of the joint distribution function P(np, ma,t)
thus recovers a posteriori and in a natural way the mean-field approximation as its dominating
term of order Qz, thus without imposing it a priori !.

Fokker-Planck equation for the RET process. Finally, we equate the terms of order
0 in the r.h.s and Lh.s of the chemical master equation, and obtain

o1l -\ O(&plD) - O (nall) ¢, ™1 ¢, 011
= - (r Ta+ kd Tp=R22 = T, =AZ =
ot (to+Fg,) 26 +(Ta+ i) o P2ag T A o
- ®pp, (0 0\’ oIl oIl

4 =PraA - m— D] .
{ 2 (agD anA> Out05, ~ Lol agD}

The former Eq. is the main result of this section. It is a multivariate Fokker-Planck
equation describing deviations from the mean-field approximation derived in Sec. This
Fokker-Planck equation answers to our problematic of investigating the role of mesoscopic
fluctuations developing in the case of an ideally homogeneous and large but finite sample.

_|_

(2.75)

2.4.4 Analysis of mesoscopic fluctuations in the RET process

Average deviations to the mean-field solution. We now consider (F'({p,na,t)) =
[ dép [ dnaF(Ep,na)ll(Ep, na, t) the average value of any function F(p,n4) taken with
respect to the distribution II(£p, 774, t) that is solution of the Fokker-Planck equation with
proper initial conditions. We find, using Eq. that the average deviations to the mean-
field solution ({p(t)) and (n4(t)) are solution of the following set of linear equations

Cleom) = — (Dot ke, 0) o) +Fp() ). @76)
S = — (Cat ko) al0) + o, (0 @) . @7

The interpretation of those equations is simple: they actually come from the study of stabil-
ity of the mean-field equations Egs. under weak perturbations ®, — &, + 09,
and @, — @, + 0P 4. The resulting linear stability analysis of the variations 0@, and 0 4
gives back the same equations as Eqs.[2.76]2.77 followed by ({p(t)) and (na(t)). Thus the
regression of average deviations from the mean-field solutions follows the linear variation of
the mean-field equations themselves. For instance, ({p(t)) decays as a function of time due
to the effective time-dependent rate I' + l%f A(t) coming from i) the fluorescence process
of the excited D* molecules and ii) from a coupling through a RET process of the (£ (t))
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fluctuation to the average occupation ¢ A(t) of A molecules in their ground state. The time
dependence of this effective rate comes from the non-linearity of the mean-field kinetic equa-
tions. The quantity ({p(¢)) can also increase in time due to contribution of fluctuations of
the A molecular populations coupling to the average occupation of the D* molecules @, (¢),
with an effective time-dependent rate k® ,(¢). A similar interpretation can be found for the
evolution of (n4(t)). Finally, we remark that, a consequence of the linearity of Egs.[2.76/2.77
and of starting from an initial conditions ({,(0)) = 0 and (n4(0)) = 0, is that at all times

(€n(t)) = (na(t)) = 0. (2.78)

This is the case for the dynamics we consider. The understanding of deviations from the
mean-field solution is thus encoded fully into the fluctuations of the instantaneous p(t) and
na(t) quantities. The large-() expansion amounts to make a linear noise approximation where
fluctuations from the average are described by a Gaussian process. However, no truncation of
the chemical master equation nor any a priori ad hoc assumptions are needed to recover this
behavior: it comes from the asymptotic expansion itself.

Gaussian fluctuations around the mean-field solution. In the same way as in the
previous paragraph, we derive from the Fokker-Planck equation Eq.[2.75|the time-dependent
equations ruling the dynamics of the correlation functions (£p (£)n4(t)), (€%(¢)) and (n%(t)).
We obtain

d ~ -
7 (Epna) = — [FA +I'p+k (@D +£A)} (Epna) + k |:£A (&) + @5 (n3) — fA@D} :
(2.79)
d N .
() = —2(To+ke,) (€h) +2k2p (€oma) + (To+ ke, ) €p. (2:0)
% i) = -2 (FA + /@D) () + 2k (Epna) + Ta®y + ko )y, (2.81)

with the initial conditions (p(0)74(0)) = (£%(0)) = (n%(0)) = 0. Those equations
are the main results of this section. They have a simple physical interpretation: the first
term of Eq. describes the decay in time (regression of fluctuations) of the correlation
function ({p(t)na(t)) due to the decay of each {p(t) and 74 (t) with the respective time-
dependent rates ', + %EA(t) in Eq. [2.76{and Iy + k®,,(t) in Eq. [2.77, The second term
of Eq. corresponds to an increase of ({p(t)na(t)) due to the onset of excited donor
and acceptor fluctuations (£%(¢)) and (n%(t)). Those terms could have been derived in-
dependently from Eq. doing an a priori Gaussian ansatz closure hypothesis for the
third moments (0, (t)o3(t)7;(t)) and (o, (t)7,(t)7;(t)). We note, however, that the large-()
asymptotic expansion of van Kampen [117] is more suited to derive this result, since it recov-
ers as a consequence of the approximation that the fluctuations are Gaussian in the macro-
scopic limit, without supposing it initially, nor truncating arbitrarily the chemical master
equation. Finally, the last term of Eq. is the one that dominates at short times, since
L (Ep(t)nalt)) =~ —kp ,(0)25(0) = —k whent — 0F. This term basically describes an
anti-correlation between the populations of excited donor and acceptor molecules. This is due
to the intrinsic mechanism of RET reaction, for which each time an excited donor molecule
D* transfers its energy to an acceptor in the ground-state, the latter gets excited to A*. This
anti-correlation is beyond the mean-field approximation which supposes statistical indepen-
dence between the donor and acceptor populations.
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Analysis of the computed deviations from the mean-field solution. We close our
investigation of mesoscopic fluctuations in RET by analysis the deviations from the mean-
field solution computed from the Monte Carlo calculation and shown in the right panel
of Fig. as a red curve for ¢p:(t) — ([I;if) (t) and a blue one for ¢4«(t) — f::f) (). At
short times t < 1/k, those deviations are weakly negative, namely ¢ p-(t) — gzﬁglf)(t) <0
(red curve). Indeed the initial slope of this curve is proportional to the initial fluctuations
L(Ep(t)nalt)) ~ —k, given by Eq. The latter exhibit a sizable anti-correlation effect
due to the anti-correlated mechanism of disappearance of D* and appearance of A* molecules

in the elementary RET process. At later times ¢t > 1/k, the onset of excited donor and accep-

tor fluctuations (¢2(¢)) and (n%(t)) in Eq. start to couple to the curve ¢p«(t) — %rif) (t)

and leads to its increase (with even a small overshoot above zero). At long times ¢ > 1iF,

the curve ¢p«(t)— (gif) (t) goes back to zero due to the regression of fluctuations in Eq.

In summary, the mean-field curves qﬁgif) (t) and gzﬁffif) (t) constitute very good approximations
to the Monte Carlo calculation in the large-N limit, which thus validates a posteriori the use
of this approximation. Deviations to it are due to mesoscopic fluctuations that incorporate in-
formation about the microscopic RET process and related "three-body" competition mechanism
between donor and acceptor molecules.

2.5 Conclusion and future research perspectives.

Conclusion. In this chapter, we have investigated in depth the stochastic dynamics de-
veloping in two-dimensional aggregates containing donor and acceptor molecules in pres-
ence of both fluorescence and resonance energy transfer. We provided reasonable physical
assumptions under which a mean-field approximation for describing the RET process holds.
We could provide an explicit expression in terms of the molecular aggregate configuration of an
effective mean-field rate of RET k in the macroscopic limit. The former expression depends
in a non-trivial way of the spatial distribution of pairs of molecules inside the sample. We
showed that the rate of RET scales as k o (R)_2 in the case of a disordered sample of D and
A molecules, expressing the fact that one random D* molecule in the sample sees an average
mean-field contribution of all available A molecules randomly located around it. This is in
contrast to the scaling k o <R>_6 obtained in the case where the molecules are put on the
apex of an ordered square lattice (see Ref. [8] for that case). We have then computed the
time-dependent populations of excited donor and acceptor molecules using a numerically
exact kinetic Monte-Carlo approach and compared it to the non-linear dynamics provided
by the mean-field approximation. The former shows a good agreement with the latter. De-
viations of the exact Monte Carlo calculation compared to the mean-field result were shown to
be due to fluctuations and spatial correlations developing at the microscopic level and involving
at least three molecules in the elementary RET process. Those deviations should be impor-
tant in finite-size clusters or mesoscopic samples of molecules, as currently seen in biology.
Finally, we provided a full derivation of the Fokker-Planck equation from the chemical mas-
ter equation describing the coarsed-grained relaxation dynamics of an ideally homogeneous
RET process. From it we were able to quantify precisely the kinetics of regression of those
mesoscopic fluctuations.
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Figure 2.13: Scheme of a distribution of donor (red circles) and acceptor (blue squares)
molecules embedded inside an optical Fabry-Pérot cavity. The cavity mode might be res-
onantly coupled with an electronic transition of either the D or A-type of molecules. The
arrows correspond to /. the cavity coherence length, [p the spatial correlation length of
molecular pairs, Ry the Forster radius and (R) the average distance between molecular
pairs involved in the RET processes. Unpublished Fig.

Future research perspectives. Our predictions for the RET dynamics should be observ-
able in state of the art transient-fluorescence or pump-probe experiments. In the former
case, additional effects at ultra-short times (shorter that the exciton-exciton annihilation
time) should be observable that result from the interplay between the time-dependent drive
by the pump followed by the slower relaxation dynamics due to fluorescence, exciton-
exciton relaxation, and RET. The theoretical description of such effects in spatially inhomoge-
neous and anisotropic samples (position and orientational disorder of the molecular dipoles) is
still an open issue, that would necessitate a generalization of our approach towards the use of
a generalized master equation [75]. Such generalization would be of interest to investigate
another class of problems for which the D and A molecules are embedded inside an optical
cavity, and compute the modification of the rate of RET inside the cavity (see experiments
performed in Ref. [[123]]). Such approach would mix the intrinsic chemical complexity of the
RET process to the complexity induced by collective coupling of the molecular ensemble to the
cavity optical modes at the origin of polariton formation. This problem is multiscale in na-
ture (see Fig.[2.13). We anticipate the interplay between the following length scales: [, the
cavity coherence length defining the mode volume in which coherent coupling between
molecules has to be taken into account, /p the spatial correlation length for the distribution
of molecular pairs, R, the Forster radius and (R) the average distance between molecular
pairs involved in the local RET processes. We formulate the following questions which at
the present day, to our knowledge, are still unsolved.
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1. How to reconcile the collective and delocalized nature of polariton excitations in an op-
tical cavity with the local nature of RET processes at the microscopic molecular level ?

2. How to model and compute the modification of the RET dynamics inside cavity ?

We believe that part of the answer is encoded into the interplay between the coherent (delo-
calized) light-matter coupling mechanism and the stochastic dynamics (localized) of RET as
described by a general chemical master equation including both the molecular aggregate and
the mode dynamics. Such equation has still to be derived and solved ! We hope that the the-
oretical approach and results we derived in this chapter will be of interest to drive future
theoretical and experimental investigations along that way. We anticipate a modeling of the
complexity of this problem in terms of a random diffusion of the system configuration onto the
graph of manybody states describing its correlated light-matter excitations: this is very simi-
lar to the graph theoretical approach of RET we have shown in the simple example of Fig.
This will be a hierarchical problem: at ultrafast femtosecond time scales, the molecules
collectively synchronize to the dynamics of the cavity mode leading to the formation of
a polariton. At larger times (picoseconds to nanoseconds), RET process that are local in
space will occur, thus inducing a perturbation of the molecular ensemble composition and
a reorganization of the polaritonic electromagnetic environment. A mean-field description
of the structured (spatially and temporally) hybrid light-matter polaritonic environment made
of the coupled cavity modes and the molecular ensemble is thus clearly needed and probably
is a crucial ingredient to include into the description of RET in polaritonic chemistry. The the-
ory in this direction is still in its infancy and I see it as a motivating path and a challenge
for my future research to look for such surprising and rich effects, when chemistry meets
physics inside optical Fabry-Pérot cavities. Whether this approach is successful or not for
this goal is still not known and of no true importance: what matters is "the beauty and the
knowledge acquired when walking along that path"...
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Chapter 3

Chirality and dimensionality in the
ultrastrong light-matter coupling
regime

3.1 Introduction
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Figure 3.1: d) Scheme of an optical Fabry-Pérot cavity made of a layer of Spiropyran
molecules (SPI) sandwiched between two layers of silver mirrors. a) The SPI molecules
can undergo a photochemical reaction giving Merocyanine (MC) molecules. ¢) Absorption
spectrum of the MC form in red for molecules out of cavity. f) Same absorption spectrum in
green but for the MC embedded inside cavity which is resonant with the MC — MC* tran-
sition. Rabi split peaks appear due to the formation of polaritons. Adapted from Ref. .
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An ultra brief introduction to polaritonic chemistry. Polaritonic chemistry [42, 47]
is an emerging and dynamic field of research which aims at modulating physical properties
[123,190] and chemical reactivity [64] of molecular ensembles or materials embedded inside an
electromagnetic cavity. This modulation occurs in the so-called light-matter strong-coupling
regime when a collective interaction mechanism between electronic or vibrational molec-
ular transitions and the quantum vacuum fluctuations of some resonant cavity mode takes
place and gets faster than the total dissipation rate of the cavity. This strong coupling
regime is characterized by the formation of hybrid light-matter states called polaritons [64,
35] which can be observed by measuring the collective vacuum Rabi splitting of the cavity
absorption signal (see Fig.[3.1| for a measurement performed in the electronic strong cou-
pling regime). However many points remain badly or only partially understood to explain
the observed experiments which are related to the necessity of including into the theo-
retical modeling of optical cavities "a certain degree of complexity" either related to the
chemical complexity of the molecular material or to the optical complexity in describing the
spatial structure of the cavity electromagnetic field. Both points are particularly salient when
dealing with chiroptical effects related to the intrinsic chirality of molecules embedded inside
cavity and its interplay with the spatial structure and polarization state of the cavity modes.

