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Resumen

escala menor que la longitud de onda de la luz visible ( vis 400nm - 700 nm).
Por ejemplo, la técnica de microscopia Optica de barrido por dispersion del campo
cercano (s-SNOM) utiliza puntas metalicas de unos pocos nanémetros de radio que
concentran el campo cercano de la luz por debajo del limite de difraccién de Abbe,
el limite tedrico de los dispositivos 6pticos habituales. Por otro lado, el desarrollo
de metasuperficies con estructura nanométrica ha permitido manipular la fase de
la luz de una manera controlada y, de este modo, construir dispositivos opticos de
dos dimensiones que presentan propiedades 6pticas que a menudo superan las de
los elementos 6pticos convencionales [5].

Cuando la luz interactia con los electrones de la banda de conduccion de
metales contenidos en nanoparticulas de dimensiones que apenas alcanzan una
fraccién de su longitud de onda, la luz es capaz de excitar resonancias colectivas
del gas electronico en las interfases metal-aislante, conocidas como plasmones
superficiales. Estas resonancias constituyen oscilaciones de carga eléctrica en
la superficie del metal que dan origen a campos electromagnéticos localizados
en su proximidad. Los campos electromagnéticos asociados a estas resonancias
presentan amplitudes especialmente intensas en ciertas regiones denominadas hot
spots (puntos electromagnéticos calientes) que son m’as acusados, por ejemplo,
en huecos estrechos entre las superficies de dos particulas cercanas, donde la
interaccion de Coulomb entre las densidades superficiales de carga de las dos
particulas es mas fuerte, produciendo, por tanto, una especial concentraciéon de
la carga plasmonica en dicha region (efecto nanoantena). Los plasmones de estas
antenas metélicas (particulas plasmonicas) [6] interactidan muy eficientemente con
los fotones incidentes, y de esta manera, facilitan la interaccion entre el haz de luz
incidente y cualquier muestra (moléculas por ejemplo) localizada en la proximidad
de la superficie de la antena. Este mecanismo de aumento de la sefial da lugar, por
ejemplo, a un aumento de la huella espectroscépica vibracional incluso de una sola
molécula en la sefial de dispersién Raman aumentada por superficie (SERS) [7-19]
alcanzando varios 6rdenes de magnitud de aumento. El hallazgo del mecanismo
de aumento electromagnético de la sefial de SERS ha causado un gran desarrollo
del campo de la plasménica que, desde entonces, ha experimentado un gran auge.
La capacidad de los plasmones de absorber la luz y producir calor ha logrado
aplicaciones préacticas que incluyen la termoterapia inducida por plasmones, o el
desarrollo de nuevos métodos de purificacion del agua [20]. Se ha demostrado
que la excitacién de plasmones es capaz de provocar o inhibir reacciones quimicas
de moléculas situadas en las inmediaciones de superficies metélicas a través de
varios mecanismos que incluyen el calentamiento local plasmdnico, la generacion de
electrones calientes [21], o la modificacidn de la naturaleza de los estados quanticos
de las moléculas tras el acoplamiento fuerte entre la luz y las nanoparticulas
metélicas [22].

Las particulas plasmonicas han sido disefiadas, entre otros, para mejorar
el rendimiento de las espectroscopias Opticas e infrarrojas [23] como en SERS,
en espectroscopia infrarroja aumentada por superficie (SEIRS) [24-39] o en
fluorescencia aumentada por superficie (SEF). Aungue todas estas técnicas, SERS,
SEIRS y SEF, aprovechan del aumento del campo cercano producido por las
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Resumen

de la cavidad, considerado a su vez homogéneo a lo largo de toda la extension
espacial de la molécula. Se identifican situaciones en las que la descripcién puntual
de la molécula no resulta valida y se muestra como se puede aprovechar esta
situacion para obtener mas informacion sobre las moléculas. Por ejemplo, se
pueden poner las moléculas objeto de estudio en proximidad a la punta de un
microscopio de efecto tlnel de modo que la punta del microscopio y el sustrato
formen una cavidad plasmdnica. De esta manera, mediante el desplazamiento de
la punta respeto a la molécula y la medicién de la respuesta dptica de la cavidad,
esta configuracion puede proporcionar informacion espacial sobre el acoplamiento
plasmén-exciton de alta resolucion, y de esa manera, permitir ver la estructura
de la distribucion de carga asociada con dicha excitacion molecular. Finalmente,
se muestra tedricamente que la inhomogeneidad de los campos electromagnéticos
puede dar lugar a una ruptura de las reglas de seleccién épticas, y hacer que las
transiciones electrénicas moleculares de caracter cuadrupolar interactien con la
luz.

Si el acoplamiento entre las excitaciones de las moléculas y los plasmones supera
las perdidas intrinsecas del metal y de las excitaciones de la molécula, los plasmones
y los excitones forman nuevas excitaciones hibridas, llamadas polaritones (o
plexcitones). Los polaritones han atraido mucho interés por sus propiedades
especiales que permiten, entre otras, la transferencia de energia a larga distancia, la
condensacidn de excitaciones, la emision estimulada, y la generacion de reacciones
quimicas. En el Capitulo 6 se hace un estudio de la emision de luz originada por los
polaritones previamente excitados con un laser monocromatico. En este capitulo
se demuestra tedricamente la importancia de la interaccion entre los polaritones
y las vibraciones internas de las moléculas, demostrando que las vibraciones dan
lugar a una transferencia incoherente de energia entre los polaritones, y por tanto a
una poblacion incoherente predominante de los polariténes de baja energia. Como
consecuencia de este hecho, los espectros de luz emitida por polaritones plasmon-
exciton muestran con frecuencia una asimetria espectral, tal y como se demuestra
en varios experimentos.

Las vibraciones moleculares pueden desarrollar un papel activo, que va més alla
del rol pasivo discutido anteriormente, por ejemplo en la induccién de reacciones
quimicas. Es, por tanto, deseable controlar de manera activa el estado de las
vibraciones moleculares. En la PartelV (Capitulo7) de la tesis se explora el
posible uso del mecanismo de espectroscopia de dispersion Raman aumentada por
superficie como herramienta que permita controlar las vibraciones moleculares.
Para describir teéricamente la dindmica del proceso Raman, asi como la dinamica
de las vibraciones, se adoptan métodos de la optomecanica cuantica, centrandonos
en el régimen en el que la molécula es estimulada por un laser resonante con una
de sus transiciones electrénicas - proceso Raman resonante. Se identifican las
condiciones de iluminacién externa que resultan en un aumento de las poblaciones
de las vibraciones mediante el proceso de estimulacién optomecanica. En el
régimen resonante, dicho proceso puede ser selectivo con respeto a la energia de las
vibraciones moleculares, por tanto, el proceso Raman resonante puede posibilitar
el control selectivo de una vibracion molecular especifica deseada, y dar lugar
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Chapter 1

Classical and quantum
description of plasmons in
small particles

The plasmon is defined as a quantum of a collective excitation of the electron
gas. In this chapter we introduce the concept of plasmon from the classical theory
of electromagnetism and quantize the oscillations of the electron gas using the
canonical quantization procedure. To that end we first briefly review the classical
electromagnetic theory of light scattering in dielectric media. This more than
hundred-years-old classical approach developed by James Clerk Maxwell proves
useful and accurate to describe the complex electromagnetic interaction between
extended plasmonic antennas and their dielectric environment. In this classical
linear-response theory, plasmons appear as resonances of the metallic structures
described by their respective dielectric function. We employ Maxwell’s equations
to describe the process underlying surface-enhanced infrared spectroscopy in
Part 11 of the thesis.

Further, we simplify the full machinery of Maxwell’s equations by describing
the interaction of light with small particles. To that end we exploit the concept
of volume-integral equation for electromagnetic-field scattering that yields an
insightful scheme for analytical modelling of the spectral response of small
particles. By assuming that retardation e[edts connected with the finite speed
of light are unimportant in certain circumstances, we introduce the quasi-static
approximation which allows for a precise definition of localized plasmonic modes
and opens the path towards their canonical quantization. We employ the canonical
quantization of plasmons to study the interaction of particle plasmons with
electronic transitions (excitons) in organic molecules in Parts Il and IV of the
thesis.









Chapter 1. Classical and quantum description of plasmons in small particles

equation [Eq. (1.9)] by taking the limit k ¥ 0;

EM = Boa)+ [[[Kirr) Tir) EEEH @12)
with the quasi-static dyadic kernel

K(r;r') = ﬁ (B;R I) : (1.13)

Equation (1.12) expresses the intuitive fact that the electric field induced by each
polarized element of matter is distributed as the field around a static point dipole
P(Nd3r = "o["(Y;r) 1]E(r)d®r that is self-consistently acting on the material
and producing the total material polarization. The quasi-static approximation
further allows for formulating the electromagnetic scattering problem in terms of
the quasi-static electric potential that generates the quasi-static electric field,
E= r.

The quasi-static fields are solutions of Poisson’s equation:

rr o= (1.14)

0
where ot = I P+ o is the total charge density including the induced charges
due to the material polarization, in,g = r P, and to the external charges ext.

The solution of Poisson’s equation can be found using a variety of numerical
and analytical methods, including the quasi-static DDA based on Eq. (1.12) or
the boundary-element method (BEM)[45, 46] based on the boundary-integral
formulation of Poisson’s equation. The boundary-integral formulation of the
theory is particularly useful in the description of the quasi-static modes of
finite dielectric (metallic) particles. In its numerical implementation, BEM also
allows for significant computational simplification as only the interfaces separating
homogeneous materials (i.e. the particle boundaries) have to be discretized,
compared to the volume-integral approach where the whole three-dimensional
particle volume has to be discretized.

In the framework of the boundary-integral formulation, the surface charge
of the particle composed of a homogeneous material described by the dielectric
function " surrounded by a vacuum, related to the particle polarization as

(s) = ng P(s), fulfils the equation:

1+"
/ / F(s;s) (s')d’s’ 2 - (9)= 0 ext (1.15)
Vo 1 @n
with F(s;s') = “‘SSSSS;;O) for s & s’ and n, the outer surface normal at point

s of the surface. The integral is evaluated over the particle surface @Vp. The
inhomogeneous term on the right hand side of Eq. (1.15) is the surface derivative
of the external potential, ¢x¢, imposed on the particle due to the external charges

6



1.1. Maxwell’s equations

exts @@;n =Ns I ext(s).

We use the quasi-static approximation to discuss plasmonic excitations in
metals and define the plasmons as self-sustained oscillations of the conduction
electrons in metals as obtained either from the boundary-integral equation
[Eq. (1.15)] or from the volume-integral equation [Eq. (1.12)] in Section1.2.1.