The issue of chirality in the light-matter interactions mechanism. Developing a
better understanding of chiral light-matter interactions appears to be an important issue
in order to design more precise spectroscopic tools for molecular [[121]], chemical [38, [54]
and biological [97,88] sciences. This quest is however made difficult due to the intrinsically
weak intensity of chiroptical signals [28] and to the complexity and multi-scale nature [32,/113]
of the related light-matter interaction process. Indeed, at the microscopic level, a description
of optical activity (OA) or circular dichroism (CD) in three dimensions involves a delicate
interference process between intrinsic molecular electronic or vibrational properties and
the spatial inhomogeneity of the local electromagnetic (EM) field [28,[80} 82, |116]]. It is by
consequence crucial to describe the system "chiral material plus electromagnetic field" as a
whole [44, 4].

Chiral polaritonics. This problematic is at the heart of an emerging field of research
known as chiral polaritonics [11, 86] which aims at boosting chiroptical signals through
the onset of collective interaction mechanisms [42, 47] taking place in an engineered elec-
tromagnetic environment. A central question in this field is to investigate whether strong
coupling between light and matter could open new paths towards modification of the stere-
oselectivity of chemical reactions inside cavity, thus leading to an asymmetric polaritonic
chemistry. Unfortunately, one is confronted to the problem that inside a standard optical
Fabry-Pérot (FP) cavity, polarization reversal of the EM waves occurs at the interfaces with
the metallic mirrors [67]]. This leads to no cavity-induced amplification of OA or CD signals
[94,1119,/112] despite a very large collective coupling strength [87]. The idea was thus pro-
posed to recycle the EM field helicity in so-called chiral FP cavities 122} 43,1119} |11, 86, (87,
12,148,|21,(106] (see Fig. , thus leading to an imbalance of polarization content of the EM
field stored inside cavity and possibly enhanced chiroptical properties of the cavity [86,87]].
In parallel, the theoretical description of the above mentioned interplay between collective
light-matter strong coupling and chirality in such cavities is still in its infancy. There are
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Figure 3.2: a) Scheme of single-handedness optical Fabry-Pérot cavity for which spin-
preserving mirrors enable to recycle the helicity of the electromagnetic waves inside the
cavity. The left handed or right handed circular polarization content of the electromagnetic
energy stored inside cavity is thus imbalanced close to some spin-preserving frequency.
Adapted from Ref. [119]]. b) Differential circular dichroism (DCT) signal for such a cavity
computed as a function of cavity length and frequency. Close to the spin-preserving fre-
quency of the mirrors, the DCT chiroptical signal is enhanced significantly, thus realizing
a chiral Fabry-Pérot cavity. Adapted from our recent Ref. [86].

many recent efforts enabling to describe accurately either the EM field structure in the cav-
ity [119,/86,87], or the molecular electronic and vibrational structure using mixed quantum
electrodynamics approaches [116| 95|] with ab initio quantum chemical methods 101, |109,
100]. Those works consider either three dimensional chiral cavities filled homogeneously
with an optically active material, or single to few molecules coupled to a spatially homo-
geneous and single quantum EM mode of the cavity. However, by their very approaches,
these works do not perceive one crucial aspect that is fundamental to the phenomenon of chi-
rality, namely the role played by dimensionality when looking at a chiral molecular system
embedded inside a given electromagnetic environment.

Problematic of the present chapter. We address in the present chapter the following
questions related to chiral light matter interactions but in a standard FP cavity with normal
metallic mirrors

1. What is the role of reducing dimensionality from dimension three (3D) to dimension
two (2D) of the coupled molecular system embedded inside cavity ?

2. How to deal with the spatial dispersion along the optical axis of the EM field structure
inside cavity, that is necessary to describe chiral signatures on optical properties of
the cavity ?

3. Is there some enantio-dependent shift of the cavity polaritonic spectra and how do they
depend on experimentally relevant parameters like the concentration of the chiral
molecules, the position of the 2D layer along the mode spatial profile or the intrinsic
molecular chirality ?
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We formulate a partial answer to those problems in three steps. We provide first a gen-
eral introduction to the physics of polaritons in optical cavities in Sec. this shows how to
compute the polaritonic spectra and what is the effect of the unavoidable presence of inhomo-
geneous disorder in the material inside cavity. We then study in more detail the polaritonic
spectra including the peculiarities induced upon entering the ultrastrong coupling regime in
Sec. an in-depth analysis is given of the polaritonic dispersion curves and an analogy is
developed between the underlying physical mechanism with an equivalent problem of classi-
cal Newtonian mechanics. We then investigate in Sec. 3.4| the chiral light matter interaction
mechanism emerging between a 2D layer of chiral molecules an the states of polarization of an
optical FP cavity. We provide an analytical scaling law of chiroptical polaritonic dispersions
that can be tested experimentally. On top of that, intertwining chirality with dimensionality
points towards a fundamental role played by topology. To unveil the underlying topological
structure of our quantum theory, we analyzed the analogous classical dynamics of the in-
teracting chiral light-matter system in its phase space. We show a one to one correspondence
between the enantio-dependent shifts of the predicted polaritonic spectra and the dynamics of
the equivalent classical trajectories exhibiting a modified anholonomy angle due to the onset
of gyrotropic coupling. Finally, a conclusion and some perspectives and open questions for
future research are given in the conclusion in Sec. This work on chirality is mainly
the output of a collaboration with Cyriaque Genet (ISIS) that is part of the scientific work
I made during my one year visit in his laboratory. It is reported in our recent Ref. [6]. This
opens many doors to question our understanding of chiral light-matter interactions both
theoretically and experimentally.

3.2 Canonical model of polariton formation

In this section, we provide an introduction to the mechanism of polariton formation in
standard Fabry-Pérot cavities. This introduction is inspired by the pioneer work of Houdré
[63] whose beautiful paper introduced the general concepts that are necessary to grasp
and understand the effect of inhomogeneous broadening due to molecular disorder in po-
lariton physics. We provide here a personal derivation of those main physical concepts and
formulate them in such a way to be readily generalizable to a broader class of problems, for
instance for problems involving the coupling between a molecular ensemble and more than
one electromagnetic cavity mode. For that purpose, we first introduce the general descrip-
tion of the coupling between a distribution of molecules and a single optical cavity mode
in Sec. and then provide the corresponding microscopic Hamiltonian in Sec. In
order to simplify this problem and make it tractable analytically, the rotating-wave approx-
imation is introduced and justified in Sec. The eigenspectrum of such Hamiltonian in
the strong coupling regime provides the desired polaritonic spectra: the former are obtained
as the multiple solutions of a non-linear secular equation written and solved in Sec.[3.2.4}
While an exact analytical solution is available for the case of an homogeneous coupling of
the molecules to the cavity mode as written in Subsec. the case of inhomogeneous
coupling is more complex to treat. For that purpose, we introduce with some care a way
to define and treat the unavoidable energetic and orientational disorder of the molecular
ensemble. From those considerations, the crucial issue of the thermodynamic limit is tenta-
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tively discussed. This discussion about the thermodynamic limit is, we think, original to this
manuscript and remains on many aspects an open and lively problem in the field of molecular
polaritonics. Finally, the complete analysis of the polaritonic spectra in presence of such
inhomogeneous coupling of molecules to the cavity is provided.

3.2.1 Position of the problem

Figure 3.3: Sketch of a canonical Fabry-Pérot cavity of length L and with a cavity mode w,
that is resonant or close to be resonant with the electronic transition A of cavity-embedded
molecules (red points).

We consider the paradigmatic model of Fabry-Pérot cavity shown schematically in Fig.[3.3]
This cavity is made of perfect metallic mirrors of length L and is filled with molecules (red
points) having an electronic transition frequency A between their ground and excited state.
The cavity is such that there is one cavity electromagnetic (EM) mode of frequency w. (the
fundamental mode is shown as an example in Fig. that is resonant or close to be reso-
nant with the electronic transition w. ~ A. We consider the typical experimental situation
in which the optical response of the cavity is probed by excitation of a weak incoming laser
signal at normal incidence. The resulting optical absorption spectrum is then measured and
reveals the energetics of the cavity optical excitations arising from the interaction between
the cavity EM field and the embedded molecules. We ask ourselves how to compute those
optical spectra. This is a complex problem that can be formulated in several ways. One way
is to model the cavity as a layered dielectric material with metallic mirrors of finite length
and a dielectric material standing for the continuous medium made by the molecules in-
side cavity. One then solves the classical Maxwell equations for the EM field and computes
the transmission, reflection and absorption signals of the cavity using transfer matrix ap-
proaches. We developed and used that fully classical approach in our recent Refs. [86, 87]].
Another approach inspired from cavity quantum electrodynamics [58]] is to build a full

_75_



quantum mechanical microscopic description of the resonant cavity modes coupled to the
molecules inside cavity, the mirrors being incorporated as hard boundary conditions for
the EM field. One then obtains the desired optical spectrum as the eigenspectrum of the
Hamiltonian describing the cavity. The first approach provides a complete description of
the classical EM field structure inside and outside cavity but poorly describes the material
response inside. The second approach instead describes accurately the quantum mechani-
cal properties of the molecules coupled to a single quantum cavity mode, but neglects the
spatial structure as well as the dispersive and multimode nature of the EM field inside cav-
ity. It would be very interesting to mix both approaches in order to retain the desirable level
of "optical complexity" in the description of both the EM field and material inside cavity but
this problem would in general result in non-tractable or very hard problems to solve. We thus
chose in this section to follow the Hamiltonian formulation of light-matter interactions in-
side cavity within the simplest possible model, adding optical complexity to the theoretical
modeling when this will be necessary to describe a given physical question.

Open question.  Given the paradigmatic and simplest theoretical model sketched in Fig.[3.3
we ask ourselves how to compute the eigenspectrum of the microscopic Hamiltonian describing
the problem of molecules coupled quantum mechanically to the cavity EM field.

3.2.2 Microscopic Hamiltonian of the Fabry-Pérot cavity

Homogeneous Hamiltonian. We write the homogeneous Hamiltonian H(om) describ-
ing light-matter interactions at the quantum level between a single EM cavity-mode and a
distribution of /V identical molecules as

N

A 1A
H(hom) = hw, (aTa + 5) + hE Z (Clicei - C;icgi)

i=1
N

Z (czicgi + C;,-Cei)
i=1

1=

2

N 2
— ihg (a — aT) Z (clicgi + c;cez) + hg_

w
i=1 ¢

, (3.1)

with ¢/, (c;-) a fermionic creation operator putting the molecule number 7 into its electronic
excited (ground) state and g the homogeneous electric-dipole coupling constant between
molecule ¢ and the cavity-mode. The first term stands for the Hamiltonian describing the
single cavity mode of frequency w,.. The second one describes the population of molecules
inside cavity that we consider to be approximated by /V identical two-level systems of fre-
quency A. The third term is the standard light-matter electric dipole interaction term with
g the homogeneous electric-dipole coupling constant between molecule ¢ and the cavity-
mode. The last term is the self-dipole interaction term that was shown to be necessary to
ensure gauge invariance and the existence of a finite ground-state energy for the coupled system
in the ultrastrong light-matter coupling regime [101, [109]. We note that this homogeneous
Hamiltonian holds under the following assumptions

1. We suppose that there is only one cavity mode of frequency w, that couples to iden-
tical molecules and we suppose the EM field is spatially homogeneous.
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2. Each molecule is embedded inside a mode volume in which it couples in the same
way to the cavity-mode with coupling strength g.

3. The electric dipole approximation is made for which the spatial variation of the electric
field is neglected on the size of the molecular orbitals, leading to an homogeneous and
coherent light-matter coupling.

4. We neglect losses due to finite reflectivity of the cavity mirrors or direct spontaneous
emission of the molecules to the cavity structured electromagnetic bath.

5. We do not describe accurately the multilevel electronic structure of the molecule nor
effects related to its vibrational structure or to electron-electron Coulomb interactions
between the molecules.

Inhomogeneous Hamiltonian. All those assumptions at the origin the homogeneous
Hamiltonian model in Eq. can be questionable to describe the physical problem of
Fig. The simplest hypothesis to relax is the homogeneity assumption, namely to con-
sider that each molecule s may be embedded inside a slightly different fluctuating local elec-
trostatic environment at the origin of a shifted electronic transition frequency A; = A +¢;.
A different coupling strength g; between this molecule and the cavity mode also arises
due to either the spatial dependence of the cavity mode electromagnetic field or to molecular
orientations fluctuating from place to place in the cavity. This leads to the inhomogeneous
Hamiltonian F (irhom) taking into account both local energetic disorder and off-diagonal ori-
entational disorder for the light-matter interaction problem

N

N 1 A i

H(lnhom) = hw, (aTa + 5) +h E % (Ciicei - C;ngz)
=1

N N
— ih (a — aT) Z Gi (c;-cgi + c;-cei> + h% Z i (c;cgi + cjﬂ-cei>
i=1 ¢ li=1

2

(3.2)

Open problem. In general the exact eigenspectrum of H(mhom) j¢ not known, either due the
energetic and orientational disorder or to the anharmonic nature of the light-matter interaction.
We thus need approximate methods to derive the spectrum of light-matter excitations.

3.2.3 Projected Hamiltonian in the single-photon excitation sector

Rotating-wave approximation. We simplify the inhomogeneous Hamiltonian in Eq.
by doing the rotating-wave approximation (RWA) obtaining

X 1 A A+te

— ZthZ (acezcgZ c ceZaT) . (3.3)
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Figure 3.4: Left: Connectivity graph of the Hamiltonian written in Eq. The cavity mode
of frequency w, is shown as a blue circle while the /N molecules of transition frequencies

A + ¢, are shown as black circles. The light-matter couplings g; are pictured as red links.
Right: Graph of the renormalized optical mode frequency w.(w) = w.+ Xy (w) after tracing
out the excitonic bath degrees of freedom (thick blue circle). Unpublished Fig.

This approximation is valid within the following assumptions

1. The cavity frequency w, is close to resonance with the molecular transition A so that
in the rotated frame (rotating at angular frequency w,.) one neglects fast oscillating
terms at frequency w. compared to static or quasi-static ones: this amounts to keep
in the dipole interaction Hamiltonian only terms that conserve the total energy of
the system. The former terms are those in which a cavity photon is destroyed and ab-
sorbed by one molecule, or a cavity photon is created and emitted from one of the excited
molecule.

2. One neglects the self-dipole interaction terms which are of typical relative lower or-
der max(g;)/w. < 1 compared to the rotating terms in the dipole interaction term.

Both conditions of throwing out the counter-rotating terms in the dipole interaction term
and of neglecting the self-dipole interaction term are consistent and well justified for cou-
pling strengths max(g;) < w.. Hence the Hamiltonian in Eq.|3.3 describes well the excitation
spectrum for light-matter coupling strengths that are smaller than the cavity frequency thus
out of the so-called ultrastrong coupling regime, but which can still be much larger than the to-
tal dissipation rate due to the cavity and material losses thus in the strong (but not ultrastrong!)
coupling regime.

Projection onto the single-photon excitation sector. In this paragraph, we derive an
algebraic approach to compute the polaritonic excitation spectrum from the H(RWA) Hamil-
tonian projected onto the low-energy single-photon and single molecular-exciton sector.
This additional approximation is valid for weak average number of photons populating the
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cavity mode <aTa> < 1 and a low density of electronic excitations Zi\; <CL~Cez‘> < N.

This the case if the cavity is not driven or the damping the cavity is sufficiently large to
bring back the cavity close to its vacuum ground state. When this condition is fulfilled, we
look for eigenvectors |\) of H(®WA) in the form

N
) = aclGiL) + ) b le;)i0c) (34)
j=1

with the basis of manybody light-matter states written

|G50,) = |g1--gn) ®|0c) , (3.5)
|G; 1c> = aT ‘Ga Oc> - |gl e gN> ® |1c> (3'6)
|(€:);0.) = b} |G500) = g1+ gi—1(€:)giv1 -+ - gn) @ [0c) - (3.7)

The excitation spectrum in the single-photon sector of the truncated Hamiltonian H(RWA)

is then solution of the following linear system of equations

N

A, = Wb+ Z g;0; (3.8)
j=1

/\bj = (A + €j)bj + ngLc . (3.9)

which can be written as an eigenvalue problem for the effective matrix H") written in this
basis

We 191 192 igs 0 igN
—igi At+e 0 0 - 0
1 _ —Zgg 0 A+ &2 0 te 0
" Pl i 0 0 A-e 0 (3.10)
| —igN 0 0 0 e A +ENn i

This effective Hamiltonian can be represented by a graph of interactions shown in Fig.[3.4-left)
with a star connectivity, the cavity mode being coupled to all molecules in the ensemble.

Tracing out the excitonic bath. The linear equation Eq.[3.9 enables to eliminate explic-
itly the b; excitonic degree of freedom, expressed as

9j
b, = . 3.11
T X (e 10
thus leading to the following secular equation for the unknown eigenvalue A = p + A
given by

,U—(Sc = EN(:U’)7 (3-12)
gyl
Sn(p) = Y H, (3.13)

=1 M
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where we introduced 6. = w. — A the cavity mode detuning frequency and ¥y (u) the
self-energy depending on the unknown eigenvalue p that renormalizes the bare cavity fre-
quency w.. This tracing out of the exciton bath degree of freedom that results in a renormaliza-
tion of w, is shown in Fig.[3.4-right). Formally, the solution of the secular equation Eq.
provides the expected polariton spectrum of the cavity.

3.2.4 Effect of disorder on the polariton spectra

Polaritons in the homogeneous case

We consider the homogeneous case for which g; = g and ; = 0 for all molecule j. This
corresponds to identical molecules without energetic and orientational disorder that are cou-
pled to the same cavity mode. The secular equations Egs. can be solved exactly,
providing the excitation spectra as

Oc Qr(d.

Ap=+(0c) = A+5+n R2( ), (3.14)
2

Qr(d,) = 2 Ng2—|—(%) . (3.15)

There are thus two branches of solutions: a lower polariton (LP) branch A_ and a upper
polariton (UP) branch A, that are splitted by the collective vacuum Rabi splitting Qr(J..).
At resonance . = 0 we obtain for the excitation spectra and corresponding eigenstates

res

e = At (3.16)

Qs = 29VN, (3.17)

w _ L N
|)‘>77 - \/5{|G7 1C>+\/N;|( ])7OC>} . (3'18)

Hence the eigenstates written in Eq. are collective and hybrid light-matter excitations
called polaritons that have a component that is delocalized on the molecular ensemble. The
collective Rabi splitting is scaling with the square root of molecular concentration in the en-
semble [58]. We show in Fig. those polaritonic branches at resonance as dashed red
(blue) lines corresponding to the UP (LP) branches. It is interesting to notice that the LP
and UP branches written in Eq. can be obtain as the solution of an analogous prob-
lem of two coupled oscillators: one which is the cavity oscillator of frequency w. and the
other the collective exciton oscillator of frequency A, the coupling between them being
the collective coupling gv/N. In other words the LP and UP polaritons in rotating wave
approximation could be obtained as the eigenmodes of the following effective Hamiltonian
H(2=modes) written as

We z'g\/N

It is then physically clear that the emergence of Rabi split LP and UP in in Eq. can be
interpreted as the anti-crossing between two coupled oscillators. We leave the justification

H(Q—modes) - B
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and further physical interpretation of those spectra for the next section Sec. We note
that there is no threshold for the appearance of the splitting: this is an artifact of our model
which neglects dissipation in the cavity. Dissipation can be included in a phenomenological
way by adding a non-hermitian contribution to H(?~™°ds) in Eq, @L We also remark
that we recover the standard single-photon excitation spectra of the paradigmatic Tavis-
Cummings model in quantum optics [[115].

Disorder and orientational averaging in the inhomogeneous case

We now consider the general case where onsite energetic disorder and orientational disor-
der are both present. In this paragraph, we define a precise way to perform ensemble averages
on the configurations of molecular energetic disorder and orientational disorders. For that

purpose, we consider a general function f <{5], Q; }] el N”) of the distribution of molec-

ular exciton energies ¢; and orientation angles 2; = {6;,1);, ¢;} with the Euler angles
(05,7, ¢;) € [0, 7] x [0,27[x |0, 27| giving the direction of the electric transition dipole of

molecule j. We define the disorder and orientational average < f ({gj, Q; }j) >Q of the
W

f-function as

(1) = T [ s [ [ 05 (o)

(3.20)

In Eq.|3.20, we made the following assumptions that

1. The distribution of onsite energetic disorder and molecular orientation disorder are in-

dependent.

2. The distribution of both molecular disorder and orientations are spatially uncorrelated
and independent from molecule to molecule.

3. The random onsite energy €; varying from molecule to molecule is equally distributed
in the range [—W, W] with W the disorder strength, thus realizing an Anderson-type
of disorder.

4. The system is supposed to be isotropic, namely each choice of random solid angle is
equiprobable.

This choice of averaging enables to simplify the calculation of disorder and orientational av-

erages. In particular the average in the case where f ({aj, Qj}j> =f <{€j}j> fo <{QJ}J>

can be obtained as a factorized expression

(o)), = (hten)), (R (1)), (3.21)

with < fi <{€j}j> >W the average performed on onsite disorder for the f;-function and

< f2 ({QJ }J) >Q the average performed on molecular orientations for the f,-function. The
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latter assumptions on disorder can be generalized to any kind of spatially correlated disorder
at the prize of an harder or even impossible analytical calculation of the averaged f-function !

Issue of the thermodynamic limit
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Figure 3.5: Graphical solutions (black dots) of the secular Eqs We find here two
stable solutions u4 and one unstable solution ;. Unpublished Fig.

Problematic of the thermodynamic limit. In this section, we want to investigate the
behavior of the polaritonic spectra for the inhomogeneous molecular systems in the ther-
modynamic limit N — 400, V' — +o0o but N/V finite. This is a subtle question which up
to the present day, did not received a completely satisfactory answer in the field of polaritonic
chemistry. To make some progress towards this goal, we propose to investigate the behav-
ior of the solution of the secular equations Egs. derived in the previous Sec.
after performing disorder and orientational average on the self-energy (X (i)), - in the
limit N — oo. This procedure is ambiguous because there are at least two ways ofdeﬁning
this limit depending on the order that is chosen to perform the disorder and orientational
averaging or the limit N — oo. We introduce consistently two quantities

(S = Jim_ <Z@> , 622)
T aw

= P
2 gyl

_ ~ 19517
J=1 QW

The study of the thermodynamic limit thus amounts to analyze mathematically the conver-
gence properties with respect to N of both series in Eq.|3.223.23 and if the N — oo limit and
the (- - - )¢y average can be permuted or not. We anticipate the following possible situation

for which
(S, # (E(w) (3.24)
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namely the large N-limit does not commute with the spatial averaging resulting in a difference
between both approaches to the thermodynamic limit. Similar analysis of a phase-transition
when approaching the macroscopic limit were investigated in mesoscopic physics by Pastawski
[92]. A sufficient condition for having equality between both averages happens when both
series in Eq. converge absolutely (uniform convergence) so that one can permute
the large N-limit with the spatial averages. We show in the next paragraph when this is the
case.

Convergence of the self-energy series. Using the assumptions of Sec. for the
spatially uncorrelated energetic and orientational disorders, we can write the following
explicit expressions for the average self-energies

N—+400

= (%)
(S(w), = lim N(g"), > M%Jf, (3.25)
p=0

—e

S, = N<g2>ﬂ< ! >W, (3.26)

with 24/ N (g?), the "macroscopic” or spatially coarsed grained collective Vacuum Rabi Split-
ting that recovers the expression given by Eq. in the homogeneous case. The moments
of the Anderson probability distribution in Eq. are readily obtained as

(e )y = 0, (3.27)

we2r
<€2p>W - 2p_|_1’

(3.28)

which after a direct calculation provide the final expressions of the average self-energies

N (g* W
(X(w);, = §49/>Q arctanh (;) s YW <y, (3.29)

S0, = N2<€;>Q {m‘ZJ_rMW/'—mRectu [—W,W]}; Vi€ R\ {—W, W} .

(3.30)

Those analytical expressions are remarkable since they enable a complete analysis of the series
convergence. We find that the positive series (3(1)), in Eq. is convergent and thus ab-
solutely convergent for W/|u| < 1 and divergent for W/|u| > 1. Its radius of convergence
is thus || = W. The series (X(u)), in Eq. is also well defined for W/|u| < 1: as
expected, inside the radius of convergency both self-energies do coincide (X(p)); = (X(i)),-
However, in contrast to (X(x)), which diverges out of its radius of convergency, we find
that the self-energy (¥X(u)), stays well defined and acquires a finite imaginary part. The
latter phenomenon is assigned to an emergent and finite lifetime 14(\) acquired by polari-
tonic excitations in the thermodynamic limit, due to the coupling to the disordered molecular
excitonic bath

1 _ﬂ_N<92>Q ect [—
Td(,u) —Im (<Z(M>>2> - oM R tu[ WW] : (3'31)
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The interpretation of the finite lifetime is the following. The Hamiltonian matrix in Eq.
is characterized by N + 1 eigenvalues. In absence of disorder, two of those eigenvalues are
the LP and UP polariton excitations located at energies given by Eq. But there remains
N — 1 dark states that are orthogonal to the LP and UP that are located at energy A. Due
to disorder, those dark states get split into a distribution of N — 1 states of width W around
the average exciton energy A. In the thermodynamic limit N — +o0, this band becomes a
continuum of states forming an excitonic bath. The polaritons falling inside this band acquire
a finite lifetime due to inhomogeneous broadening by disorder which is given by Fermi Golden
Rule (in units A = 1)

— = 20 (e i 532)
(P = gRecty [TV, W] (5:33)

with (p(\)), the averaged density of states of the dark-states excitonic bath. Outside the
miniband of dark states, there is no density of states so that the broadening of states vanishes:
this explains the existence of a threshold behavior as resulting from both the thermodynamic
limit (necessary to induce a continuum of states at the origin of irreversibility) and the specific
nature of disorder (the fact that there is an energy cutoff W in the disorder strength and thus
in the density of states). We note that the finite lifetime cannot be obtained by truncating
the series (X(\)), at any fixed order N (even very large!). It is found as the analytical
continuation of the series out of its radius of convergency with a sign of its imaginary part
associated to the retarded response of the medium.