1.1.2 Interaction of light with small particles

The Lippmann-Schwinger equation [Eq. (1.9)] allows for a particularly insightful
treatment of light scattering on particles of small size compared to the wavelength
of the incident radiation. In such a case, the integral relationship for the total field
at the position of the particle approximately simplifies into the algebraic form

E(r; ! Eext(r; 1) + i‘6(73Vpar (M) UEMr) L [*(Y) 1UE([!); (1.16)

where Vpar is the volume of the particle, (1) is the dielectric function of the
particle, and we approximate the dyadic Green’s function via its regular part at
the origin:

k

ImfG(r;r; 1)g = I6—; (.17

and its singular part which yields the depolarization factor L [47]:

1 // Ns€R »
L=— d<s: (1.18)
4 @Vpar R2

Here the integral is evaluated over the surface of the particle with the outer
normal ng and with eg = R=R the unit vector centred at a fixed point r’ and
pointing to point s on the particle surface. We note that the depolarization
factor in Eq.(1.18) emerges already from the solution of the quasi-static form
of the Lippmann-Schwinger equation [Eqg. (1.12)] and is therefore not influenced
by retardation e [edts [48], which we have neglected for simplicity. The external
field Eexe determines the polarization density P in the particle, via Eq. (1.16), as

P="0["(1) 1]JE; (1.19)

which can be integrated to yield the total dipole moment induced in the particle.
By assuming an homogeneous polarization of the particle’s volume, the induced
dipole moment becomes:

P =VparP = a Eext; (1.20)






1.1. Maxwell’s equations

Scat.
Particle
V Abs.
Sour Detector
ource
Ext.=Scat.+Abs.

Figure 1.1: Schematic depiction of absorption, scattering and extinction of light on a small
particle. The particle is illuminated by a source and the transmitted light is recorded by
a detector. Upon illumination, the article absorbs the incident light (schematically shown
by the blue arrow) and scatters the light to the far field (black arrows). The scattered
and absorbed contributions are removed from the incident beam, together yielding the
total extinction of the transmitted light.

is performed over the particle volume, Vp,,. Equation (1.23) can be compared to
the expression of the absorption inside of the material:

1
Pabs = / / / Ref Jing Ecog 0°r; (1.24)
Vpar

where the external electric field, Eext, is replaced by the total (i.e. external plus
induced) field, E¢ot, inside the particle. The scattered power, Py, is then obtained
from the sum rule Psca = Pext  Pabs- The induced current density is connected
with the polarization density inside of the particle as Jing = 1!P and assuming a
homogeneous polarization of the particle leads to the following expression for the
power dissipated due to absorption, scattering and total extinction:

Pabs = abslo; (1.25)
Psca = scalo; (1.26)
Pext = extlo; (1.27)

where lg = ¢"gjEextj?=2 is the intensity of a plane wave and aps, sca and ext
are the absorption, scattering and extinction cross sections, respectively. For a
point-like isotropic particle these expressions become [49, 50]:

Kk 2
abs = %lmf 09 ‘0 ; (1.28)
k4 .
sca — 67..2] ] = ext abs; (1.29)
0
k
ext = ilmf g; (1.30)

The Egs. (1.28) to (1.30) are consistent with the laws of energy conservation
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Chapter 1. Classical and quantum description of plasmons in small particles

density then simplifies to
"0 Eq= q Pgq (1.34)

and allows for determination of the relationship between P4 and E4 as "oEq =
P4. which together with Py = "o(" 1)Eq leads to the well-known condition
determining the frequency of the bulk plasmons

=0 (1.35)

Assuming that ", the metal dielectric function, is well described by the Drude
dielectric function (with negligible damping)

'
"=1 !2; (1.36)
the frequency of the bulk plasmons, !,,k, becomes
Vouk = Tp: (1.37)

Surface plasmons of a planar metal-vacuum interface

When the bulk metal is cut by a plane (z = 0) and one of the semi-infinite
parts is replaced by a vacuum (z > 0), as shown in Fig.1.2 (b), a new type of
plasmon excitations arises at the interface. The new excitations are bound to the
metal-vacuum interface and are called surface plasmons. Surface plasmons can be
obtained from the ansatz that assumes that the oscillating charge has the form of
a surface wave:

a(r) = q.expliqy ry; (1.38)

with r and q; being the component of the position and momentum vectors
in the plane of the interface (xy). The surface-charge density , produces an
electrostatic potential in (1) the vacuum region (z = 0) and (1) the region filled
with the metal (z < 0):

O(r:z) =—2_exp(iq; ry)exp( jqujz); 1.39
(r;2) 21,1 p(iq; ryp)exp( jq;jz) (1.39)
“”(rn;z):ﬁexp(iqu ry) exp(iqyjz); (1.40)

which must fulfil the boundary condition

<@ (|)> - (@ (H))
@z 2=0 0z

12

(1.41)
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Chapter 1. Classical and quantum description of plasmons in small particles

procedure based on the correspondence with the quantization of a harmonic
oscillator, we define the creation, ai,, and annihilation, &, operators of the
plasmonic excitation n and promote the amplitudes to operators to get the position
and momentum operator of each mode as:

h
On =,/ SNt G+ 8 (1.55)
 [ANgmg1
Bo= iy/ NeMelfe, e”;e L4, af); (1.56)

with the commutation relation [4n;4/] = 1 and & the reduced Planck’s constant.
These relationships define our quantum system in terms of the quantized
polarization operator:

P=> PO +pP =) P{Ia,+P{4]
n n

e2h "
Z Zmee 1 (anfn + aJrf1fn); (1.57)

& A _ . |BNee21 N
P = _"/W(a”f” alf);

with PE]’) = [PST)]*, which are time independent in the Schrédinger picture.
The result for the polarization operators can be applied to find the quantization
condition for the surface charge density , and the induced potential,  (see

Appendix A.1):
J[ 0 Oas=gm (1.58)
@Vpar

For completeness, we explicitly write the electrostatic potential operator, Aﬂ',
of mode n, and the surface charge operator of the same mode, ~P', as

>

= Mg+ (al; (1.59)
APl= Ma + (Mal: (1.60)

Finally, the Hamiltonian of the plasmonic modes, qu|, of the particle becomes in
the notation of the creation and the annihilation operators

Mo = > Al &l an; (1.61)
n

1
where we have left out the constant factor of » 5L,
n
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Chapter 2

Quantum description of
electronic and vibrational
excitations in molecules

One of the main goals of this thesis is to describe theoretically plasmon-
mediated spectroscopy of molecular excitations. Plasmonic cavities are introduced
as a structure that allows probing molecules more e [ciehtly by squeezing
electromagnetic fields down to the molecular scale. In this chapter we present
a brief review of electronic and vibrational excitations in molecules. We start
with the Hamiltonian description of the interacting system of many electrons and
atomic nuclei, representing the molecule, and derive the basic equations governing
the diLerknt molecular excitations.

This chapter sets the stage for Partsll, 111 and IV which describe the
interactions between plasmons and molecular excitations and their manifestation
in plasmon-mediated infrared and optical response of molecules placed into the
plasmonic cavities.

2.1 Hamiltonian of a molecule in a vacuum

The molecule is a highly complex system composed of mutually interacting
negatively charged electrons and positively charged nuclei. In the non-relativistic
limit, such system is generally described by the Hamiltonian (expressed in the

19



Chapter 2. Quantum description of molecular excitations

position basis of the electrons [e] and the nuclei [n]):

Hmol = He + Th; 2.1)
2,42 2
Z her +Z _ .e .
—~ 2me _i;j_ 8 "ojri  rjj
QiQy eQ
+ —_— 2.2
28 "ojR1 Ryj %:4 "oJR1  rjj (22)
I;ﬁJ
_ wri
To= Y SN (2.3)

where He and T, are the electronic Hamiltonian (including the inter-nuclear
interaction potential) and the nuclear kinetic energy, respectively, g, stands
for the gradient operator in the electronic (nuclear) coordinates ri = [Ii:x; li.y; li:z]
(Ri = [Ri:x; Riy; Ri;z]) and we have defined the electron (nucleus) charge, e (Qi),
and the mass of electron (nucleus), me (M,). In the summations, the lower-case
indices i;j run over the electrons and the upper-case indices I;J run over the
nuclei. For brevity we will further use a simplified notation in which frg (fRg)
labels the set of all the electronic (nuclear) coordinates. For later convenience we
also define the electronic Hamiltonian free of the nuclear interaction energy, He,
as

Qi1Q, ]
; 24 "jRi  Ryj’ (2.4)

which is commonly considered as the starting point for the many-body electronic
problem as discussed below.

The standard way how to approach the solution of the Hamiltonian in Eg.
(2.1) is to assume the ansatz in which the total wave function of the system,
(frg; fRq), is a sum of contributions that are factorized into the part describing
the electronic degrees of freedom, * (frg; fRg), which parametrically depends
on the nuclear coordinates, and the nuclear wave function, (fRg) (the Born-
Oppenheimer approximation):

(frg;fRg) = > 7 (frg;fRg)  (FRo): (2.5)

The electronic wave functions > (frg; fTRg) are defined to be eigensolutions of the
electronic Hamiltonian He:

[He E (fRg)]” (frg;fRg) =0; (2.6)

with E (fRg) the fRg-dependent eigenenergy of the electronic state

20



2.2. Electronic excitations

The nuclear wave functions  (fRg) obey the coupled equations:
Z R2r?
— 2M,
oo P o .
+Z{ Z{ZMI " +NTI el of =0; (X))

+[E (fRo) ]}

where is the sought vibrational eigenvalue and we have defined the non-adiabatic

couplings ,(1) and ,(2)
R L T A AN (28)
& o=h e i / /’*rf’ d*Nerr, (2.9)

with Ng; the number of electrons. The contributions of the coupling coe [ciehts
l(;l) can be shown to be inversely proportional to the dilerence between the

2
energies E (fRg) and E (fRg), with ,(2) ( ,(1) ) . Therefore, in situations
where the energies of the electronic states are well separated, the non-adiabatic
corrections usually become small and can be neglected. This is the so-called
adiabatic Born-Oppenheimer approximation in which the nuclear wave functions
become decoupled and can be obtained from the set of independent equations

h2ri
+[E (fR =0; 2.10
o, (B (RY) ] (2.10)
where the energies E (FRg) of the respective electronic states (including the
Coulomb energy of the interacting nuclei), dependent on the nuclear coordinates
fRg, play the role of an eledtive potential experienced by the nuclear motion,
known as the Born-Oppenheimer potential-energy surface (PES). In the upcoming
section we will address the individual parts of the Hamiltonian that give rise to
the vibrational and electronic excitations.

2.2 Electronic excitations

Practically all molecular properties directly or indirectly derive from the molecular
electronic structure. For example, the vibrational modes of a molecule are defined
by the potential energy surfaces determined by the electronic states. Similarly,
also the interaction of molecules with light is largely determined by the electronic
states of the molecule and the transitions among them. Here we address how the
electronic excitations of the molecule can be obtained in the Born-Oppenheimer
approximation (assuming frozen nuclei).