Polaritons in the inhomogeneous case

In this paragraph, we look for the solution of the secular Eq. with the expression of
the averaged self-energy in the thermodynamic limit given by Eq. In general, complex
solutions are to be searched in the form p = p’ + ip” thus giving two real equations

1 - 02 |1
LI - —m‘ Ul (3.34)
U 2 1—u
- = ! (3.35)
Ta(p')’
with
W < Oc &2 N <92>Q

We note that Eq.[3.34]is a non-linear and transcendental equation: it thus cannot be solved
explicitly analytically. We thus resort to a graphical solution shown in Fig[3.5/for a normal-
ized detuning d, = 0.5 and coupling strength Q2 = 2.0. In this range of parameters, we find
two stable solutions uy with infinite lifetime A, = 0 corresponding to the UP u, and LP
u_ branches. In this case there is no disorder-induced inhomogeneous broadening of the po-
laritons, even if the disorder-strength is quite large: this is consistent with the pioneer work
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Figure 3.6: Polaritonic excitations computed from numerical solution of the transcendental
Eq. as a functions of the light-matter coupling strength gv/N. At resonance §, =
0, we find two stable solutions corresponding to the LP (plain blue) and UP (plain red)
excitations. Two unstable solutions are also found and shown as dotted curves. The yellow
points are the result of numerical diagonalization of the Hamiltonian written in Eq.[3.10|for
fixed a number N = 100 molecules and one configuration of energetic Anderson disorder.
Parameters are: A = w, = 1.0, W = 0.2, N = 100. Unpublished Fig.

of Houdré et al. [63] that reports an homogeneous linewidth for the LP and UP at finite N
values despite the presence of disorder. Those solutions of the secular equation in the range
of parameters for which ’ ,u/i} > W, correspond to polaritons located out of the miniband
of dark-states. We also find one additional unstable solution u; with finite lifetime 17 # 0
for which || < W, namely when the collective excitation falls inside the dark-state mini-
band. The former solution acquires a large inhomogenous broadening and the UP and LP get
"diluted" in the disordered dark-state manifold. There is thus a threshold behavior character-
izing the thermodynamic limit that is similar to a phase transition. This threshold behavior
could not be obtained in Ref.[63] because of the performed truncation at finite number N
of molecules. Finally, we show in Fig[3.6] the polaritonic excitation spectrum computed
from numerical solution of the transcendental Eq. as a function of light-matter cou-
pling strength gv/N. At resonance 6, = 0, we find two stable solutions corresponding to
the LP (plain blue) and UP (plain red) excitations. Two unstable solutions are also found
and shown as dotted curves. The stable solutions of the secular equation Eq. do match
very well with the results of the full numerical diagonalization of the Hamiltonian with a
finite number N = 100 of molecules (yellow points). Inside the band we see that the polari-
ton branches are not stable and are expelled out of it, namely they are pushed at the frontier of
the radius of convergency of the self-energy series in Eq. We note that recent theoretical
papers appeared that discuss the spectral properties of such inhomogeneous models [85],
which, to our point of view, are still not completely understood.

Open questions. The reasoning we made about the thermodynamic limit and the van-
ishing of the inhomogeneous broadening of polaritons due to disorder in Eq. has some

_85_



limitations. In particular, the fact that the polariton excitation out of the mini-band of dark
states does not have any additional inhomogeneous linewidth is due to our particular model
of disorder that is finite range in energy. A Gaussian disorder or any kind of model of disor-
der without finite support would lead to a finite (even very weak) additional broadening of
the polaritons. Finally, we remark that in taking the thermodynamic limit, one has to take
into account the finite coherent length of the molecular aggregate that is coupled to the cavity
mode. It is still an open but crucial question in the field of polaritonic chemistry to define a
precise and quantitative way to perform this limit.

3.3 A jump into the ultrastrong coupling regime

In this section we investigate the physics of polariton formation in the electronic ultra-
strong coupling regime, namely when the light-matter coupling strength gets of the same
order as the cavity mode frequency. For that purpose, we develop in Sec. a variational
approach to compute the polariton spectra that includes multi-photon effects. The former
approach is compared to a bosonization method to get the polaritonic spectra as presented
in Sec. This amounts to solve non-perturbatively an equivalent problem of coupled
quantum mechanical oscillators, as was first proposed by Hopfield in his pioneer work de-
scribing excitons in solids Ref. [62]. An exact analytical solution to this problem is derived
in Sec. after proposing a mapping of the Hopfield polariton problem to an equivalent
model of classical mechanics in which a mass-weighted fictitious particle is coupled to an ex-
ternal effective magnetic field in a two dimensional harmonic trap. This mapping is original
to this work and, to our knowledge, was not completely noticed in the field of molecular
polaritonics. We finally analyze in Sec. the peculiarities of the polaritonic spectra de-
veloping in the ultrastrong coupling regime, recovering early theoretical results of Ciuti et
al. in Ref. [25]] and experimental ones by George et al. in Ref. [50]].

3.3.1 A variational approach to the polariton problem

Problematic. We come back to the polaritonic problem described by the homogeneous
Hamiltonian written in Sec. in Eq. We aim at improving the rotating-wave ap-
proximation made in Sec. in order to explore the electronic ultrastrong coupling regime,
first in the case where no molecular disorder nor spatial inhomogeneities of the field are in-
volved. Indeed, upon increasing the coupling strength g towards values close to the cavity
mode frequency w,, one cannot anymore neglect the counter-rotating and the self-dipole
interaction terms to the light-matter interaction mechanism which are both of the same
non-negligible order ¢* /w,: one thus need to include all the terms in the Hamiltonian writ-
ten in Eq. The brute force calculation of the eigenspectrum for the Hamiltonian H (hom) g
not possible for any value of N, since the size of the Hilbert space describing the states of the
system increases exponentially with the number N of molecules. We thus are doomed to pro-
pose reasonable and hopefully not uncontrolled approximations to compute the polaritonic
excitation spectrum.
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Including the multiple-photon excitations. In this section, we propose a variational
approach to solve for the polaritonic spectra. Compared to Sec. we keep the condi-
tion of low density of electronic excitations Zf\il <Clicei> < N, but relax the condition
of having a low number of photons populating the cavity mode, namely in the ultrastrong
coupling regime, we allow the molecular system to couple to virtual transitions with an arbi-
trary number of photons populating the cavity mode. We thus propose the following trial
manybody wavefunction improving the previous expansion of Eq.

Nph N
A = Z {anc Gine) +ijmc (ej);nc>} : (3.37)

ne=0 j=1

_ afn

with |n.) = = |0.) the number state containing n. photons in the cavity mode and N,
the maximum number of photon occupation that will be varied up to convergence of the
computed spectra. We note that this approach is the starting point of a more systematic
variational approach that would include higher-order molecular excited states into its descrip-
tion: clearly here, since we only kept single molecular excitons in the wave-function while
any multiple photon excitation is included, this approach is not fully consistent in the way
it treats light and matter in the interaction mechanism. It has however the good prop-
erty of being quite straightforward to solve numerically. We thus proceed by project-
ing and truncating the Hamiltonian H®om) written in Eq. on the basis of manybody
states {|G;nc) , [(€:);1e) b, [0 Npn ) We obtain the following tri-diagonal-per-bloc matrix

H®m) of size [(N 4+ 1)(Nph + 1)] x [(N + 1)(Npn + 1)] which improves on the Hamilto-
nian matrix H(") truncated in the single-photon sector in Eq.

(3.38)

[ Hy V 0 0 0
vVt Hy+ hwd V2 0 = 0
7(N) 0 VW2  Hy+2hwld V3 0 -
0 0 ViV3  Hy+3hwld - 0
0 V/Non
L0 0 . 0 V/Non Ho+ NyyhwId |
We introduced Hj the molecular matrix of size (N + 1) x (N + 1)
wee 0 0 0 0
0 wes+A 22 29 29
¢ 5 s
0 22 wu+A 2L 2%
Hy = h “ 7 we ws : 3.39
’ 0 2L 28 i+ A 2o (3.59)
L O 2%26 23726 23726 .. wgs + A ]
(3.40)
with the energy w,, defined as
. — NA 2
Ty, = th + NrL (3.41)
We
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The light-matter coupling matrix V' of size (N + 1) x (N + 1) is written
[0 1 1 1 1]
1 0 0 O 0
, 1 0 0 0 0
V. = —ihg 1 0 0 o0 0 (3.42)
10 0 0 0 |
(3.43)
2 5 Qp(we=A)=0.4; N,n_a/=100: Ngh=10
. ESC, Numerical
—— LP: Hopfield
— 2.0} — UP: Hopfield
o
S1.5
|
5 1.0
S
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Figure 3.7: Spectrum of eigenstates (relative the ground-state) of the H (Non) Hamiltonian
matrix containing multi-photon processes(see Eq. as a function of cavity frequency
w.. Numerical eigenvalues are presented as yellow points, while the plain curves are those
given by analytic formula in Eq. for the polaritons computed in the harmonic approxi-
mation of Sec.. Parameters are A = 1.0, Qgr(w. = A) = 0.4, N = 100 molecules, and
Npp, = 10. Unpublished Fig.

Polaritons with multi-photon excitations. We compute numerically the eigenspec-

trum of the H (¥»») Hamiltonian matrix containing multi-photon processes written in Eq.
We show the excitation spectra (relative to the ground state) as yellow points in Fig.|3.7|for
the case N = 100 and N, = 10 for which the eigenvalues in the low-energy sector have
converged in the chosen range of parameters. This spectrum is quite complicated to ana-
lyze. It includes both collective polariton and dark state polariton excitations, as well as higher
energy multi-photon polariton excitations that are an hallmark of the strong coupling regime:
they introduce essential anharmonic features in the polariton problem. We let the analysis
and interpretation of such spectra to the next section.

3.3.2 A bosonization of the polariton problem

Problematic. In this section, we come back to the original eigenvalue problem associated
to the homogeneous Hamiltonian in Eq. Compared to the previous Sec.[3.3.1] instead of
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postulating an approximate variational solution to this problem, we hereby propose an analo-
gous but simpler approximate Hamiltonian problem that we are able to solve exactly.

Bosonization of the homogeneous Hamiltonian. For that purpose, we start by rewrit-
ing the H ("™ Hamiltonian in the equivalent form

Hbom)  — py, <a a+ ) —l—hAZ (c Cei — ngng>
— il (a —al) (B + BT) +hD (B + B)”, (3.44)

where we introduced the fully symmetric collective molecular exciton destruction operator

N
1
B = —> i, (3.45)

with b; = c;-cgi the destruction operator of a single molecular exciton on molecule ;. We
also introduced in Eq. the collective Rabi frequency {2y due to electric-dipole interac-
tions and the self-dipole interaction term D expressed respectively as

Or = gVN= A , (3.46)
2
w
D d'il 3.47
4A ) ( )

with wp the typical plasma frequency of the intracavity medium. We note that the b; op-
erator shares some analogy with a bosonic operator, but is not strictly speaking a boson,
since it does not fulfill the proper bosonic commutation relations

|:b bTi| = 6z'j (IAdl — QCLCeZ‘) . (348)

Z7j

Upon exchange of two excitons, there is an additional exchange-interaction to pay that
is proportional to the number of excitations on molecule 7. We thus prefer to talk about
composite boson excitations instead of bosonic excitations for describing that exciton. The
commutation relations of the collective B operator in Eq. follows directly

N
[B,B'] = 4, (I& — %Z c;.cei> . (3.49)
=1

The quasi-bosonic nature of the B-operator appears in the regime of low density of elec-

tronic excitations vazl <c;cei> < N for which the second part of Eq. [3.49| can be ne-

glected. We thus make the following harmonic approximation, for which we write an analo-

gous Hamiltonian ﬁéﬁgm) made of an ensemble of N coupled harmonic oscillators describing

approximately the physics of the electronic strong coupling problem in the limit of low density
electronic excitons in the ensemble

N
r(hom) t,o L i o L
HY™ = huw, <a a+ 2) +hA; <blbz+ 2)
— il (a —a') (B+ B') + hD (B + B)” . (3.50)
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The spectrum of this Hamiltonian can be found exactly. However we note that the original
Hamiltonian H"™) in Eq. is not harmonic due to the presence of the two level systems. The
presence of anharmonicities in the light-matter interaction problem makes the former harder
to solve.

Bogoliubov transformation. The Hamiltonian H S;gm) in Eq. being quadratic in the
bosonic operators a and b;, it can be diagonalized exactly. This amounts to find the new
eigenmodes of the coupled harmonic oscillator problem by doing a Bogoliubov transfor-
mation, as was done for similar problems in Refs. [62, 50, 25]). We thus look for eigenmode
bosonic operators of the form

s = aa+ BB+~a' + BT, (3.51)

that are linear combination of the initial creation and destruction operators. By construc-
tion, those operators should fulfill the following conditions

XXl = 1, (3.52)

1 Fy m
wxs = [XS,HS;;’ )} . (3.53)

The equation Eq. is a commutation rule expressing the fact that the x| operator is an op-
erator that creates a bosonic collective excitation (polariton), and the equation Eq. is the
condition that this s excitation is an eigenmode in Heisenberg representation for the Hamil-
tonian Hé};‘;m). We now introduce the vector of operators A = la, B,a', B and the un-

known vector of Hopfield coefficients C' = [, (3,7, d] from which, Eq. can be written

~t
Xs = A - C. Using this notation, the spectrum of polariton collective excitations can be
found from Egs.[3.52[3.53| as the solution of the following linear eigenvalue problem

chg-Cc = 1, (3.54)
wA'.c = An.-C, (3.55)
with the g metric and # Hopfield-matrix respectively given by
g = diag(1,1,-1,-1), (3.56)
We —iQR 0 ZQR

0 ZQR —We —iQR
1R 2D Qr —A—2D

The Hopfield-matrix H in Eq. can be diagonalized numerically exactly with the con-
straint of normalization given by Eq.[3.56] providing the desired polariton spectrum.

Comparison with the variational approach. We plot in Fig[3.7|the spectrum of the LP
(in blue) and UP (in red) polaritons obtained as numerical solution of the above Hopfield-
matrix problem. This spectrum is superimposed and compared to the numerical solution
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of the variational approach described in Sec. (yellow points). We note that those low-
energy polaritons are qualitatively the same with both methods. However, there are some
quantitative differences, that we assign to the intrinsic anharmonicities of the variational ap-
proach while the Hopfield-matrix problem is a strictly harmonic one. This enlightens the diffi-
culty and sensibility of the chosen approximation methods to derive the polariton spectra in
the ultrastrong coupling regime. We thus adopt the following pragmatic approach of choosing
the Hopfield-matrix approach for exploring ultrastrong light-matter interaction problems due
to its simplicity and capacity to both exhibit analytical results and transparent physical inter-
pretation of the computed analytical spectra. This choice is not unique: it is still an open and
relevant problem of manybody physics to investigate the ultrastrong light-matter coupling
regime with non-pertubative methods that are both gauge invariant and well controlled.