21






2.2. Electronic excitations

Here the first term in the braces represents the single-particle kinetic-energy
operator, Vs(r) = Vs[r;n(r)] plays the role of the density-dependent potential
and IS are the eigenvalues related to the Kohn-Sham orbitals KS. Vs(r) can be
further expressed as

e’n(r’)

Vs(r) = Vexe(r) + /

where Vext (1) is the potential induced by the nuclei combined with the potential of
any other external sources, the second term accounts for the e [edtive screening by
the electrons and Vxc is the exchange-correlation potential related to the exchange-
correlation energy functional fxc[n(r)] via the functional derivative:

Vye = el (2.14)

n(r)

Using this notation, the total electronic energy E¢ becomes

euln(®) =T+ [ [ [Veamm e S [[[ [[] £3000) @roor

+ fxc[n(N)]; (2.15)

where Ts[n(r)] = 2;1 [[] K7 (r)r? ¥S(r)dr, and fxc[n(r)] contains all the
other many-body exchange and correlation contributions so that Eq. (2.15) holds.

The subtlety of the DFT lies in the definition of fxc as the exact functional is
not known. Many di[erknt forms of fxc have been developed combining various
analytical and empirical approaches. In this thesis we do not aim at discussing
the broad palette of available functionals and instead refer the interested reader
to specialized literature about the DFT [82, 83, 87]. Nevertheless, the state-
of-the-art exchange-correlation functionals make DFT to be the accurate and
computationally inexpensive tool for quantum chemistry and solid-state physics
as known nowadays.

The ground-state electronic density, n(r), of the molecule is found by self-
consistent solution of the Kohn-Sham equation [Eg.(2.12)]. Once n(r) is
determined, it is possible to calculate the ground-state properties of the molecule,
such as the molecular vibrations by sampling the ground-state nuclear PES.

2.2.2 Time-Dependent Density-Functional Theory

The Time-Dependent Density-Functional Theory (TDDFT) [73, 85, 88, 89] is
based on the generalizing theorems of Runge and Gross [85], which show that
the time-dependent electronic density,

n(rit) =Y 1St K5 (2.16)
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3.1. The density matrix and the quantum master equation

figi; jeig by a matrix:

P a3t 1 (3:3)

For the mixed state, on the other hand, the density operator "nix can be
represented by a matrix:

Pmix = % [é (1)] : (3.4

The dilerknce between the two matrix representations is apparent. The matrix
representing the superposition state j ¢gi contains nonzero o[=diagonal terms
named coherences, whereas the mixed state is expressed by a fully diagonal matrix
where the coherences are absent. Exploiting this nomenclature we can thus say
that j ogi is a coherent superposition of jgi and jei, and the mixed state is an
incoherent superposition of the two.

The density operator has a large number of properties that can be found in
standard textbooks [94, 95] and that we omit here for brevity. Like the pure
quantum state, the density operator also determines all observable quantities
(observables) of the system. According to quantum mechanics, the observables
are represented by operators acting on its Hilbert space. The outcome of an
experiment that measures an observable O is in quantum mechanics a stochastic
quantity with the mean value given by the well-known formula

hGi=h jbj i (3.5)

if the system is in the pure state. In case that the system is described by the density
matrix, the outcome of the measurement is still a stochastic value, determined not
only by the quantum probability of the measurement but also by the classical
probabilities w . The mean value of the observable is then given by

hGi = Trf~rOg; (3.6)

where Trf g denotes the trace.

3.1.2 Time evolution of the density operator

We complete the discussion of the density operator by presenting the di Lerkntial
equation governing its time evolution. Provided that each pure state j i of an
isolated or closed system obeys

A A
ih i i=HAj i 3.7
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be obtained from ~g by applying the trace rule
hGsi = Trfrs Osg: (3.11)

It is therefore convenient to derive an e[edtive theory which can solely describe
the physics of "5 and treat the environment only perturbatively.

We start with the general formula for the time evolution of the reduced density
operator s that can be derived from Eq. (3.8) by applying the definition in Eqg.
(3.10), yielding

. d d
maAS =Tre {.hdt/\T} = Tref[A; o; (3.12)

where the right-hand side is a partial trace of an expression containing the
Hamiltonian of the total system, I, and the total-system density operator, "r.
The time evolution of 75 is not generally Hermitian and new incoherent loss
mechanisms, such as population decay or pure dephasing, appear due to the partial
trace. These processes result in time-irreversible dynamics of the system state and
lead to loss of the system coherence. We further write the total Hamiltonian A in
the form

A = As + Ase + Ag; (3.13)
where HAg is the Hamiltonian of the open system, He is the Hamiltonian of

the environment and Fsg is the interaction Hamiltonian connecting the two.
Next we invoke the interaction picture in which the Hamiltonian transforms as

A = 0A0T +ird01 with O = exp (iqu. t) and AN = As + Ag. The operators,
including the density operator, acquire the explicit time dependence & = 0 Q 01,

In the interaction picture, the time evolution of the density operator has the
form

1
Ar(t) = = |Ase(®): (D) - (3.14)
Eq. (3.14) can be formally integrated
1 t+ t
M =0+ [ de A (3.15)
Jt
and used consecutively to express ~r(t') in Eq. (3.15), leading to the second-order
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expression
j— 1 ot / .
v ) @ =g [ Ay o)

w C ot [Ase): [Ase s ]|

(3.16)

The derivation of the e [edtive dynamics of s from Eq. (3.16) involves the use
of a series of approximations including the Born approximation and the Markov
approximation.

We assume that the first term on the right-hand side of Eq. (3.16) disappears
because

Tre { [Ase@); ]} = 0; (3.17)

which follows if we assume that " “s(t) g, where /¢ is not aledted by
the system dynamics. This approximation states that the correlations in the
environment decay fast compared to the time scale of the system-environment
coupling and can be seen as the Born approximation[94, 96]. In order for Eq.
(3.17) to be valid, the interaction between the interesting system and the reservoir
further needs to have vanishing mean-contribution from the reservoir, i.e.

Tre {ﬁSE(t)AE} =0; (3.18)

which can usually be achieved by a suitable definition of Asg. Equation (3.16)
thus becomes

+
1 t t

S O /ttodt" [Ase(©); [Ase@: ~r] ]
(3.19)

which can be recast into a more convenient form by a change of the integration
variables (defining =t t’)

M+ ) (D)
1 t t+ t
— / d / dt’ [IQSE(t’); [IQSE(t’ ) Ar(t )H
he Jo t+
1 [e%s} t+ t
— / d / dt’ [IQSE(t’); [IQSE(t’ ): ’\T(t)H : (3.20)
he Jo t
where the second step assumes that the integrand becomes negligibly small for
¢ t, i.e. the reservoir correlations disappear on the time scale . smaller
than t (the course-grained approximation), and we have applied the Markov

approximation by setting “r(t”) v (t) [94, 96].
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Chapter 3. QED description of plasmonic and molecular excitations

of the total system (i.e. containing both the interesting part of the system and the
reservoir), the Heisenberg-picture operators evolve in time as

A = G(0) e = O (1;0)8(0) O(t:0) = OF (£ 0) O O(t; 0);  (3.36)

where on the right side of Eq. (3.36) the operator 3(0) & is the operator in the
Schrddinger picture, i.e. the time-independent operator.

A two-time correlation function hO;(t)O,(t + )i of two operators &; and &,
is defined as

hS1 (0O, (t + )i:Tr{Ol(t)Oz(t+ )AT} (3.37)
=Trfd, 0ft+ 03,0t + ;1) [O(t;O)ATOT(t;O)}g (3.38)

(D)
:Tr{é2 [L’J(t+ 1) Ar() Oy Ot + ;t)” (3.39)

=Trs {6, Tre {0t + D M®G0TE+ 0} (340)

with At the density matrix of the system and we used O (t+ ;0) = O (t+ ;)0 (t; 0)
[94]. If we further define

B(t+ ;t):TrE{O(t+ 1) Ar(t) O, OF (t+ ;t)} (3.41)
and write

hA:1 () (t+ )i = Trs {Ozﬁ(t+ ;t)}; (3.42)
we notice that the two-time correlation function assumes the form of the average of
the operator O, where the system density matrix ”s is replaced by P'(t+ :t) that
evolves as a function of . In case that the density matrix ~(t) approximately
factorizesas ~+ s g and assuming that 8; and &, are the system operators,

the expression in Eqg. (3.41) simplifies
Pit+ ;) =0+ )00, 0T+ ;t): (3.43)

Moreover, if the system density matrix obeys Eq. (3.35), the operator P'(t + ;t)
does so as well (in the vectorized form):

dglg(t+ 1) = LB+ ;1) (3.44)

with the initial condition P'(t;t) = ~5(t) O;. Eq. (3.44) is known as the quantum
regression theorem (QRT). This theorem is also used in an alternate, more general,
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the interaction Hamiltonian

Ay =RAT+Hie R=D gud; (3.48)
K

with H.c. standing for the Hermitian conjugate and coupling rates g.

We solve now the Schrédinger equation describing the time evolution of the
system state with the following ansatz:

j i =cojg; FOY, gi + Ccje; FOVgi + chjg;fl!kgi; (3.49)
K

where the states jg(e); fOlkgi contain zero excitations of the electromagnetic
field modes and the states jg;fll.gi contain exactly one excitation of the
electromagnetic mode k and zero excitations elsewhere. With this ansatz, the
Schrddinger equation in the interaction picture

ih%j i=Aj i (3.50)
becomes
%ce(t) = ;;gk g'(featle (1);
%ck(t) - %g;e—iaeg—!k)tce(t); (3.51)
%co(t) =0:

Notice that the state jg; fOYgi becomes decoupled from the rest of the dynamics as
the total Hamiltonian Ao = sys + K, conserves the total number of excitations,

ie. [Aior K] =0, with Kt = ATr+ % "afa,.
k

The system in Eq. (3.51) can be formally solved by eliminating the amplitudes
ck from the second line of Eqg. (3.51)

H t
C(® = 3ok [ e o bt dty (352)
0
and substituting the result back into the first line of Eq. (3.51)

d Y1 2 (e
gice® = / 7z 2 J0a% eCeo Tt e (1) ity (3.53)
0 K

f(t-t1)

Finally, the equation for the time-evolution of the amplitude c¢(t) becomes an
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integro-di [erential equation

t
%ce(t)= /Of(t t1)Ce (ty) dty: (3.54)

We further note that the kernel f(t t;) can be expressed using the operator R
as

f(t 1) = Trem {ROR(@) e | et (3.55)

where the trace is taken with respect to the electromagnetic modes and
"em IS the density matrix of the electromagnetic modes in the vacuum
state. Equation (3.55) becomes useful in cases when the correlation function

hRORT(t1)i = Trem {IQ(t)IQT(tl)"em} can be calculated by other means than the

explicit summation of Eq. (3.53). It is particularly useful to define the so-called
spectral function Jem (1) via the expression for the kernel f(t t;) as:

ft t1) / Jem(1) e'fea= D) g1 (3.56)

— 00

The spectral function Jem(!) then combines the information about the molecule-
continuum coupling strength and the spectral structure of the continuum, and
can bring an intuitive picture into the otherwise highly complex problem of the
non-Markovian dynamics of the excited state of the molecule.

Equation (3.54) can be solved by standard mathematical methods involving
the Laplace transform or direct numerical integration. In this thesis we adopt the
general numerical approach suitable for integration of Eq. (3.54) with Jem(Y) in
a general form. The specifics of the numerical method are further described in
Appendix B.2.

3.3 Emission and extinction spectra of quantum
systems

We revise here the spectral response of quantum systems. The extinction and

emission spectra are often the most accessible information about a quantum

system, as implemented in optical experiments. In this chapter we derive the

expressions for the emission and extinction spectra of quantum systems and define
the spectral line shapes that we use in later chapters.

3.3.1 Photon emission spectrum

In this thesis we are be mostly interested in the calculation of emission spectra
of systems involving a plasmonic particle and a molecule pumped by an incident
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laser. We further assume that the direct radiation of the molecule into the far-field
is negligible compared to the indirect emission enhanced by the plasmonic particle.
We show now that in such situations the emission spectrum can be obtained from a
two-time correlation function of the plasmon annihilation and creation operators.

To that end we define the emission spectrum as the rate of absorption of the
far-field photons that are emitted by the plasmonic particle in the detector. We
further assume that the detector is composed of a series of absorbers, each of
them sensitive to a particular frequency !. We adopt this particular model of
the detector for simplicity of the derivation, which can be performed in di [erent
ways [94, 97, 98]. In the linear regime, such detector can be realized as a set
of harmonic bosonic absorbers of the respective frequencies !. We assume each
detector’s absorber of frequency ! is described by the Hamiltonian quet;!,

Fets = h1didy; (3.57)

with @y the annihilation operator of the absorber. We further assume that the
detector mode of frequency ! interacts with the incident field via the detector-
photon interaction Hamiltonian quet_ph

Alaet—pn(1) 7 ECYdy + ECY; (3.58)

where EM [E)] is the operator of the positive (+) [negative ( )] frequency
part of the electromagnetic field measured at the position of the detector. The
interaction between the measured field EC) [E()] and the detector perturbs the
density matrix of the total system and, in the linear response limit, within the
interaction picture defined by the system and detector uncoupled Hamiltonian, it
gives rise to the contribution
1 t

" in {'qdet—ph(tl); A] dty; (3.59)
where " is the density matrix of the non-interacting system and the detector. The
rate of the photon absorption by the detector at the respective frequency I, W (1),
proportional to the intensity measured at frequency !, is then given by the increase
of the detector’s mode population with time:

w() /s %h(ﬁ dvi= ih<{lqdet—ph;(ﬁd\!}>: (3.60)
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Chapter 4. Dielectric theory of Surface-Enhanced Infrared Spectroscopy

E{Pe-itt + Eei't with E™ [EC)] the positive (negative) frequency part
defined so that E® = [EC]".  We further add into Egq. (4.10) the
phenomenological damping force, Fgamp = vg, where  is the damping
coe [cieht of the particular vibration, and solve it for the particular solution given
by the positive-frequency part of the driving field. To that end we assume a
positive-frequency particular solution of g in the form q(*) = q((f)e‘”t and obtain

an algebraic equation for the amplitude q(()+)

T o 0d s
(2 17" nv!qé’=@ ESY; (4.12)
which yields
od ()
(+) — @q Eo

(4.12)

qO ( 2 |2) i |:

- VA

The positive frequency part of the induced dipole moment, d™) = d{ et

(with déﬂ a time-independent amplitude), is then related to the vibrational
displacement as d() = %—ﬁq(”, which leads to:

(8 %)
(2 19 i

Qyib

d§” = ESY; (4.13)

where  stands for the Kronecker product. From Eq. (4.13) we identify the
polarizability tensor of the molecular vibrational mode as:

(4.14)

Qyib = - ;
vib ( 2 !2) |V!

_(0d @d).
F_<@q @q>'

with

The polarizability in Eq. (4.14) has the character of a Lorentz-like resonance
with a resonance frequency , and can be brought into the more standard
Lorentzian form by further approximation. If one completes the square in the
denominator in Eq. (4.14) and neglects the contributions of order O( 2), one
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a) €Si0y b)

10
— RC{E SiO9 }
— Im{esio, } Layer of phononic material
5 2
Localized surface-phonon mode
- +
0 —: { Shell of phononic material = E
- +
- Localized surface-plasmon mode
-5
800 1000 1200 1400 + -
v (em™1)

Figure 4.1: (a) Real (Refesio,g - red line) and imaginary (Imfesio,g - blue line) part
of the experimentally measured dielectric function esio, of SiO2 [122]. In the frequency
region where Refesio,g < 0 (region marked by the shaded area), structures fabricated
of the phononic material can sustain collective surface-phonon modes. (b) An example
of a system of a plasmonic antenna covered with a shell of a sample phononic material
[e.g. described by the dielectric function shown in (a)]. Both the phononic sample
and the plasmonic antenna can sustain collective surface-phonon and surface-plasmon
modes, respectively. An example of such surface modes is schematically depicted as the
positive (+) and negative ( ) induced surface charges on the boundaries of the respective
structures.

here as isotropic), via

3"0 + 2N|$]0| vib | (4 18)
3" NI, vib'

where Nﬁ'10I is the density of the molecules and " is the vacuum permittivity.

Another class of materials that yields a strong infrared response are phononic
solids [64—-66, 123-130]. Phononic materials are often crystalline, polycrystalline or
amorphous solids whose structure contains infrared-active bonds. Similarly to the
infrared-active molecules, the infrared-active bonds of the phononic materials are
able to change the local polarization of the material and thus induce an interaction
with the electromagnetic field. A typical example of such a phononic crystal is
silicon oxide, whose Si — O bond oscillation induces a strong change of polarization
that gives rise to strong IR response [131]. We plot an experimentally measured
dielectric function of SiO2, "sio,, in Fig.4.1 (a) [122].

In the following we describe the bulk properties of generic phononic materials
and of molecular materials on the same footing via the dielectric formalism by
considering a model dielectric function, which has the from of a Lorentz oscillator:

2
"S(1) ="t R E (4.19)

where ", is the background permittivity, 1os is the oscillator strength, '+o
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resonance of the infrared antenna interferes with the narrow vibrational resonance
of the analyzed molecules.

We introduce here an analytical model that yields closed-form analytical
expressions for typical SEIRS spectra of a plasmonic antenna covered with a
molecular sample. To that end we develop a coupled-dipole model, treating the
plasmonic antenna and the molecular sample as two point-like polarizable objects,
and describe the scattering of incident IR radiation on the antenna-sample system.
We attribute to both the antenna and the sample an isotropic polarizability a
and s, respectively, following the prescription of the previous section:

_ fa)
AS) — T2 ; ’
as VPoiae!

(4.20)

with fas) being the antenna (sample) oscillator strength, A(s) the antenna
(sample) intrinsic damping and sy the antenna (sample) resonance frequency.
The quasistatic polarizability in Eq. (4.20) has the form of a Lorentzian-like
resonance whose central frequency and line width are in principle established by
the material properties and geometry of the respective scatterer. Note that the
macroscopic polarizability a(s) is generally determined by the full self-consistent
solution of the Maxwell’s equations for the antenna (sample) in vacuum defined
by its shape and dielectric function. The sample polarizability s thus reduces
to the single-molecule polarizability only if the sample is represented by a single
molecule. The coupled-dipole equations describing the scattering of the IR plane-
wave on the antenna-sample system can be expressed by means of the antenna
and sample dipoles, da and ds placed at their respective positions ra and rs, as:

2 2
da = A(Eo(rA)+'.‘. G(rairs) ds+ fImFG(ra;ra)g dA); (4.21)
0 0
2

k
ds= s <Eo(rs) +

—G(rs; ra) dA> ; (4.22)
0

where G(r;r’) is the dyadic Green’s function in vacuum [Eq. (1.11)], k is the
vacuum wave number of the incident radiation and Ep is the incident plane-
wave amplitude at the position of the respective scatterer. In Eq. (4.21) we have
introduced the self-interaction term that is responsible for the radiation damping
of the large plasmonic antenna / ImfGg, but we have neglected the radiation
damping of the weakly polarizable molecular sample that is e[edtively dark for
the incident radiation. Egs. (4.21) and (4.22) can be solved for the respective
dipole moments:

-1
da = [l ImfGAAg(I AGas SGSA)_l A}

(I AGas sGsa) " ( AES + aGas sEJ); (4.23)
ds = SE(S)"' SGSAdA: (424)
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We remark that the results of the coupled dipole model can be generalized to
extended objects in the form of a coupled-mode model [136] that leads to analogous
physical conclusions. In this thesis we thus use the results derived in this point-
dipole approximation to gain deeper understanding of the spectral response of the
antenna-sample system.

Once the polarizability of the antenna is known, the absorption, extinction
and scattering spectra can be calculated from the following relationships (see
Chapter 1.1.3):

Kk 2

abs %Imf ng‘ = (4.30)

e

k

et nImf g (4.31)
S

sca WJ e J2= ext abs- (4.32)

0

In Egs. (4.30), (4.31) and (4.32) we have neglected the contributions to
the absorption, extinction and scattering emerging directly from the vibrational
sample. Therefore, in our theory, the spectra result only from the absorption and
scattering processes taking place on the antenna influenced by the presence of the
sample’s dark (or e [edtively dark) resonance.

The spectra of a typical antenna interacting with a molecular sample are
plotted in Fig.4.2 (a) for absorption (blue line), scattering (black line) and
extinction (red line). The parameters of the model are chosen such that the
antenna scattering dominates over the absorption and both the antenna and
sample’s resonances are made to spectrally overlap. The specific values of the
parameters defining the system are given in the caption of Fig.4.2. The spectral
profiles of the absorption, scattering and extinction contain a Fano-like feature due
to the molecular resonance that we further highlight in Fig. 4.2 (b), where we zoom
in the spectra of Fig. 4.2 (a) and normalize them to the spectral response of the bare
antenna (antenna’s absorption, 4, extinction, %, and scattering, £,). The
extinction and the scattering spectra feature a clear spectral dip at the position of
the sample resonance. This dip, however, is not present in the absorption spectrum
which exhibits a positive bump on top of the broad antenna resonance. The
appearance of the positive feature in the absorption is rather surprising, inasmuch
as in experimental SEIRS absorption dips are observed even for strongly scattering
antennas [30, 34, 37, 39, 119, 137]. This seemingly paradoxical situation stems from
the fact that in experiments it is the antenna extinction that is measured and not
the antenna absorption.