3.3.3 Classical analog and exact solution to the Hopfield problem

Classical limit of the Hopfield problem. In this section, we provide a mapping of the

previous quantum mechanical problem described by the ﬁ&gm) in Eq. to an equivalent
classical Hamiltonian H') obtained as the classical limit of the previous one. This enables
to propose a fruitful analogy between the polariton physics and an equivalent problem
of classical mechanics. The classical limit is achieved using the natural mass-weighted
coordinates (¢., () and momenta (p,, P) of the harmonic oscillators associated respectively
to the optical cavity mode operator a and the collective molecular excitation operator B
relative to the dielectric polarization of the molecular ensemble. We have

_ | i
“ = \5, (a+al), (3.58)
pe = \/h%a_.af, (3.59)
2 1
N .
Q = 2A(B+B), (3.60)
P = ,/%B_,BT. (3.61)
2 1

In the classical limit, those operators are taken to be classical and thus commuting variables.

This leads to the following form of classical Hamiltonian H () equivalent to I:]}glggm) in the
classical limit
2 2 P2 A2 w2
7 (CONN P E ) R 0k Q-+ ZE02] 3.62

{2+2qc+2+2Q + |wppQ + —-Q (3.62)
As expected, the eigenmodes of the classical Hamiltonian H () in Eq. are the same
as the eigenvalues of the Hopfield matrix H in Eq. This is so because the problem of
Hopfield polaritons is an harmonic one in which the underlying physical problem is equivalent
to find the eigenmodes of a collection of interacting harmonic oscillators.

Classical equations of motion. We now study in more details the problem of classical
mechanics associated to H() in Eq. For that purpose, we first derive the classical
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Hamilton equations associated to the variables (q., @), pe, P)

e = petwp@, (3.63)
Q = P, (3.64)
Pe = —Wiqe, (3.65)
P = —A’Q—wpp., (3.66)

where we introduced the renormalized molecular exciton frequency A as

A= /A2 w2, (3.67)

From those Hamilton equations, we can obtain the Newton equations of motion associated
to the classical variables (q., Q) of the interacting oscillator coordinates

G = —wlqe+wp@Q, (3.68)
Q = —A’Q—wpq.. (3.69)

We note that contrary to Hamilton equations Egs. [3.63/13.64]3.65/3.66] which involve the
renormalized molecular exciton frequency A, the Newton equations Eqs. 3.68”3.69 involve
the bare exciton frequency A. The former equations can be rewritten in a more transpar-
ent vectorial form, introducing a fictitious mobile of unit mass located at position Z(t) =

¢c(t)e, + Q(t)€, such that

() = —k3(t)+2(t) x 9, (3.70)

with the dyadic spring-tensor k = w?é, ® €, + A€, ® €, standing for an anisotropic
harmonic restoring force applied to the mobile a fictitious effective magnetic field or Larmor
vector () = wpé.. We thus obtained that solving for the polariton spectrum of the Hopfield
matrix described by Eq. is equivalent to solving for the equation of motion of a classical
mass-weighted mobile in an anisotropic two-dimensional harmonic trap in presence of a static
transverse B-field (see Fig.[3.8-b)), as described by Eq. This is the main result of this

section.

Exact solution to the Hopfield polariton problem. The classical model developed
above provides an elegant way to find an exact solution to the initial Hopfield problem
derived in Sec. For doing so, we look for solutions of the Newton equations of motion

Eqgs.[3.68l3.69|in the form of a Fourier eigenmode

g(t) = qo(w)e™, (3.71)
Q) = Qw)e™", (3.72)
thus leading to the system of coupled linear equations
(w?* = w?) ge(w) + iwwpQ(w) = 0, (3.73)
—iwwpge(w) + (W — A*) Qw) = 0. (3.74)

A non-trivial solution is obtained if the following secular determinant equation is fulfilled

(w* — w?) (W? — A?) = w?w}h. (3.75)

[
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Figure 3.8: a) Scheme of equivalent model of coupled classical mechanical oscillators equiv-
alent to the polariton problem within rotating wave approximation. b) Equivalent model of
polaritons in the ultrastrong coupling regime for which a mass-weighted fictitious classical
particle is coupled to an effective magnetic field in a two dimensional harmonic trap.

The solutions of Eq3.75| provide the polariton spectra we are looking for. We obtain 4
eigenmodes (wy,w_, —w_, —w, ), with

~ ~ 2
2 AQ 2_A2
I S (w_> Y 676

A = /A2 w2, (3.77)

The frequency w. corresponds to the frequency of the upper polariton (UP) excitation , while w_
corresponds to the frequency of the lower polariton (LP) excitation. The eigenmode solutions
of negative energy are not relevant in this context, since we are looking for excitation
energies (with respect to the ground-state energy) thus being of positive energies.

3.3.4 Polariton spectrain the electronic ultrastrong coupling regime
Polariton dispersion

We show in Fig. [3.9) the polariton dispersion w. as a function of cavity frequency w, for a
given value of Qg (w, = w,) = “£ = 0.4A. The upper (lower) polariton are obtained from
numerical diagonalization of the Hopfield matrix written in Eq. and shown as a red
(cyan) plain curve. The dashed black lines are the outcome of the exact analytical formula
obtained by solving the problem of classical coupled harmonic oscillators as written in
Eq. while the dashed cyan and red lines are the LP and UP outcome of performing the
rotating wave approximation as written in Eq. We note first that, as expected, the curves
corresponding to the exact analytical formula (dashed black lines) match perfectly the outcome
of the numerical diagonalization of the Hopfield matrix (plain lines), showing the equivalence
between a problem of classically coupled oscillators and the calculation of polaritonic spectra in
the electronic ultrastrong coupling regime. However, in this regime, the RWA (dashed colored
lines) has some discrepancies compared to the exact result. While the RWA reproduces
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Figure 3.9: Polariton dispersion w as a function of cavity frequency w,.. The upper (lower)
polariton are shown as red (cyan) lines. Plain lines are obtained by diagonalizing numeri-
cally the Hopfield matrix (Eq.[3.57), while dashed black lines are the outcome of the analyt-
ical exact formula (Eq.[3.76). Dashed lines are the outcome of performing the rotating wave
approximation as written in Eq. Parameters are: A = 1.0, Qr(w. = A) = 22 = 0.4.
Unpublished Fig.

qualitatively the physics of avoided crossing between the cavity EM oscillator of frequency
w. and the collective molecular exciton of frequency A ((see Fig. [3.8}a)) as anticipated in
Sec. it fails to match quantitatively with the exact results both in and out of resonance.
We illustrate this phenomenon by considering the asymptotic behaviors at low frequencies

(w. < A) obtained from the exact Eq.

wi(we =07 =~ A, (3.78)

w_(w, —0") = 0T, (3.79)
and at large frequencies (w, > A)

wi(we = +00) = we, (3.80)

w_(w, = +00) ~ A. (3.81)

The former recovers, as expected, the eigenmodes of the uncoupled cavity and bare molec-
ular exciton. We further define the polaritonic gap wp., as

wpy = wilwe—=0") —w_(w. — +00)
= A—A. (3.82)

We note that this polaritonic gap is a fingerprint of the electronic ultrastrong coupling regime: it
corresponds to a spectral region of frequencies in the rangew € [0, wp.,| for which no polariton
excitation exists. The existence of the polaritonic gap is not reproduced by the RWA. Finally,
the ultrastrong coupling regime implies that the condition of resonance is now shifted from
we = Atow, = A due to the renormalized collective molecular exciton frequency A
written in Eq. We also show in Fig.[3.9|that at frequency w,. = A (thus out of the true
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resonance condition), the polariton lines are blue-shifted with respect to the RWA. This blue
shift is a Lamb-shift effect induced by coupling quantum vacuum fluctuations of the cavity
mode to the collective molecular exciton through both counter-rotating terms and self-dipole

interaction terms of ]:Ié};;)m) in Eq.

Study at resonance (w, = A)

4 Hopfield poliritons; QR(I/J_C =A)=2.0A
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Figure 3.10: Polariton dispersion w. as a function of the Rabi frequency Qg(w. = A) =
% for a cavity at resonance (w. = A). The legend is similar to the previous Fig. .
Unpubhshed Fig.

We show in Fig. the polariton dispersion w. as a function of the Rabi frequency
Qr(w. = A) = = for a cavity at true resonance with the molecular material w. = A. At
low coupling regime (wp < A), we obtain the asymptotic behavior for the polaritons

wi(wp—>0+) ~ A:l:7+8—A
In this weak-coupling regime, the agreement between the exact result (plain curves) and the
rotating wave approximation is very good and the vacuum Rabi splitting is well approximated
by the RWA result w, — w_ =~ wp = 2Qg(w. = A). In the opposite regime of ultrastrong
coupling (wp > A), we obtain the following asymptotic behaviors

(3.83)

wi(wp = +00) ~ wpV2, (3.84)
A
w_(wp —> +00) = —. 3.85
(wp ) NG (3.85)
In this ultrastrong coupling regime, there is no more agreement between the exact result
(plain curves) and the outcome of the RWA (dashed curves). While the exact UP frequency
is lower than the one computed with RWA, the discrepancy in the case of the LP is much
worse. Indeed, the RWA predicts an unphysical absence of lower-bound for the energy of the
LP. Including both counter-rotating and self-dipole interaction terms is thus essential for the
true LP to achieve a finite (and positive) energy at large-couplings wp > A. The results
shown in Figs. [3.903.10|are consistent with an earlier work by Ciuti et al. in Ref. [25].
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3.4 Chiral light-matter interactions in optical cavities

In this section, we investigate the issue of computing and analyzing the polaritonic spec-
tra for a 2D-layer of chiral molecules embedded inside an optical Fabry-Pérot cavity. In
Sec. we give a sketch of the main issues underlying this problem. We provide in
Sec. a microscopic model describing chiral light-matter interactions in an optical cav-
ity beyond the strict dipole approximation. We bosonize this problem in Sec. and
derive an analytical expression for the resulting polaritonic spectra: we unveil a new gy-
rotropic coupling mechanism between a 2D-layer aggregate of chiral molecules and the cavity
modes at the origin of enantioselective signatures on the polaritonic spectra. We show in
Sec. that solving the former quantum mechanical problem of polaritons in dimension 2
is equivalent to solve an analogous problem of classical mechanics involving the dynamics of
a fictitious mobile in dimension 2+1 in presence of a weakly anistotropic harmonic trap and
effective magnetic field. In Sec.[3.4.5|we analyze the nature of the mobile trajectories in the
analogous classical problem. An analogy with the motion of a Foucault pendulum is pro-
posed in the weak coupling regime, while in the ultrastrong coupling regime, the proper
analogy is with a cyclotron gyration problem. The differential shift in the polaritonic spectra
is shown to be directly proportional to the anholonomy angle of the computed classical trajec-
tories. This work was developed in collaboration with Cyriaque Genet (ISIS) during my one
year visit in his team and reported in our recent Ref. [6]].

3.4.1 Position of the problem

In this section, we come to the general problem of describing light-matter interactions in-
side an optical cavity. Compared to the previous section Sec. we add some optical
complexity in the modeling of both the molecular aggregate and cavity mode microscopic
description, by considering the following additional features (shown in Fig.

1. The molecules are embedded in a two dimensional layer configuration that is located
at distance z = z;, along the cavity optical axis.

2. The molecules have both electric and magnetic transition dipole features at the origin of
intrinsic molecular chirality. Each molecules are however the same with no energetic
nor orientational disorder.

3. The cavity mode that is resonantly coupled to the molecular aggregate has two com-
ponents corresponding to the two states of polarization of the optical mode and a spatial
dispersion along the optical z-axis.