We show in the following section how the line shapes of the respective spectra
can be understood with help of the model presented above. We consider several
modes of antenna operation depending on the ratio between the antenna intrinsic
and radiation losses.
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Figure 4.2: (a) Absorption, c.ws, scattering, osca, and extinction, oext, spectra calculated
with the use of the analytical model presented in Section4.3.1 assuming dominant
radiation losses of the antennaand 5 = s =1250cm . A symmetric dip is observed
at the position of the sample resonance in the extinction and in the scattering spectrum,
whereas the absorption spectrum exhibits a positive bump. (b) Relative change of the
absorption, scattering and extinction spectra induced by presence of the dark mode. (c)
The asymmetry parameter gr plotted as a function of sample resonance frequency s.
(d) Amplitude of the Lorentzian curve added to the conventional Fano line, By, for
scattering (Bsca = ), extinction [Bex: = B(1 + dr)] and absorption [Baps = S(1 + 6%)]
spectra as a function of sample resonance frequency s. The amplitude Bs.. = 8 never
exceeds unity at the antenna resonance frequency and is represented by the lowest lying
line. Close to the antenna resonance, the radiation corrected amplitude Bex; = S(1+ )
is below unity which causes diminishing of the Fano dip in the extinction. The amplitude
Baps = B(1 + 6%) exceeds unity leading to reversal of the original antiresonance towards
positive resonance in the absorption. We used the following parameters to generate the
plots: fa =1 10 2F m? ecm 2, fgs=6 10 2F m? cm 2, 44 = 60cm ! and
s = 6cm L

4.3.2 Spectral line shapes of .ps, sca and  ext
The spectral response of a system of coupled modes is usually understood in terms

of the Fano resonances [132, 138, 139]. The e [edtively dark mode of the sample
coupled solely to the so-called bright mode of the antenna causes constructive or
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Figure 4.3: Corrected Fano spectral lineshape ocr for gr = 0.5, 0 and 0.5, and di Cerent
values of Br: (a) Br =0, (b) Br = 0.5, (¢) Br =1, and (d) Br = 1.5. The value of the
Fano asymmetry parameter gr modifies the symmetry of the profile, showing a perfectly
symmetric dip for gg = 0 and Br < 1, and an asymmetric dip for gr & 0. For gr = 0 and
Br = 1 the Fano spectral feature completely disappears and for gg = 0 and Br = 1.5
the spectral dip turns into a positive peak on top of the background.

destructive interference leading to the formation of the characteristic asymmetric
Fano line shape. It has been shown by Gallinet and Martin [140] that the original
Fano formula must be corrected for the case of coupled electromagnetic modes and
that in the formula for the spectral line shape, cf, there appears a new parameter,
Bg, responsible for smoothing o [the resonance feature. The expression for the
line shape is:

( +0e)?+Be _ ( +gp)? Br

= + :
CF/ 2+ 1 2+ 1 2+l. (433)
N X
Fano Lorentzian

Here is the frequency parameter and g is the Fano asymmetry parameter. The
corrected Fano profile, cg, thus contains the original Fano line and a Lorentzian
peak of amplitude Be. We plot ¢ for dilerknt values of g and Bg in Fig.4.3.
The Fano line shape has the form of a generally asymmetric peak, which for the
case of gr = 0 (green lines in Fig. 4.3) becomes a perfectly symmetric (Lorentzian)
dip whose bottom reaches exactly zero and thus completely splits the spectrum.
The Lorentzian contribution then mitigates the depth of the spectral dip which
for 0 < B < 1 only shallowly perturbs the constant spectrum [Fig.4.3 (a,b)].
When Bg = 1 the Fano dip is perfectly cancelled and the spectrum cg becomes
constant for g = 0 [Fig. 4.3 (c)]. Interestingly, by further increasing Bg to values
1 < Bk, it is possible to completely reverse the Fano dip into a positive peak on
top of the constant background as shown in Fig. 4.3 (d).

In this section we show how the spectral response in absorption, extinction and
scattering leads to dilerknt Fano-like line shapes and connect the parameters of
the Fano curves to the actual physical parameters of the coupled-dipole model. We
first derive the line shape induced by the coupling of the dark mode with the bright
mode for the simplest and practically measured situation: the extinction spectrum.
The extinction spectrum is given by the imaginary part of the total polarizability
of the antenna coupled to the molecular vibrational modes [Eq. (4.31)]. We insert
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the formula for the polarizability of the antenna interacting with the sample from
Eq. (4.26), using the bare antenna and sample polarizabilities from Eq. (4.20), into
Eq. (4.31) and obtain the expression for the extinction spectral line shape:

ext KImF ¢ g
Ce +idg }
=kIm<f -
{ Alarce  TafsG2  yede] + i[cryr + apde]
2
R s i
R G s R
_ kfayr ( +0)’+ (1+ F)
ag + V¢ 2+1
+0)2+ (1+
where for convenience we use a simplified notation for the Lorentzian-like
oscillators and define the real parameters ag = 2A 122he =  Alicg = % 12,
de = s!,andyg =bg Rgfa with RE = k3=(6 "p). We have further defined,
following the notation of reference [140], the reduced frequency, = (cg E)=,
the asymmetry parameter, qg = (= , the parameter = d2= 2 and its

correction g = FafsG?=(yrde). We have also used the following definitions:
= ¢ +dr having . = yefafsG2=(a2 +y2) and ¢ = apfafsG2=(aZ + y2).
The expression in the last line of Eq. (4.34) represents a product of the bare
antenna extinction spectrum, %, and a Fano-like spectral profile. By analogous
algebraic manipulation we derive the line shape of the scattering spectrum:

k* . o fA ( +Qe)P+
sca 6"%JEJ _a'2:+y'2: 2+1
+ge)? +
= A FE (4.35)

2+1
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amplitudes Bext, Bsca and Bgps in terms of the original oscillator parameters for
practical relevant situations usually exploited in SEIRS, A s [28], and setting
1 we get:

S!

Beca(! y= = deye : (4.37)
et S MT T (fafsG? +yrde)?’ .
YrdF
1 = = 7 @ 0@ @
Bext(- S A) (1+ F) deF+fAfSG2, (438)
2
Baw(! s A= (+ = Yo DeOrrTATGIYE ) 5)
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F1 F2

We immediately observe that the amplitudes Bscy and Bey: are limited for the
case of the exact tuning and can never reach unity. The flip into the positive
peak is therefore forbidden for the scattering and for the extinction. Note that
this statement is not true for arbitrary antenna-sample detuning as Bext Can be
larger than one for A & s [see Fig.4.2 (d)]. In the detuned situation, the
Lorentzian contribution superposes with an asymmetric Fano line which in turn
yields an asymmetric shape of the resulting spectrum [28]. The situation is more
complicated for B,ps as it contains a product of terms that we denote as F; and F;
and that are manifestly smaller and larger than one, respectively. The magnitude
of Baps thus results from the interplay of these two terms and its bounds, Baps 7 1,
cannot be determined generally. To get further insight we thus assume that the
coupling term between the antenna and the sample faofsG? is small and we Taylor
expand Eq. (4.39) as

Y 2br

1+ p) 1+fafsG?———
1+ ) AT bryrdr

+ (4.40)
When the coupling is weak, the sign of the first order coe [cieht decides whether
the spectral antenna-sample interaction results in a positive resonance or a negative
antiresonance in the absorption spectrum. We find the condition for the formation
of the positive resonance as jygj > 2jbgj by requiring the sign of the first order
coe [cieht to be positive (note that by definition yg, be and dg are negative).
In other words, the positive resonance occurs when the sample weakly couples
with the antenna whose total damping is at least twice larger than the intrinsic
damping, i.e., the radiation damping of the antenna is larger than its intrinsic
damping. Furthermore, if the condition jygj = 2jbgj is satisfied, the absorption
spectrum is, to the first order, virtually unperturbed by the sample resonance.

Such behavior of the absorption spectrum can be understood in terms of
coupling regime of the antenna-electromagnetic field as defined in the coupled
mode theory, as described by Adato et al. [137]. In this context, the antenna
is seen as a resonator coupled to the incident and reflected fields. Depending on
the antenna parameters, the regime of the antenna-field coupling can be classified
as under-coupled (jyrj < 2jbgj), over-coupled (jygj > 2jbgj) or as critical-coupling
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Figure 4.4: (a) The vibrational patch is modelled as a cylindrical object with
hemispherical caps of length L and diameter D and is hollow in the centre as the
body of the antenna passes through it. For the weakly interacting patch we used
L = 150nm, D = 115nm and for the mildly interacting patch we used L = 180nm,
D = 130nm. The length of the antenna is L = 3.2um with diameter Do = 100 nm.
(b) Normalized amplitude of the near field of the plasmonic antenna (La = 3.2um,
Da = 100nm) illuminated by a monochromatic plane wave polarized along = and of
frequency  1250cm !, which is resonant with the lowest dipole mode of the antenna.
The near field amplitude increases from the centre of the antenna towards the antenna’s
extremities where it is maximized in the plasmonic hot spots.

We place the samples on top of the antenna onto di [erent positions along the
antenna’s long axis and observe the changes in the total spectral response of the
antenna-sample system. Finally we fit the analytical model to the numerically
calculated spectra in order to obtain the model parameters as a function of the
sample position. A commercial-grade simulator based on the Finite-Dilerknce
Time-Domain (FDTD) method was used to perform the numerical calculations
[144]. We obtain the model parameters by fitting the scattering spectra and
use them to calculate the absorption and the extinction. We choose to fit the
scattering as it originates almost purely from the large antenna’s dipole moment
and practically does not contain any contributions from the direct scattering of
the sample. The scattering, unlike the absorption and hence also the extinction,
thus best complies with the assumption of the analytical model, which neglects the
direct contribution of the sample absorption and scattering to the overall antenna-
sample spectral response.

The waterfall plots of the numerically calculated extinction [Fig.4.5 (a,b)],
scattering [Fig. 4.5 (c,d)] and absorption [Fig. 4.5 (e,f)] spectra (black lines) of the
antenna-sample system for gradually increasing the coupling between the sample
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Figure 4.6: Comparison of the normalized size of the spectral contrast [see the inset
in (a)] calculated in the absorption, scattering and extinction with the profile of the
antenna near-field amplitude jEAj and intensity jEAj?, as a function of sample position
along the antenna axis measured from the antenna center. The results are displayed
for the weakly interacting sample (a) and for the mildly interacting sample (b). The
coupling constant GG obtained from the fit of the analytical model to the numerical data
corroborates the prediction that the antenna-sample coupling is proportional to the bare
antenna’s near-field amplitude.

that the spectral contrast increases as both the weakly and the mildly interacting
patch moves along the antenna axis out from the antenna centre. However, a closer
look at the spectral contrast reveals strong discrepancies between the results for
the weakly and the mildly interacting sample.

The spectral contrast of the weakly interacting sample follows a profile which
is similar to the spatial variation of the near-field intensity jEAj? in all the signals.
The explanation of this behavior follows directly from the analytical form of the
model spectra, in which the spectral contrast is dependent on the square of the
coupling parameter, G2. The Taylor expansion for the weak antenna-sample
interaction therefore emerges in the form of a quadratic lowest-order term and
gives rise to the quadratic dependence of the signal on the coupling G. Hence the
observed tendency corroborates the commonly accepted enhancement mechanism
of SEIRS for weakly interacting samples, which can understood as a succession of
two steps: first, the sample interacts with the incident radiation which is enhanced
by the infrared antenna on its surface (mediated by G) and then, the polarized
sample scatters the infrared radiation via the radiative channels of the antenna
to the far field (mediated again by G). More precisely, this double-scattering
mechanism can be derived from Eqgs. (4.21) and (4.22) by an iterative solution (the
so-called multiple-scattering series) terminated in the second order in G (contained
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4.4 Optimization of linear plasmonic antennas for
SEIRS

In the pioneering SEIRS experiments the sample molecules were adsorbed on
surfaces of metal nanoparticle aggregates that were small enough to permit an
interpretation of the observed absorption signals within the e[edtive medium
theory, where radiation losses were neglected [145]. In later developments it has
been demonstrated that SEIRS can be significantly increased if metallic antennas
are engineered to be resonant with the detected vibrational resonances [24, 26, 28—
30, 32-35, 129, 146-149]. To that end plasmonic antennas in the form of linear
metal wires of micrometer length and diameter of the order of 100 nm have been
proposed. Such large metallic structures can experience large radiation damping
and their radiation losses often prevail over the intrinsic damping and must be
therefore correctly included in the description of the antenna’s scattering. As by
now, not much attention has been paid to the influence of the hosting antenna’s
radiation and intrinsic losses on the properties of the characteristic spectral feature,
the SEIRS signal, that appears on top of the broad antenna resonance. Here we
perform such a study.

We consider the representative case of a single linear gold nanoantenna (or
arrays of them with large enough space between the antennas) illuminated by
light polarized parallel to the antenna axis. We first examine the properties
of the scattering and absorption of the bare IR resonant nanoantennas. After
that, we study the influence of the scattering and absorption of radiation by the
hosting linear plasmonic antennas on the on the fingerprint spectral contrast of
the IR-active samples. Our findings, based on a combination of results obtained
from finite-di Cerence in time-domain (FDTD) simulations, corroborate a simple
and practical rule for designing the optimal linear plasmonic antenna for SEIRS
applications. The implementation of this rule requires a careful inspection of
the scattering and the absorption cross sections of the plasmonic antenna, as
key contributions of the total extinction cross section obtained in typical SEIRS
experiments.

4.4.1 Extinction, scattering and absorption of linear
plasmonic antennas

Localized plasmonic resonances usually experience large intrinsic and radiation
losses. The intrinsic losses of plasmonic antennas are mostly given by the
bulk material properties of the metal, which can be incorporated in the metal
dielectric function, and arise due to the scattering of the metal conduction
electrons on impurities, lattice oscillations (phonons), or due to electron-electron
scattering. Other intrinsic loss mechanisms can emerge from the scattering of the
metal electrons onto the surfaces of the metallic particles or from the electron
confinement when the particles are small (. 5nm). The dimensions of the
plasmonic antennas considered in this chapter make suitable a description of
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Figure 4.9: The vibrational signal contrast in the absorption (blue), scattering (black)
and extinction (red) measured as the size of the characteristic spectral dip or the positive
bump and normalized to the volume of the sample. The signal contrast is plotted in (a)
for the antenna covered by a homogeneous layer of thickness ¢ = 10nm and in (b) for
the antenna with a pair of identical spheres at the antenna apexes as a function of the
bare antenna’s scattering-absorption ratio. The normalized signal contrast has a di [erknt
functional dependence in the absorption, scattering and extinction spectra as discussed
in the main text.

the two phononic spheres nearby.

In the case of the layer [Fig.4.9 (a)] the signal contrast measured in the
scattering and extinction first increases until it reaches a maximum value, and then
starts decreasing for larger antennas. The decreasing tendency of the scattering
signal can be explained as an e [edt of the smaller near-field enhancement provided
by the large antennas with high radiative losses. Interestingly, the signal contrast
in the scattering and in the extinction is optimized for di [erent antenna sizes. From
Fig.4.9 (a) we can observe that the extinction signal is maximal for a scattering-
absorption ratio of the antennas around 1, whereas the optimal scattering
signal emerges for larger antennas. This is because the contribution of the large
scattering dip is diminished by the positive absorption feature for large antennas.
In the absorption, the initially large spectral dip practically disappears for the
critically coupled antennas and flips into a positive bump for highly scattering
antennas. This leads to the paradoxical situation in which the optimal SEIRS
signal measured in the extinction almost exclusively emerges from the scattering
of the hosting antenna.

A similar picture can be observed when we consider the samples of phononic
spheres in Fig.4.9 (b). In this case the optimal value of the signal contrast is
encountered for antennas having slightly larger values of the scattering-absorption
ratio. This is due to the relatively large geometrical size of the spheres that are
exposed to the highly inhomogeneous field of the antennas. Nevertheless, as for
the vibrationally active layer, the signal contrast measured in extinction spectra is
maximized for antennas that are approximately equally scattering and absorbing.
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In this optimal situation, again the spectral contrast is dominantly emerging from
the dip of the scattering signal.
The straightforward observation from the results above is thus that the
antennas whose scattering and absorption cross sections are approximately equal,
abs sca, provide the best sensing performance in SEIRS. The flat maximum
of the extinction signal suggests that a relatively broad range of antenna sizes is
able to provide a satisfactory signal contrast. Paradoxically, under the conditions
when  ,ps sca, the extinction signal contrast emerges almost exclusively from
the plasmonic scattering of the hosting antenna. These findings can be used
as a practical rule to design hosting antennas for SEIRS. For optimal sensing,
the sample should be positioned onto the plasmonic hot spot of the antenna,
i.e. onto the position where the antenna near-field enhancement is the largest,
and the antenna resonance should be tuned to the vibrational resonance of the
detected sample. Moreover, as we have demonstrated here for linear plasmonic
antennas, the size of the antennas should be chosen such that the scattering and
the absorption of the antenna are approximately equal. This condition can be
in practice most easily verified by numerical simulations, e.g. using the FDTD
method.

4.5 Summary

This chapter has presented the underlying mechanisms behind the formation of
the spectral fingerprints from a sample onto the spectra of plasmonic antenna that
allow for sensitive identification of molecular vibrations. After having discussed
the IR activity of a bare molecule, materials composed of many molecules and ionic
solids, we have presented the coupled dipole model that allows for understanding
the mechanism of the SEIRS signal enhancement.

We have further dissected the spectral response of the antenna-sample system
into its scattering and absorption contributions. We have shown that in situations
where the antenna scattering and absorption are similar, the SEIRS signal (the
spectral fingerprint) in the extinction spectrum is given almost exclusively by the
antenna-sample scattering. In such a situation, the sample fingerprint practically
disappears in the absorption spectrum.

We have applied an analytical model to analyze the fully numerically calculated
spectral response of a realistic system consisting of a single linear-rod antenna
covered with a patch of a vibrationally active sample. The analytical modeling
has allowed for interpreting the system’s spectral response and extract information
about the spatial dependence of the antenna-sample coupling and the vibrational
spectral contrast observed in the absorption, scattering, and extinction.

Full numerical calculations verify that in common situations where tiny
quantities of biomolecules are to be detected, the signal measured in any of the
spectra follows a quadratic dependence on the mutual antenna-sample coupling
parameter and hence linearly follows the near-field intensity in the surrounding
of the plasmonic antenna. This conclusion, however, breaks for stronger antenna-
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5.1. Coupling of a molecular electronic transition with a cavity mode

resulting in the Jaynes-Cummings coupling Hamiltonian:
A,_c = hg@@rt +atn): (5.10)

The RWA is used under the assumption that the coupling rate is smaller than the
excitonic frequency [small Bloch-Siegert shift [179, 180]  (g°=Yeg)  Yeg ], and if
the detuning between the plasmon and the exciton frequency is not too large (i.e.
Teg 1o Tgg+ L)

The total Hamiltonian of the emitter coupled with the cavity mode can then
be expressed as:

Aot = Ac + Ae + Ay_c; (5.11)

known as the Jaynes-Cummings model.

The Hamiltonian in Eq. (5.11) describes the coherent dynamics of the coupled
cavity-emitter system. However, in practice, both the cavity and the emitter
experience incoherent losses that are commonly added into the system’s master
equation [Eq. (3.26)] for the density matrix #, via the Lindblad terms [Eq. (3.33)]

Ly ()= ?a (carat  {afa;n}); (5.12)
L (= (2nmnt [aTa ALy, (5.13)

where Z, “(") and Z,°(") represent the losses of the cavity and the emitter,
respectively, with , the cavity decay rate and  the intrinsic decay rate of the
molecule. The relationship between the system losses, represented by the decay
rates 5 and , and the coupling constant, g, determines the coupling regime
between the cavity and the emitter. In most common situations, the losses of the
cavity (e.g. a plasmonic mode) are much larger than the coupling constant g and
than the internal losses of the emitter, . In such a case we can say that the
cavity and the emitter are in the weak-coupling regime (orif 5 ¢ in the
bad-cavity limit). The emitter states and the cavity states then represent a good
basis for the description of the system and the interaction g only perturbatively
influences the emitter’s dynamics. On the other hand, if the coupling g overcomes
the system losses (g > 4; ) the system is said to be in the strong-coupling
regime. In the strong coupling regime the emitter states hybridize with the cavity
states and form a new set of so-called polariton states (if the cavity mode is a
plasmon the new states are also called plexcitonic states).

5.1.1 The weak-coupling regime

In the weak-coupling regime, the e [edtive dynamics of the emitter in the presence
of the cavity can be described as an irreversible decay of the exciton into the
cavity mode. The cavity mode thus e [edtively acts for the emitter as an incoherent
reservoir and can be eliminated using the method described in Section3.1.3. The
e [edtive decay of the molecule into the plasmonic mode (the Purcell e[edt),
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assuming that the plasmon cavity is not incoherently populated, can then be
expressed by the following Lindblad term:

KA eff(/\) — % (ZAAAT {/\T/\; /\}) : (5_14)
with the decay rate

= Znge{/ooha( )af(0)ie''es d }; (5.15)
0

which, assuming that the plasmon obeys a dynamics unperturbed by the presence
of the molecule, yields

9% a _
(T !eg)z"'( a:2)2.

e =

(5.16)

The interaction of the emitter with the cavity mode also yields a shift of the
emitter’s resonance frequency which vanishes for ey = ., and we neglect it
here for simplicity. After elimination of the cavity, the emitter dynamics can be
described by the Hamiltonian H., accompanied by the Lindblad terms .Z, = (%)
and Z.°("). The eledtive dynamics of the emitter’s excited state jei is then
obtained from the equation of motion for the operator’s average h" /i = hjeiheji,
following Eq. (3.34):

%h”’\i: (e + Hhning; (5.17)

which yields an exponentially decaying population of the emitter
h/\TAi(t) = h"T"i(O)ef( eff+ a)t; (5.18)

with h~TA§(0) the initial value of the operator’s average. This enhanced decay of
the emitter due to the interaction with the cavity mode is the so-called Purcell
e [edt.