Those additional features enable to describe the interplay between intrinsic molecular chiral-
ity and spatial dispersion and polarization of the cavity in the light-matter interaction mecha-
nism, thus probing the onset of cavity-induced chiral polariton formation beyond the strict
dipole approximation. This problem depends crucially on the dimensionality of the molec-
ular aggregate as we will show in the following.
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Figure 3.11: a) Main panel. Scheme of optical Fabry-Pérot cavity of length L. A 2D layer of
molecules is located at position z = 2, on the optical axis and couples to the two degenerate
cavity modes with polarization o = z, y corresponding to the same mode index m and zero
transverse wave vector k| = 0. Inset: Zoom of the molecule M;(z;,v;, 21) (blue dot) seen
from above the €, direction with electric (blue) and magnetic (red) transition dipoles /i and
m respectively. We considered here the case where u, = v, = 0 so that ¥ = 4, and
U = ¥, . b) Lower panel. Same scheme but for a 3D bulk configuration of molecules filling
homogeneously the cavity. Adapted from our Ref. [|§|]

3.4.2 Microscopic model of a 2D-layer inside an optical cavity

Description of the cavity modes. In order to describe chiral light-matter interactions
developing between the 2D-layer of molecules shown in Fig. and the optical cavity
modes, we need to take into account the vectorial structure of the quantized electromagnetic
(EM) field inside cavity. In Coulomb gauge, the EM field can be expanded can be expanded
in terms of transverse optical cavity modes

A0 = Y\ foo {aala®) + al £} (3.56)

B = iy \/ Z‘“’T: {aafa(ﬂ - aLEW‘)} : (3.87)

B = % ,/%h {aﬁ % Lo(F) + al, ¥ x EZ(F)} , (3.88)
N 0Wa

(3.89)

with A(7) the vector-potential operator, E(7) the electric field operator and B(7) the mag-
netic field operator. We introduced af, (a,) the operator creating (destroying) a photon in
the cavity mode « corresponding to a spatially dependent cavity mode lineshape /ja(f')
We wrote h the reduced Planck constant, ¢ the vacuum permittivity, ¢ the speed of light,
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L the cavity length along the optical axis and V' the cavity mode volume. The minimal the-
oretical model describing gyrotropic coupling necessitates at least coupling of the molecules to
two cavity modes. We consider such two modes with degenerate frequency w. = mnc/L, a
normal k-vector k; = 0, an integer mode index m and two possible linear polarization &,
along the directions o = x, y orthogonal to the optical axis. This mode structure enables to
compute the polaritonic spectra of an optical cavity probed at normal incidence. The polari-
tonic spectra result from the hybridization of the embedded molecules electronic structure
with the EM field described by the z-dependent cavity mode lineshape

> 2
Lo—zy(z) = 4/ v sin (m%z) o - (3.90)

Description of the molecular aggregate. Asin Sec. the molecules in the 2D-layer
are described as a collection of /V two-level systems with an optical transition at frequency
A. However, the molecules have now both an electric-transition dipole operator fij and a
magnetic transition dipole operator 7’;_’2]' expressed as

N

i = Z ii; {cijcgj + czjcej} , (3.91)
=1

iy = > el — el (3.92)
=1

with [i; the real electric transition dipole and 17; the pure imaginary magnetic transition
dipole of the molecule j. The interference between the electric and magnetic molecular polar-
izations is at the origin of intrinsic chirality of the molecular aggregate. If those molecules
were randomly dispersed in a 3D-bulk homogeneous and isotropic medium and were to
interact with an incoming light of left (L) or right (R) circularly polarization, the intrin-
sic chirality of such molecules would give rise to a differential rate of optical absorption
ATl =T' — I'g (after averaging on the molecular orientation) derived in the book of Craig
et al. Ref. [116]

81N nhck
Al = I i-m* 3.93
e e () (39%)

with n the medium index of refraction, k the norm of the k-vector and p the optical density
of states in free EM vacuum. The corresponding rate I' of absorption for achiral molecules
is

27w N nhck

—2
= — _ 3.94

This suggest to introduce as a natural measure of the intrinsic molecular chirality the relative
ratio AI'/T" that quantifies circular dichroism of the molecular medium.

Al 4Im (f-m*)

— = ARi-7, (3.95)
I I72]* ¢
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where we labeled the directions of both ji and m transition dipoles by the unit vectors «
and U. We also introduced the dimensionless quantity R given by

O L (3.96)
[imixe

The intrinsic molecular chirality (here with respect to circular dichroism) is thus quantified by

the natural pseudo-scalar parameter C defined as
C = Ru-v. (3.97)

Upon embedding those molecules in the 2D-layer inside cavity, their intrinsic molecular chi-
rality are changed in this model by changing the sign of the pseudo-vector Rv, thus changing
the sign of C. Typical orders of magnitude of R ~ 10~* — 1073 are given in Ref. [116].

Microscopic Chiral Hamiltonian. In order to describe the regime of ultrastrong light-
matter coupling, we include in the microscopic light-matter interaction Hamiltonian both
counter-rotating and self-dipole interaction terms [25]. We propose the following general-
ization of the Hamiltonian HP) written in Eq.|3.2 describing chiral light-matter interactions
of the 2D molecular aggregate inside cavity

H®®) — H.4+H,+Hp+ Hy+ Hsp, (3.98)
with H. the Hamiltonian of the free cavity-mode with both states of polarization a = z, y
H. = hw, {alaz + aLay + 1} , (3.99)

with a, (al,), the bosonic operator that destroys (creates) an excitation in the mode .. The
Hamiltonian of the free molecules is still written

ALY
H, = hE Z {cljcej — c;jcgj} , (3.100)

i=1

The molecules interact with the cavity-modes through the electric-dipole interaction Hamil-
tonian Hp and magnetic-dipole interaction Hamiltonian H,

N N
Hp = —Zﬁj L E(7
j=1
N
—Zﬁz (bj + bj) {gjz (aac - a;fn) + 9y (ay B a;)} ’
j=1

(3.101)
N N A~
Hy = Zm - B(7,
= —ihz (bj — b;) {I/jw (ay + aL) — Vjy (az + al)} ,
j=1
(3.102)
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where we introduced b} = cij cg; the operator that creates an electronic excitation on
molecule number j and

hw,

hg; = v fij sin (QZ].) € R3, (3.103)
1 [ hw,

W, = —i- M COS (HZJ.) € R3. (3.104)
C €0

respectively the electric-dipole and magnetic-dipole coupling vectors with the z-dependent
angle 6., = m7z; obtained after writing the £’ and B electric and magnetic field vectors
deriving from the cavity mode lineshape written in Eq. Finally, the self-dipole inter-

actions term Hgp that is necessary to deal with the ultrastrong coupling regime is written

2

N
) ACEL)

j=1

Hgsp = gz

C
a=x,y

(3.105)

Openissues. The Hamiltonian HP) written in Eq. contains terms beyond the strict
dipole approximation, which is not without implying any issue. We indeed note the fol-
lowing limitations of our model

1. The multipolar expansion of the interaction Hamiltonian H®") contains also electric
quadrupolar terms that are of the same order of magnitude as the magnetic dipolar
one [95]. We did not take them into account in the present study, but they could be
in principle added to incorporate the description of a broader class class of chiral
molecules.

2. This multipolar expansion contains additional diamagnetic self-dipole terms that explic-
itly break translational invariance of the interaction Hamiltonian but are smaller than
the electric self-dipole terms Hgp [95] due to the smallness of the chiroptical constant
R: we consistently neglected those terms in the writing of H "),

3. We neglected entirely the effect of purely electrostatic longitudinal interactions between
molecules within the cavity mode volume. In principle the former are described in
Coulomb gauge by adding the continuum part of the electromagnetic spectrum lead-
ing to electrostatic interactions mediated via exchange of virtual photons [3]] inside
the cavity.

How to consistently introduce those points in a more complex but still tractable theoretical
model of chiral light-matter interactions inside cavity still constitutes an open problem in
molecular polaritonics. We chose to incorporate step by step the inherent optical complex-
ity of this problem and focused on what we think are the first dominant corrections to
the dipole approximation associated to spatial inhomogeneities of the EM cavity field that
contain most of the qualitative features of the polaritonic spectra.
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3.4.3 Hopfield polaritonic spectra in the 2D-layer configuration

Homogeneous molecular aggregate

We now make the additional homogeneity assumption that all the molecules in the chiral
2D-layer are supposed to all have the same orientation and magnitude of their electric and mag-
netic transition dipoles thus realizing an homogeneous but anisotropic aggregate in which
each molecule of the ensemble couples in the same way to the EM cavity modes. We thus
write for each molecule M; the electric and magnetic transition dipole vectors

pusin (0, ) | (3.106)
m/c = iRuvcos(b,,) . (3.107)

=
|

shown in Fig. as red and blue arrows respectively. Those vectors point in a direction
given by the unit vectors ¥ = u.€,+u, and U = v,€,+ v, which have in general a non zero
z-component on the optical axis. In the following, we write «, the component of any vector
i that is orthogonal to the optical z-axis. We consider in Fig.[3.11]and in the rest of this work
the situation for which the proposed gyrotropic coupling mechanism is maximum. This
happens when u, = v, = 0 and thus @ = cos (o) €, + sin (o) €, and ¥ = cos (o) €, +
sin () €, with a, = o, + a. However our theoretical approach and analytical formulas
are still valid in the case where the transition dipoles do not necessarily lie in the transverse
plane. In the following paragraphs, we found convenient for analytical calculations to use
the simpler notation for the homogeneous coupling vectors in Eq.

: (3.108)
, (3.109)

Il
]y Q

St <
Il

with the convention that the results for the homogeneous 2D-layer written Egs.{3.106[3.107
can be obtained from Egs. [3.108]|3.109 by multiplying all the expressions involving § and
by sin (6., ) and cos (6., ) respectively.

Bosonization of the interaction Hamiltonian and Bogoliubov transformation

Using the same bosonization method as the one described previously in Sec. [3.3.2] we
write the effective quadratic Hamiltonian equivalent to the H®*P) microscopic Hamiltonian
of Eq. but in the case of harmonic approximation and homogeneous coupling (see also

Eqs. B.1083.107) as
Y 1
2 = hwe{ala, +ala, + 1} + hAD {b}bj + 5}
j=1
— Qg (B + B {u, (a; — al) + uy (a, — al) }
— hRQgR (B - BT) {vx (ay + az) — Uy (agC + al)}
+ hD(B+ BY). (3.110)
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In Eq.[3.110, we introduced the collective molecular polarization or collective molecular
exciton operator mode

1 N
=—=> b, (3.111)
VN &

as well as the collective vacuum Rabi splitting and self-dipole interaction terms

th
Qr = ¢gVN (3.112)
€0V
Q2
D = R||m||2. (3.113)
We

As in Sec. , the diagonalization of H éi?) in Eq.[3.110/amounts to find its eigenvectors x
in the form of a linear combination of destruction and creation operators of the cavity and

collective exciton modes

x = 4'-C, (3.114)
A = las ay B.al,al, B, (3.115)
Q - [O[Jnozya’yaﬁxaﬁy? ]7 (3116)

with C a vector of unknown coefficients. The x-operators follow a linear eigenvalue prob-
lem

t

~+

wA-C = A-H-C, (3.117)
chg-C¢ =1, (3.118)
with g the underlying metric
g = diag(1,1,1,-1,-1,-1) (3.119)
and H the Hopfield-matrix of dimension 6 x 6
[ W, 0 —iQpwy, 0 0 iQrw,, ]
0 We —iQpw,, 0 0 iQrw,
H o= iQRw;y ZQRwy_w A+2D iQRw;y ZQR’LU;;C —2D
= 0 0 iQrw, —We 0 —iQRw;“y
0 0 iQrwy, 0 —We —iQrw,,
| iQRw;y ZQRU};; 2D Z'QRQU;ry Zng’wZ;m — (A + QD) ]
(3.120)

were we introduced the components w? ok = uj = Ruy. The polariton spectrum of H is
found by numerical diagonalization. We find 3 positive eigenvalues of the H-matrix: one
lower polariton w?®, one upper polariton w3°, and one middle polariton wiP.
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Exact solution to the Hopfield polariton spectra

We remark that the characteristic polynomial P(\) = det ()\Iéi — ﬂ) of the Hopfield-matrix
(see Eq. can be obtained analytically as

POY) = (A —w?)® (A2 =A%) — 16R2N*Q% (7, - 7,)°
Ok

We

— 4

(A2 =) {A TP N+ 2RNw, @, - (W) x T1) + RPAZ |77} .
(3.121)

In the physically relevant limit R < 1, the roots of this characteristic polynomial can
be found analytically, leading to an explicit expression of the differential shift 5%]3 in the
polariton frequencies. Reintroducing the z-dependence of coefficients of P(\) with the
cavity mode lineshape, we obtain the following expression

Q 2
57313 = WpRrR — WyRr=0 ~ nX(ZL) (ER) Wn:0 » (3'122)
X(z) = RIe. - (uxv)]sin(26,,) , (3.123)
with 7 = +(—) labeling for the upper (lower) polariton branch and x(zy) the gyrotropic
coupling induced by the cross-coupling between electric and magnetic transition dipoles [i and

m and the cavity mode spatial lineshape. We also introduced in Eq.|3.122| the renormalized
collective Rabi frequency () and collective molecular exciton frequency A written as

A2 w2 — A2 i 2
0° = CT + 4Aw 0% [T, ||* sin? (6,,), (3.124)
A A 2 17 112 «in2
A = ([A24+4—Q% ||d, ||"sin®(0,,) , (3.125)
We
and the polariton frequency in the case when R = 0 recovering Eq. in Sec.
w? 4+ A? N
Wnio = \/CT + nQ2. (3.126)

Both Egs. are the main results of this section. Those expressions were derived first in
our recent Ref.[6]. They provide an explicit analytical formula for the cavity-induced modi-
fication of polaritonic spectra in the case of a 2D-layer of chiral molecules embedded inside
cavity. We note that this expression involves the gyrotropic coupling x(zr) in Eq. which
is a fundamental dimensionless quantity with true scalar behavior with respect to both rota-
tions and planar reflections. The gyrotropic coupling results from the hybridization between
the chiral molecules and the cavity modes: it is the product of one term proportional to R
times the projection of # X ' on the z-direction characterizing the molecular orientation
and enantiomeric class, by a second term sin (26,, ) associated to the spatial z-dependence
of the cavity mode lineshape along the optical axis. The x(z;) parameter depends crucially
on the interplay between the dimensionality of the molecular ensemble and the spatial dis-
tribution of the cavity modes profile. It can change sign either by changing the molecular
orientation, the intrinsic molecular chirality parameter C in Eq. or by changing the
2D-layer position z;, with respect to a spatial plane of symmetry of the cavity mode profile.
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Analysis of the Hopfield polaritonic spectra

v 10263 x>0 b)
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Figure 3.12: a) Plots of the relative shift in the polaritonic frequency ¢,, = w,;g — wyr=0 (in
units of |R| A) computed at resonance (w. = A) as a function of the collective vacuum Rabi
splitting {2%5°. The upper (lower) triangles and crosses are the spectra of the upper (lower)
polariton 7 = 1(—1) computed after numerical diagonalization of the Hopfield matrix.
Triangles (crosses) are obtained for molecules with relative angle o = 7§ (%’T) between their
transition dipoles, intrinsic chirality C = :I:% and gyrotropic coupling equal to x(z1) = C
with the chosen parameters. Plain and dashed lines are analytical results of Eq. for
the 2D layer case (see the scheme in lower inset). The corresponding shifts in the 3D bulk
case are shown after multiplication by a factor 102. b) Same quantities plotted as a function
of cavity frequency w, at fixed (25°* = 0.3. Lower inset is a scheme of the 3D bulk case.
Parameters common to both panels: A = 1.0, m = 1, 2z, = %, u, =v, =0, = 3, and
R = 1073. The legends are common to both panels. Adapted from our Ref. [6]