5.1.2 The vacuum strong-coupling regime

When the coupling constant g is su Lciehtly large, the cavity mode can reversibly
interchange energy with the emitter and thus give rise to Rabi oscillations. We
show now how the Rabi oscillations emerge from the Jaynes-Cummings model
[Egs. (5.11), (5.12) and (5.13)] and discuss the criteria for the vacuum strong-
coupling regime on more rigorous grounds. To obtain the e [edtive dynamics of the
strongly coupled system we use again Eqg. (3.34) (under the simplified conditions
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which assume: l¢q = 1. and a) to arrive at:
hATAG 0 ig ig 0 hATAG
d [harfi ig a=2 0 ig harti
dt |natni ig 0 222 ig| [natai (5.19)
hatai 0 ig ig al| |hatai
Eq. (5.19) yields the solution
. (4’*2 892) cos("t) +2 5~ sin("t) + 8g?
hatAj(t) = e 2t : (5.20)

4~2

with ~ = 4/4g?2 (%)2, and assuming that initially h~fAi(0) = 1 and harti =
hat~ri = hafai = 0. The solution for the emitter’s population h~T2Ai(t) has a
character of an exponentially decaying oscillation of frequency ~, which for g a
approximately yields the well known Rabi frequency = 2g. The criterion of the
vacuum strong coupling,

g a4 (5.21)

then ensures ~ to be real. We plot the dynamics of the emitter’s excited state in
Fig.5.1 (b) for three dilerkent values of g: g = 0:1 5 (red dashed line), g = 0:25 4
(blue solid line), and g = 4 (black dashed-dotted line). For the smallest coupling
the emitter’s population exponentially irreversibly decays into the cavity mode.
When the coupling reaches the strong-coupling condition, g = =4, the dynamics
still has the form of an exponential decay as = = 0. When we set the coupling
equal to the decay rate of the cavity, the dynamics dramatically changes into an
oscillation of the population between the emitter and the cavity, which is known
as the Rabi oscillation.

Assuming that g a, We can see the strong coupling as a hybridization
of the original cavity and emitter states into new polariton states. The new
polariton states inherit the nonlinearity of the two-level emitter and form the
so-called Jaynes-Cummings ladder in the energy diagram. The Jaynes-Cummings
ladder is sketched in Fig.5.1(c) together with the levels of the uncoupled system,
assuming 1. = I for simplicity. In the case that the cavity-mode-exciton
interaction is switched o [ 1he system can be represented in the basis of eigenstates
jN;g(e)i = jNi jg(e)i (with  the direct product), combining the cavity mode
number states jNi and the electronic ground (excited) state jg(e)i of the emitter.

For ey = 1. and negligible interaction g, the states jN  1;ei and jN;gi
are degenerate and their energies form an equally spaced ladder (on the left of
the scheme). When g overcomes the system losses, the system enters the strong
coupling regime and the degeneracy is lifted, resulting in a new setﬁj hybrid
polaritonic states jN;+i and jN; 1 [jN; i = (N 1;ei jN;gi)= 2 shown
on the right]. The energy splitting between these pairs of states, Ej_c(N), is
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proportional to the square root of the number of cavity-mode excitatigpipresent
in the system and to the coupling constant g via Ej;_c(N) = 2 NhAg and
therefore the system exhibits nonlinear optical response upon strong illumination
[181, 182] and leads to e[edts such as photon blockade [183, 184]. Nevertheless,
many physical phenomena, such as the decay of the initially fully excited emitter
into the cavity mode discussed above, can be described within the so-called single-
excitation manifold (marked in Fig.5.1 (c) by the blue frame), where either the
molecule or the cavity mode are singly excited. Among others, also the optical
absorption and photon emission of the Jaynes-Cummings system illuminated by a
weak probing field is correctly captured by the dynamics of the ground state and
the single-excitation manifold. We use this in Chapter 6 to describe the absorption
and emission properties of coherently driven exciton polaritons.

5.1.3 Setting the regime of coupling between a single
plasmonic mode and a single molecule’s exciton

As we have seen, to correctly describe the dynamics of the system of a molecular
excitonic emitter coupled with a plasmonic cavity, it is of utmost importance
to establish the relation between the plasmon-exciton coupling and the internal
system losses. To that end we briefly estimate the parameters that can be achieved
in the configuration when a single molecule is placed into a plasmonic cavity using
the point-dipole approximation.

The Jaynes-Cummings coupling constant g can be estimated as a product of
the maximal quantized field amplitude of a plasmonic mode and the transition
dipole moment of a common molecular emitter, do. The latter usually reaches
values of the order of jdpj 0:1e nm. The amplitude of the plasmonic electric
field can be estimated from the mode volume achieved in the plasmonic cavity
and the frequency of the plasmonic mode. The plasmonic energy usually reaches
values of units of eV and for the estimation we choose A1, 2eV. The mode
volumes of plasmonic modes squeezed into plasmonic gaps can be as small as
Ve 10nm3 [168, 174, 177, 185, 186]. Using these values we estimate that g can
reach values of up to approximately #/g 100meV. This value must be compared
with the intrinsic losses of the plasmonic cavities that are often large. The cavity
losses are usually expressed in the form of the quality factor Q .= 4, which for
plasmonic cavities commonly ranges around Q 10 20, yielding 5 100meV,
or even smaller values Q 1 for bad cavities formed, e.g., under the tip of a
scanning tunneling microscope, giving o  1eV. Nevertheless, higher quality
factors, Q 60 70, have been reached for silver particles [174].

The regime of the plasmon-exciton coupling thus balances on the edge between
the strong and the weak couping, depending on the type of the cavity used or the
position and orientation of the emitters in the cavity. It is therefore important to
correctly estimate the coupling constant g between the plasmonic modes and the
molecule’s excitons. Moreover, the morphology of the plasmonic particles causes
distorsion of the electromagnetic fields in the proximity of their surface which
spatially vary on a scale similar to the geometrical size of the molecule, which
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often hinders the use of the point-dipole approximation to estimate g. Below we
therefore describe how the plasmon-exciton coupling g can be estimated beyond the
point-dipole approximation taking into account the spatial extent of the molecule’s
excitonic transitions.

5.1.4 Model of plasmon-exciton coupling beyond the
point-dipole approximation

To describe the interaction between plasmons and the excitons of organic molecules
we use a quantum treatment that combines the canonical quantization of plasmons
with first-principles calculations of the molecular electronic excitations based on
TDDFT, as schematically depicted in Fig. 5.2 (a). Plasmonic modes are considered
as harmonic oscillations of the incompressible free electron gas characterized by
an electron density, Ng, and eledtive electron mass me [45, 53, 57, 187-190]
that is contained in the metallic nanoparticles. The dielectric function describing
the response of the corresponding bulk metal is thus given by the Drude model
(Section 1.2.1). Each n-th plasmonic mode of frequency !, of the nanoparticle is
then characterized by its quantized electric potential e [ S:’] and surface charge

density ) obtained from the canonical quantization of surface modes introduced
in Section 1.3, with the superscripts (+) [( )] labelling the positive (negative)
frequency part. Such a plasmonic system can be described by a Hamiltonian, qu|,
resembling a set of non-interacting harmonic oscillators:

Ao =) hlaakan; (5.22)
n

where &, (&) are the bosonic annihilation (creation) operators of the nt"
plasmonic mode. In principle, this model can be extended to the quantization of
non-local plasmonic modes [191, 192], nevertheless, the local classical description
adopted in this thesis can e [edtively describe the inhomogeneous screened fields
in many representative plasmonic cavities [193-196].

We consider the molecular excitations (excitons) using linear-response TDDFT
at the level of the Tamm-Danco [Capproximation in vacuum (see also Section 2.2.2).
From the TDDFT calculations we obtain the transition density, g(r), which
describes the oscillating electric charge associated with the electronic transition
of the molecule. The transition-charge density can be formally defined as the
expectation value of the electronic-density operator ~:(r) ( eg(r) = ehej”c(r)jgi),
accounting for the electronic transitions between the ground jgi and the excited
jei states. The transition-charge density is defined in relation with the TDDFT in
Section 2.2.2. Throughout the thesis we consider that the plasmons interact with
molecules physisorbed or physically separated from the surface of the metallic
particles by a dielectric spacer and thus neglect the orbital overlap between the
molecular and metal wave functions.

Within this quantum framework, the coupling g between the molecular exciton
and the n™ plasmonic mode is calculated as a convolution integral of the plasmonic
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potential and the molecular transition density (considering here that the transition
density is real):

g = / wo(r) $I() &P, (5.23)

where the integral is evaluated over the distribution of the molecular transition-
charge density. The Hamiltonian describing the plasmon-exciton interaction is:

Flpi_mot = 1Y _ [0 .i8higineij + gn;ilnjeiingj] ; (5.24)

iin

where jgi (jeji) are the electronic ground state (excited state i).

5.2 Spatial mapping of g for realistic organic
molecules

In many practical plasmonic cavities the near-field can be highly confined due
to particle special morphologies such as protrusions emerging on the facets inside
gaps, leading to extreme field localization at the atomic scale [197]. A similar e [edt
can be also obtained, for instance, in the gap between a metallic substrate and an
atomically sharp tip of a scanning probe microscope [165-167, 169, 170, 198, 199].
The latter situation allows to optically map the magnitude of plasmon-exciton
coupling, as the sharp tip is scanned over the molecule. We reproduce this situation
in a plasmonic dimer with an atomistic protrusion in the gap whose geometry is
depicted in Fig.5.2(b). Such a model is able to quantitatively reproduce the near-
field distribution around atomic-scale features in plasmonic cavities, as recently
validated by comparison with TDDFT results [196]. In the following, we use the
plasma frequency !, as a parameter that allows us for tuning the low-energy
bonding-dipole plasmon of the dimer [the surface charge density of the mode is
shown in Fig.5.2(b), on the right] with frequency !'; I, to be resonant with
the exciton of the molecule, and calculate the coupling strength between the two
as the gap is scanned over the molecule in the horizontal plane xy, while keeping
z constant.

We illustrate the importance of the quantum treatment of the molecular
electronic transitions in two specific cases of dye molecules: methylene blue (MB)
[Fig.5.2 (c)] and zinc phtalocyanine (ZnPc) [Fig.5.2 (d)], due to their relevance
in experimental situations [165, 166, 186]. MB is a molecule with an electronic
transition S, of a strong dipole transition moment (optically active) oriented
along the z axis, d, = 0:23 e nm [axes marked in Fig.5.2 (c,d)]. ZnPc is a flat
molecule with all the atoms lying on the xy plane showing two degenerate optically
active transitions, Sy and Sy, on the same plane, with transition dipole moment
dy.,y = 0:17 enm. The transition charge densities of the molecular excitons
are shown as isosurface plots in Fig.5.2 (e,f) for the S, transition of MB (e)
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and the transition Sy of ZnPc (f), respectively. The positive (red) and negative
(blue) transition charge densities are clearly observable at opposite sides of both
molecules, corroborating the dipole character of the transitions, continuously
distributed over the entire extent of the molecules (2 nm).

We first place into the gap the MB molecule oriented vertically (electronic
transistion S;), and compare the map of the coupling strength, calculated within
the full quantum model (FQM) [Fig.5.3 (b)] with that obtained with the point-
dipole model (PDM) [Fig.5.3 (c)]. The coupling is maximized when the molecule
is positioned at the center of the gap and reaches values of up to 120 meV, being
larger in the FQM by 10 meV than in the PDM. The magnitude of the coupling
decreases as the molecule is displaced o[—the center, following the decay of the
electric field component along the dimer axis. The point-dipole approximation
[Fig.5.3 (c)] in this case reproduces well both the qualitative and quantitative
features of the first-principles calculation [Fig. 5.3 (b)], validating the use of this
approach in this highly symmetric situation.