2D-layer case. We show in Fig. a), the 5,27D—signals computed after exact numeri-
cal diagonalization of the Hopfield matrix (see Eq. describing the 2D-layer of chiral
molecules coupled to the cavity modes, as a function of the collective vacuum Rabi splitting
Q%° = Qp. Same quantities are shown in Fig.[3.12}'b), but as a function of cavity frequency
we. A very good agreement is obtained between the analytical result of Eq. shown as
plain and dashed curves and the exact numerical solution shown as triangles and crosses.
We find that the upper polariton §2°-signal is positive for x(z1) > 0 (upper red triangles)
and negative for x(z;) < 0 (upper red crosses). The reversed signs are obtained for the
lower polariton §2P-signals (see blue curves). Consistently with Egs. the com-
puted signals exhibit on the full range of parameters the remarkable antisymmetry property

0P (—x(21)) = —62° (x(z1)) (3.127)

upon sign reversal of x(z1,) obtained by changing the sign of the intrinsic molecular chi-
rality C in Fig. The enantiodependent relation in Eq. is the main signature of the
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reduced 2D dimensionality of the cavity configuration on the considered chiroptical observ-
ables. We note that for low values of the collective Rabi coupling Q0 < w., Eq.
predicts that

Q0 02
520 X(2r) ( R —R) . 3.128
v~ Mgt a (3128)

The latter signal is thus approximately linear with (25, consistently with the collective na-
ture of the polaritons which leads to 62" (x(z1)) ~ —d3° (x(z1)). For typical values of
the cVRS Qp =~ 1 €V/h reported in the electronic strong coupling regime [64, 74, 35]], we
obtain in Fig.values of }(ﬁD‘ ~ 0.38RA ~ 7.6 x 107> — 7.6 x 10~* eV /1 at resonance
w, = A &~ 2eV/h and for R ~ 10~* — 10~3. However, departures do occur for larger Qz
(first quadratically) that are more pronounced for the upper than for the lower polariton. In
the developed ultrastrong coupling regime, no such antisymmetry relation exists between
the 02° and §*P-signals which in general are not opposite 02" (x(z1)) # —02° (x(z1)).
We assign the latter inequality to the contribution of both counter-rotating and self-dipole
interaction terms [101, |109] in the microscopic Hamiltonian which similarly to the case
of polaritonic gaps [25} 50] provide here asymmetric or differential polaritonic band gaps
fingerprints upon entering the ultrastrong coupling regime. As shown in Fig. b), the (5,27[)—
signals acquire a non-monotonic behavior upon sweeping w. reaching thereby a maximum of
|52D} close to resonance (w. =~ A).

3D-layer case. For completeness, we consider in Figs. a), and b), the case of a 3D bulk
configuration (shown as inset in Fig.[3.12-b)) where all chiral molecules are dispersed in the
whole cavity mode volume. The computed 52D-signals are shown multiplied by 10? (magenta

and cyan triangles and crosses) as a function of both Q* = Qz/+/2 and w.. In contrast to
the 2D case , the §;"-signals are much weaker and do not change sign upon sign reversal of
X(zL). This is due to the fact that 67 is obtained by integration of opposite terms 67" (zy,)
and 0;” (L —z1) = —0;"(z1) with respect to the plane of symmetry z;, = L/2 of the chosen
(here m = 1) cavity mode. This argument can be generalized for any mode m > 1. As we
have shown in our recent Ref. [6]], in contrast to Eq. this leads finally to a cancellation
of all odd contributions in R in the expression oféf’]D o R? and to the symmetry relation

" (x(z0)) = 67 (=x(21)) (3.129)

and thus to no discrimination of the LP and UP upon switching molecular chirality. We note
that this behavior is consistent with our previous Refs. [86, [87] where we have shown in
the framework of classical Maxwell equations the absence of cavity-amplified chiroptical
signals emerging at normal incidence of a 3D bulk cavity made of normal metallic mirrors.
The emerging antisymmetry properties encoded in Eq. of the computed differential ¢,,-
signals upon reducing dimensionality of the cavity-embedded molecular ensemble from 3D to
2D is one of the main results of the present investigations, and was reported for the first time
in our recent Ref. [6].
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3.4.4 Analogous classical model in dimension 2+1
Derivation of the classical equations of motion.

In this section, we analyze the classical limit for the previous model of 2D-layer aggregate em-
bedded inside a Fabry-Pérot cavity derived in Sec. Similarly to the approach developed
in the previous Sec. [3.3.3] we introduce the conjugated position and momentum variables

defined as
h
Qu(y) = A/ B (%(y) + al(y)> ; (3.130)
.|.
hwc aw( ) T aa:
Paty) = |5 - - W, (3.131)
h T
Q = A (B+ B, (3.132)
hA B — Bf
P =4/ - (3.133)
7

and associated to the two polarization states g,—, , of the cavity mode and to the collective
excitonic polarization () of the molecular ensemble. In the classical limit, we can map the

H® Hamiltonian written in Eq.|3 into the following classical Hamiltonian, consider-

bos
ing that all conjugated variables (qm, qy, Q. Ds, Py, P) are commuting variables
cl HmH - P A
i) = [ s L |+ S+ 5o
5 wh
+ ot piQ+ (G x ) -l + L ARt 613y
with the quantities defined by
NA
wp = 2 , (3.135)
= - ‘ We -
Q, = Qe = szpez. (3.136)
The classical Hamilton equations of motion resulting from Eq. are readily obtained as
G = Pi+weQiL, (3.137)
O = P+ (Qg X 11) qL, (3.138)
];l = _WSJL — (Qg X f)l) P, (3.139)
P = —AQ—wpil, -1 —wd|iL]*Q. (3.140)

From the former equations, one can derive classical Newton equation of motions for the
(1, Q) coordinates alone and obtain the following system of coupled linear equations

Q = —-AQ- (WP{[L - Qg X 1) L (3.141)
(. = —wq+ (ﬁg X @) [ Q, x UL> -q1] + <wp1ﬁ — O, ¥ 11) Q. (3.142)
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Eigenmodes of the Newton equations.

We look for Fourier eigenmodes

QLt) = qulw)e ™", (3.143)
Q) = Qw)e™", (3.144)

of the Newton equations Eqs. [3.141]3.142] thus leading to a system of three coupled linear
equations for the Fourier amplitudes

(w? — A?) Q(w) + iw (wpﬁL — 0, x 1) -qL(w) =0, (3.145)
(w? = w?) quL(w) + (ﬁg X UL> [(Qg X 1) -qj(w)} —w (wplh - Qg X zﬁ) Qw) =0
(3.146)

Non-trivial solutions for (¢ (w), @(w)) are found as zeros of the secular determinant Ag%) (w)

4
Ag%)(w) = (- wf)Q (w* — A?) — Rzaﬂwz% (@, -7.)°
2
— L (W =) {A L + 2R - (@ x TL) + R2AWE 7|}

(3.147)

Considering that w% = 4A0% /w., it is simple to show that the secular determinant Aé%) (w)
in Eq.[3.147)is the same as the characteristic polynomial P(w) of the Hopfield-matrix written
in Eq. Thus both problems have the same eigensolutions and describe the same collective
polariton spectra given by the analytical formula Eq. derived in Sec. As in the
previous Sec. we find again the remarkable fact that the solution of the harmonic
quantum Hamiltonian problem provides the same polaritonic spectra as the solution of the
classical coupled-mode problem derived in this section. This is again a consequence of the
harmonic approximation made in the [ t(i]s)) Hamiltonian in Eq. that is quadratic in
the matter and cavity mode fields.

Interpretation of the classical Newtonian dynamics.

We provide in this paragraph a physical interpretation of the Newton Eqgs. [3.141}j3.142| de-
scribing the dynamics of the polarization states of the cavity-mode (¢, (¢), g,(t)) coupled to
the collective excitonic state of polarization ()(¢). For that purpose, we introduce the vector

Z(t) = q(t)e +q(t)e, +Q(t)e., (3.148)

associated to the motion of a fictitious classical mobile of unit mass and unit charge. This
mobile is subject to effective forces and its dynamics is solution of the following Newton equa-
tion that is equivalent to Egs. but written in vectorial form and restoring the
z-dependence of the involved physical quantities due to the cavity mode lineshape

E(t) = —k,@(t)+(t) x Br. (3.149)
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with £, = diag (w2, w?, A?%) + 0k, a spring tensor corresponding to an anisotropic elastic
restoring force where

2
—V,  Ugly 0

ok, = 4A7€2§2Rcos (0.,) | vev, —v2 0| . (3.150)
0 0 0

The particle is also subject to a Lorentz force with the effective magnetic field

, N .
BR = -2 —gz X QP,R (3151)
We

Grr = Qn {sin 0,,) @, — R% cos (0,,) &, x m} , (3.152)

with QPR the precession vector. In absence of gyrotopic coupling (R = 0) the spring tensor
k, is diagonal and encodes free oscillations of the go—s,(t) and () modes at respective

frequencies w. and A. The EO field ox Q2ge’, x 4, stands for a Larmor-like precession due
to the molecules-cavity electric dipole interactions that dominate upon entering the standard
ultrastrong coupling regime, as already obtained in Sec.|3.3.3) 3.3.3] At finite values of R, magnetic
dipole interactions induce a correction to the Br -field o< RQRU | at the origin of gyrotropic
coupling. The 6k -tensor is of lower order o R? and encodes for a negligible renormaliza-
tion of w. and elastic coupling between the cavity modes.

A preliminary conclusion. The previous analogy between the problem of computing the
polaritonic spectra for a 2D-layer of chiral molecules embedded inside an optical cavity and the
problem of the dynamics of a classical mobile in dimension 2+1, is the main result of this section.
It is extremely simple and elegant. In particular, the emergence of an effective Lorentz-
force in Eq. is a peculiarity of dimension 3, which arises because we considered here
i) only two cavity modes coupling at normal incidence to the molecular ensemble, and ii) a
2D-layer configuration of coupled molecules inside cavity. The 2D-layer configuration is a
simple case where the effective Lorentz-force has some effect on the topology in the classical
trajectories describing the dynamics of the polaritons. The case of 3D-bulk configuration
is more complicated and was studied in detailed in our Ref. [6]. The Newton Eqs. are
integrable. Their solution is a linear combination of three eigenmodes of frequencies coinciding
with the Hopfield polaritonic spectra in Eq. thus confirming the essential classical nature
of the polaritons [124, 62]. We also note that Eq. shows similarities (although being
not the same) with the dynamics of an harmonically trapped and rotating Bose gaz [103].

3.4.5 Analysis of the analogous classical trajectories

Analytical solution for the trajectories

We rewrite the Newton Eqs. [3.141][3.142| with a simpler notation z(t) = ¢.(t), y(t) = q,(t)
and z(t) = Q(t). In the limit R << 1, they can be simplified to obtain the following system
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—— Qg[A]=0.01003; x>0 —— Qg[A]=1.4435; x>0
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Q; Matter
Q; Matter
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Figure 3.13: a) Plot of the classical trajectory (¢,(t), ¢,(t), Q(t)) in the plane (g,, @), that
is solution of Newton Eq. during the time interval ¢t € [0,1280/A]. The collective
vacuum Rabi splitting is 2z ~ 0.01 and the gyrotropic coupling x(z1) = \% b) Same plot
but with Qr ~ 1.44 and during time ¢ € [0, 700/A]. Parameters are: A = 1.0, w. = 1.0,

m=1lu,=v,=0,0,=00,0a=7R= 1073, z;, = %,qx(O) =1.0,4,(0) = Q(0) = 0.0,

and ¢,(0) = ¢,(0) = Q(0) = 0.0. Adapted from our Ref. [EI]

of linear equations describing the motion of the fictive particle

i(t) ~ —wlz(t)+ Qcos(B):(t), (3.153)
§(t) =~ —wiy(t)+ Qsin (B) 2(1), (3.154)
Et) ~ —A2(t) — Q{cos(B)(t) +sin(B) y(t)} , (3.155)

where we introduced the vector
QO = Q{cos ()&, +sin () €y} = wplly — ﬁg X U, (3.156)

as a sum of one contribution due the electric transition-dipole and one due to the magnetic
transition-dipole. After doing a rotation of angle [ in the plane (x,y), the linear system of
Egs. [3.153]3.154)3.155| can be simplified in the rotated frame (X, Y 2)

X(t) = —wiX(t)+Qz(), (3.157)
) = —A%(t) - QX(t), (3.158)
Y(t) = —wiY(t). (3.159)

We see that the Y (t)-mode in Eq. decouples from the other (X (t), z(t))-modes. The
Y (t)-mode is thus a free running sinusoidal oscillation at frequency w.. In the following, we
will focus on the case w. = A for which the classical trajectories are simpler to analyze.
We introduce the complex variable £(t) = X (t) + iz(t), which after using Eqs.|3.157|[3.158]
follows the simple differential equation

) = —iQ€(t) — wi(t). (3.160)
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This equation can be solved exactly as

f’@

We

) = eTi3t {5(0) [cos (Wet) +1 S}

(ot
o sin (@ )} +

sin (&)Ct)} . (3.161)

with the renormalized cavity frequency @,, provided by

Q 2
@, = w§+(§) . (3.162)

In the following, we use the initial conditions xz(0) = 1, y(0) = 2(0) = 0, £(0) = y(0) =
2(0) and a direction of the electric transition dipole along the x-axis @ = €, for which the
rotation angle vanishes # ~ 0 in the limit R < 1. For arbitrary initial conditions, the ob-
tained classical trajectories can be quite complex: they are indeed quasiperiodic and bounded
(for nonvanishing restoring force) but not closed [5], unless some specific commensurate val-
ues of the eigenmode frequencies are chosen. From the solved time dependence of £() in
Eq. we can find exact expressions for the rotated-variables (X (¢), z(¢)) and obtain
from it an exact analytical solution for the trajectory (x(t),y(t), z(t)) of the fictive mobile in
the non-rotated frame as

z(t) = cos (%) cos (w.t) + 2?)0 sin (%) sin (@t) (3.163)
y(t) = 0, (3.164)
z(t) = —sin <%) cos (@.t) + % cos (%) sin (@t) . (3.165)

Analogy with the Foucault pendulum ({2 < w,)

Precession of the effective Foucault pendulum. We then consider the regime of weak
light-matter interactions for which €2 < w, in which case &, ~ w,. in Eq.|3.162| Neglecting
the terms of order {2/w, in Egs.[3.163|3.165| the latter equations can by simplified to

x(t) =~ cos(w.t)cos <%) : (3.166)
y(t) = 0.0, (3.167)
2(t) ~ —cos(w.t sm( ) (3.168)

-plane at a fast frequency ~ w,,

Those equations describe beating oscillations in the (z, 2)
together with a slow precession frequency Qp = /2 = )

QP’RH given by the norm of the

precession vector QP,R already introduced after Eq.[3.152|

O = Pyay {1+R%§”>}. (3.169)
2 L]

In this regime, both the equations of motion, and the obtained trajectories thus get equivalent

to the ones describing the motion of a Foucault pendulum located at the North pole: in this

analogy, the oscillation frequency of the pendulum is played by the cavity-frequency we,

while its precession frequency due to the earth rotation becomes {2p in the effective model.
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Figure 3.14: Same plots as in Fig. [3.13ta). a) Case with o = 7 and x(z;) = % > 0. The
black arrow shows the anholonomy angle Afr ~ AAfr > 0 given by Eq. for this
range of parameters. b) Case with o = %” and opposite x(zz) = —% < 0. The angle

Afr < 0 reverses sign. All the other parameters are those of Fig. [3.13}a). Adapted from
our Ref. [6].

Anholonomy of the classical trajectories. We show in Fig. [3.13}a) the obtained tra-
jectory corresponding to Egs. [3.166]3.167l3.168| for a gyrotropic coupling x(zz) > 0. As
expected by the above analysis, the effective pendulum trajectory lies in the (z,y) and
rotates clockwise (black arrow) from the initial point Z(0) = (1,0, 0) with a slow preces-
sion frequency give by (2p in Eq. Waiting for times larger than the precession time
(t > 2m/Qdp), the trajectory of the classical mobile becomes dense in the plane (q,, ()) due to
its already noticed quasiperiodic nature. In order to unveil the role of gyrotropic coupling
on the previous trajectories, we show in Fig. a zoom of Fig.[3.13}a) close to the region
() = 0. The initial point #(0) is labeled 0 and the black arrow visualizes the change in angle
Afx of the inertial plane of oscillations after one full precession of the fictitious Foucault
pendulum. The latter Hannay’s angle [57] is a signature of anholonomy of the pendulum
trajectory, namely of its property to not come back to its initial condition after one complete
precession. This anholonomy of classical trajectories has some deep topological meaning
(17,18, |2, 34]. We define the relative change in Hannay’s angle AA0r = AOr — Aby as a
quantitative measure of the gyrotropic coupling contribution to Afx that follows from a bit
faster (slower) precession frequency due to positive (negative) x(zr). We choose parameters
such that |[Afy| < |AA6Oz| and visualize directly the quantity AAfz ~ Afg for which
the following analytical expression is derived from Eq. Restoring the z-dependence
of the physical quantities induced by the cavity mode lineshape, we obtain

&, - (i x )

AAfr = 27R cotan(f,,) (3.170)

— 12
]

Using Eq. we see that AAfy is directly proportional to the gyrotropic coupling pa-
rameter x(zr,), namely that

ANOr = mx(zp)/||@L?sin®(6.,) . (3.171)
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This relation is a major result first derived in our Ref. [6]. It connects the differential shift in
the polaritonic spectra induced by gyrotropic coupling to the variation of anholonomy angle
of the classical trajectories in the analogous classical model. We check in Fig. [3.14}a) that
AAOx > 0 when x(z;) > 0, while in Fig. 3.14'b) AAfz < 0 reverses sign upon sign
reversal of x(z1) < 0.

Entering the ultrastrong coupling regime (2 > w..)

Analogy to a Spirograph drawing game. We show in Fig. [3.13}b) the classical mobile
trajectories for higher values of the collective vacuum Rabi coupling Qp ~ 1.4w. > w..
In this regime the trajectories are dramatically modified compared to those of the weak
coupling regime. Indeed, the analogy with a Foucault pendulum breaks down and the ap-
proximate Eqgs.[3.1663.16713.168 do not capture well the presence of cusp singular points in the
trajectories present in both Fig. [3.13}b) and Fig. To obtain them, one needs to push the
calculation in Egs. [3.1633.164]3.165| beyond the lowest order in /2w,. Actually, as shown
in Fig.[3.13}b), in the ultrastrong coupling regime, the classical dynamics of the fictive particle
exhibits cyclotron gyrations around the direction of the effective Br magnetic field written in
Eq. We thus come back to the analysis of the exact Eqs. [3.163[3.164]j3.165| describing
the mobile trajectory. They can be rewritten in the following canonical form

z(0) = r{(qg—1)cos(f)+cos|(qg—1)06]}, (3.172)
y(6) = 0.0, (3.173)
2(0) = r{(g—1)sin(0) —sin[(g—1)8]}, (3.174)

where we introduced the (0, r, ¢) parameters
0 = (JJC - %) ¢ (3.175)

1 Q

ro= g {1 - %c} : (3.176)

2
q = T 226 . (3.177)

In this form, Eqs[3.172[3.174 are particularly transparent and provide an accurate description of
the classical trajectories in the full range of parameters investigated in our recent Ref.[6|]. They
describe an hypocycloid trajectoryl[l] in the (x, z)-plane, with a radius R = 1 of the external
fixed-circle provided by the choice of initial conditions and conservation of mechanical
energy (the Br-field does not work), and a radius r = R/q of the internal moving-circle.
The angle 6 describes an oscillation at angular frequency @, — %, while the parameter ¢ =
R/r is the ratio between the radius of the fixed-circle and the moving-circle. Interestingly
the trajectory of the effective classical mobile can be obtained with a Spirograph drawing game
(see Ref. [56] as an illustration). It is remarkable that the complex physics of polaritons in
presence of chiral light-matter interactions could be mapped onto a simple drawing game
played by children: this appeared to me as a source of wonder and joy !

See for instance https://mathcurve.com/courbes2d/hypocycloid/
hypocycloid.shtml| for graphical illustrations and selected animations of hypocycloid curves,
with some of their mathematical properties.
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Topology and cusp singularities of the trajectory. The hypocycloid trajectory of the
fictive mobile derived above takes place inside a ring-manifold with big-circle of radius R and
low-circle of radius R,,;, = R — 2r given by

Q

Ryw = —. (3.178)
200,

This dimensionless parameter contains both effects of the light-matter coupling-strength
and the chiral-coupling encoded in Eq. In the weak-coupling regime (2 < w.), the
lower-circle of the ring has a vanishing radius R,,;, ~ 0 and thus converges to a single point
at the center of the fixed-circle, recovering the trajectory of a precessing Foucault pendulum
as shown in Fig.[3.13}a). In the deep ultrastrong coupling regime (Q > w. and @, ~ 2/2),
the lower-circle of the ring gets close to the fixed-circle with a radius R,,;, ~ 1: the mobile
thereby undergoes cyclotron gyrations around the direction of the effective B-field, with
a radial velocity =~ €2/2. In the ultrastrong coupling regime (2 > w,), the trajectory takes
the form of a developed hypocycloid as shown in Fig. [3.13}b). The hole at the center of this
ring manifold spanned by the trajectory at long times is thus a striking topological signature
of entering the strong coupling regime for light-matter interactions. To close this study, it is
interesting to notice that the cusp singularities of the hypocycloid curves are achieved at
times ¢, > 0 given by the expression

k 27
qWe — 9
The trajectory is thus closed, namely it comes back to its initial point, if and only if q is a
rational number (¢ € Q with ¢ > 2). The latter condition imposes the following constraint

on Q/w,

Q q—2

= 1 ¢eQn[2 +oof. 3.180
5 = 3T 1€ QN2 Fodl (3.180)
If q is an irrational number, the trajectories are not closed and thus fill the ring manifold in a
dense-way as a result of the quasi-periodic nature of the trajectories [5].

3.5 Conclusion and future research perspectives

Conclusion. In this chapter, we have investigated several aspects of the light-matter
strong-coupling regime developing inside optical Fabry-Pérot cavities. The basic concepts
and theoretical tools were derived for understanding and computing the polaritonic spectra
measured at normal incidence out of the cavity: the former excitations result from the hy-
bridization between the electronic properties of the molecular material embedded inside cavity
and the cavity electromagnetic modes. We have shown the crucial role played by the dimen-
sionality of the cavity-embedded molecular aggregate when dealing with the the polaritonic
spectra generated by chiral molecules. We predicted that, when the coupled molecules are
arranged in a mesoscopic 2D chiral layer, the emergence of a gyrotropic coupling between
the chiral molecules and the cavity modes is at the origin of a differential shift of the polari-
tonic spectra that become enantiodependent. The latter effect results from a subtle interplay
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between the orientations, the enantiomeric class of the chiral molecules, and the spatial
distribution of the cavity modes profile along the optical z-axis. For macroscopic 3D chiral
bulk samples, such differential shift disappears. We interpreted this 2D chiral effect by de-
veloping an analogous classical Newtonian model in dimension 2+1. We have shown that
the molecular gyrotropic coupling is directly responsible for a perturbation of the anholonomy
angle of the analogous classical trajectories. The predicted differential polaritonic signals
while very weak could in principle be observed with state-of-the-art optical spectroscopy
[48]. We anticipate the latter signals to be robust to partial orientational disorder but to
be destroyed upon full rotational averaging of the molecular orientations. We hope that
our work will stimulate new theoretical efforts to find and analyze the nature and topology
of analogous classical models of chiral light-matter interactions like the present one. Such ef-
forts would thereby lead to revisiting our current interpretations of materials chiroptical
properties in the ultrastrong coupling regime.

Q(L)(w),g(”(w) g(R) (w),E(R) ()

(L) : (R)
Qin L Qout
> i )
YA
/ é'z' |. ZL -
€y ®
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]
< M; @ <
Vo
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Figure 3.15: Prospective figure showing the same optical Fabry-Pérot cavity as in Fig. in
which a 2D-layer of chiral molecules interacts with one or several cavity modes. The finite
reflection and transmission coeflicients of the left L and right R mirrors are taken into ac-

count thanks to the polarization and frequency dependent matrices { r (LR (), tEE) () }
R)

) with given polarization content enters the cavity through the

(L(R

L(R) mirror and goes out as an output signal a,; ) after coupling to the states of polariza-

An input optical signal QS: (
tion of the cavity mode a. Unpublished Fig.

Future research perspectives. We provide here several prospective roads for future re-
search works devoted to investigating chiral light-matter interactions developing inside
optical cavities, following the lines we proposed in this chapter. The main open issues
which, we think, are of great interest for the field of chiral polaritonics are the following

1. How to characterize formally in a deeper mathematical way the connection between
the topology of classical trajectories and the underlying polariton formation under
cavity-induced chiral light matter interactions ? This could probably be done in general
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cases by deriving a Berry curvature associated to the electromagnetic gauge field both
in the initial quantum mechanical model and in the equivalent classical model.

2. Are there some more general way of thinking about the symmetries and conservation
laws (like conservation of orbital angular momentum and spin) of the coupled entity
made of interacting quantum cavity modes and collective and delocalized electronic ex-
citons of the 2D-layer chiral material? While many works analyze chiroptical features
of materials or of the electromagnetic field itself separately, very few works have been
done to clarify what happens for the case of strongly coupled polaritonic materials
embedded inside optical cavities.

3. What is the role of dissipation and fluctuations induced by finite losses of the cavity
and of the material embedded inside ? Do they have an effect on the crossover from
weak to strong light-matter coupling regimes, like introducing a threshold effect or
the emergence of exceptional points ?

4. What is the connection between the computed polaritonic spectra and the chiroptical sig-
nals that are actually measured in a real experiment ? How to compute experimentally
relevant signals from the output of the existing quantum mechanical model of chiral
light-matter interactions (which is intrinsically a closed system) ?

5. Is it possible to propose chiral electromagnetic environments generated by the cavity in
order to modify the chemical reactivity and enantioselectivity of chemical reactions for
materials embedded inside a Fabry-Pérot cavity in the strong coupling regime ?

Those questions are all open either from the side of theory or of experiments. Those are
quite hard ones and it seems at first sight quite difficult to propose any significant progress
along those directions. Regarding the points number 3[4 however, there is a way out which
is illustrated in Fig. Indeed, to connect our work to actual experiments, one needs to
"open the system" and take into account the coupling of the electromagnetic modes of the cavity
to the external electromagnetic environment through the left L and right R mirror. This can be
done through the polarization and energy dependent reflection and transmission matrices
characterizing those mirrors {r“®)(w), {“(®)(w)}. An input optical signal Qi(rlf ™) with
given polarization content enters the cavity through the L(R) mirror and goes out as an
output signal ngliR)) after coupling to the states of polarization of the cavity modes a. One
thus has to write quantum Langevin equations within an "input-output theory" and solve them
to find the polarization-dependent chiroptical measurable signals in transmission or reflection
out of the cavity. Those quantum Langevin equations will include by construction dissi-
pation and fluctuations (thermal or quantum) induced by the cavity finite quality factor.
We will pursue such a research project in collaboration with David Haggenmiiller (ISIS) and
Cyriaque Genet (ISIS) and a future postdoctorate researcher that will be financed by the PEPR

LUMA TORNADO national project for that purpose.
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