A more dramatic situation occurs when the ZnPc molecule is considered (with
the plane of the molecule perpendicular to the dimer axis). As ZnPc has two
degenerate transitions, Sy and Sy, we calculate the map of the e [edtive coupling
defined as:

x(Y)

gZ"P(ro) = \/jgéspc(ro)jz + jgéSF’C(ro)jZ; (5.25)

We show the corresponding maps in Figs. 5.3 (d,e) calculated using the FQM
(d) and the PDM (e), respectively. When the molecule is placed at the center
of the cavity, both maps exhibit a minimum (zero) originated by the vanishing
overlap integral between a rotationally symmetrical plasmon mode and a horizontal
electronic dipolar transition in the molecule. Away from the center, the Cg,
symmetry is broken and the map shows a doughnut-like shape, following the
pattern of the radial component of the electric local field in the proximity of the
atomistic protrusion [168, 197, 198]. Interestingly, whereas the result of the PDM
[Fig.5.3 ()] is fully rotationally symmetric, the FQM map [Fig. 5.3 (d)] acquires
the four-fold symmetry of the molecular sample (D4n). We highlight this e [edt
by plotting in Fig.5.3 (f) a cut along the circular trajectory marked by the blue
circle in Fig.5.3(d) and the green circle in Fig.5.3(e). The FQM result exhibits
experimentally accessible oscillations of the coupling constant, characterized by

10% variation, whereas the PDM vyields a constant profile. Importantly, the
FQM vyields a coupling constant reaching roughly one half of the coupling strength
obtained from the PDM. These values are fully consistent with the experimental
ones reported for this kind of systems [169, 170].

96












Chapter 5. Plasmon-exciton coupling beyond the point-dipole approximation

dk, via the master equation [Eq. (3.26)] for the density matrix *,
1
8= ARG+ YL () + L (Y (5.28)
n

with the Lindblad superoperators

Ly (N = ; (2an7a), falan; "9); (5.29)
L) = 5 (28T frin g (5.30)

We set the intrinsic broadening of the molecular resonance 7 g« = 0:1meV and
that of the plasmonic modes /& 5, = & 5 = 50meV for all n modes.

We calculate the probe-absorption spectrum of the plasmon [99-101] (dropping
the pre-factors) by generalizing Eq. (3.80) as the one-sided Fourier transformation
of the plasmonic dipole operator’s two-time auto-correlation function hi3( )'(0)i

sa(!):2Re{/omhlﬁ( YO (0)ie'" d }

:ZZDmDnRe{/wham( yal (0)ie'* d }; (5.31)
mn 0

where the plasmonic dipole operator D= > n Dnén, with Dy, the projections of the
respective plasmon dipole moments along the assumed polarization of the incident
light. We assume that the plasmonic mode n couples to an incident probing
plane wave of amplitude Ep and for the calculation of the absorption spectra, we
consider the plasmon-probe coupling constant / Dy, normalized to the incident
light amplitude. We neglect here the direct and much weaker coupling of the
molecular quadrupolar transition with the incident light.

To show the e [edt of selection rules breaking in a specific situation, we calculate
the probe-absorption spectrum of the dimer cavity with an atomistic protrusion
in the gap [Fig.5.2 (b)] and assume that the probing light is polarized along the
z axis of the dimer and therefore e [edtively couples mainly to the bonding dimer
plasmon. The dipole moments Dy, are then defined as

D, = / / Mz d?%s; (5.32)
av
(

where n+) is the quantized surface-charge density of the plasmonic mode n and
the integration is performed over the surfaces of the plasmonic particles.

In order to evaluate the two-time autocorrelation function h&m( )&}, (0)i
we apply the quantum regression theorem (see Section3.1.4) which allows for
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with the initial condition
h"(O)’\T(O)i =1: (5.40)

The absorption spectrum of the bare molecule in vacuum can be finally obtained
in the form

JEmoli? dk
(Tak 1?2+ ( a=2)?

Sa;mol (1) = (5.41)

For this calculation we assume that the intrinsic width of the molecular
transition is & g« = 0:1meV, taken as a representative intermediate value
characterising fluorescent molecules. In Fig.5.4 (c) we compare the spectrum of
the coupled molecule-cavity system (black line) with the absorption of the molecule
in a vacuum (blue dashed line). The spectra are normalized to the maximal value
of the bare-molecule absorption Sa.mei(1). The spectrum of the cavity-molecule
system shows the shape of a broad Lorentzian resonance originated from light
absorbed by the bonding dimer plasmon perturbed by a small spectral dip that
emerges due to the ZnPc quadrupolar electronic transition (Fano-like profile). On
the other hand, the absorption peak of the bare molecule in a vacuum cannot be
resolved on the selected scale and the blue dashed line appears to be flat. In the
inset of Fig.5.4 (c) we therefore zoom in the molecular absorption features and
compare their relative spectral intensities. Strikingly, the size of the absorption
dip obtained in the plasmonic cavity is 9 orders of magnitude larger than the
absorption peak of the bare molecule, thus making the quadrupolar excitonic
transition accessible to optical absorption spectroscopy.

Nevertheless, in practice, the value of the excitonic broadening g« determines
the magnitude of the absorption dip. To demonstrate this e[edt we compare
the absorption dip calculated for the quadrupolar excitonic transition of ZnPc
considering three di[erent values of the intrinsic broadening: A gk = 0:01meV,
0.1meV and 1 meV. The respective spectra, normalized to the maximum of the
plasmonic absorption without the molecule, s,.0, are shown in Fig.5.4 (d). For
h gk = 0:01 meV the magnitude of the molecular Fano-like absorption dip reaches

20% of the plasmonic-peak amplitude. For & gk = 0:1meV, the value used in
Fig.5.4 (c), the dip reaches 2:5% of the plasmonic absorption maximum and
could be still experimentally observed. When the intrinsic molecular broadening is
considered relatively large, # g« = 1 meV, the spectral dip practically disappears.

In conclusion, we have shown that plasmonic cavities that highly localize
electromagnetic fields are able to enable optical spectroscopy of molecular excitons
that are otherwise dark to standard optical methods. The dark excitations can
manifest themselves in the extiction spectra of the plasmonic system in the form
of Fano-like dips, whose visibility, however, strongly depends on the broadening of
the molecular excitations.
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5.4 Dynamics of molecular excitons in plasmonic
cavities beyond the point-dipole
approximation

So far we have discussed the position dependence of the plasmon-exciton coupling
that arises due to the distribution of the transition-charge electronic density of
the molecular excitons. The coupling of the excitons to the plasmonic cavity also
results in a modification of the temporal evolution of the molecular excited states
that we address in this section.

To that end we apply the hybrid quantization scheme to explore the role of
the finite size of the molecule and calculate the dynamics of the population of the
excited electronic state jce(t)j? by solving the integro-di [erential equation for the
amplitude, ce(t), based on the Wigner-Weisskopf approach that we introduced in
Section 3.2 [94, 200]:

co(t) = /0 t [ 7 ()it ey Ydsd ; (5.42)

where Jem(S) is the spectral density characterizing the coupling of the molecule
with the plasmonic system:

_ a jgnji® .
=3 2 o (0 549

with 1, being the frequency of n' plasmonic mode and hleg = 2:3 eV (2.8 €V)
is the excitation frequency of the dipole transition (Sx, Sy, S;) in the ZnPc (MB)
molecule. For convenience we consider that the plasmon decay is proportional to
the plasma frequency, , = 0:01!,. In practice, 5 phenomenologically accounts
for the intrinsic losses in the metal and can be estimated from the classical dielectric
function of the particle material [174]. In Appendix D we have also performed a set
of calculations of the system dynamics involving larger values of , (accounting for
larger losses of conventional plasmonic materials) to test its influence on the results
presented here. We have found that large values of , aledt the coherence of the
dynamics, however, the general trends of the results presented here are generally
valid. Note that in Eq. (5.42) we are neglecting the extremely slow intrinsic
molecular decay. We solve Eq. (5.42) for the initial condition jce(0)j? = 1, thus
treating the decay of the initially fully excited molecular exciton.

We first consider the MB molecule [Fig.5.2(c,e)] oriented perpendicularly to
the surface of a spherical metal nanoparticle of radius R4 = 5 nm. We plot in
Fig.5.5(a,b) the spectral density as a function of the distance, zo, between the
center of the molecule and the particle’s surface. We compare the spectral density
obtained using the full quantum model (FQM) in which the transition density
is obtained within TDDFT [Fig.5.5(a)], with that obtained with the use of the
simplified point-dipole model (PDM) to describe the molecule [Fig.5.5(b)]. The
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Chapter 6. E [edts of dephasing in photon emission of organic exciton-polaritons

In this chapter we address the inelastic light emission spectra of polaritonic
systems pumped by a coherent monochromatic laser. We present a quantum-
optical model based on the solution of the quantum master equation [94] that
describes the spectral asymmetries observed experimentally in the polariton
emission and action (excitation) spectra [203, 218, 249]. We show that the
dominant emission from the lower polariton state is a consequence of the
interaction between the excitons and the dephasing reservoir, which in principle
includes both the e [edts of the internal molecular vibrations and the solvent.

We first introduce the theoretical model in Section6.1. In Section6.2 we
demonstrate consequences of the model on an example of a single molecule in
a cavity. We address the more general case of Ny molecules in a cavity in
Section 6.3.

6.1 Open quantum system theory of (collective)
exciton-cavity mode coupling

We describe the molecules as two-level electronic systems with a ground, jgi,
and an excited state, jei, interacting with their respective reservoirs, including
both the internal molecular vibrational modes and the fluctuations of the local
environment of each molecule [254]. The local environment of the molecule is
responsible for the electronic dephasing processes [e.g. vibrations of the molecule
or the environment [250, 251, 255-259], fluctuations of solvent polarization etc.],
as schematically represented in Fig.6.1. The excitonic term of the Hamiltonian of
the i th molecule is

|qe;i :h!eg/\;”\i; (6.1)

where 7 is the two-level-system lowering operator between the many-body excited
state, jeji, and the many-body ground state, jgji, of the i th molecule, * =
jgiiheij, and Aley is the energy of je;ji with respect to jg;i, considered equal for all
molecules. Each molecule interacts with its local dephasing reservoir described by
the Hamiltonian

|qres;i =h RéiTQi; (6.2)

with R the e [edtive energy of the mode of the reservoir, via the exciton-reservoir
interaction Hamiltonian
e—res;i —UR R j i i i) .

A =dr rMNNEB]+Bi): (6.3)
Here B; are the bosonic annihilation operators of the collective reservoir mode i
interacting locally with the exciton of the i th molecule [253, 257, 259-263], and
y stands for the Hermitian conjugate. We have assumed that the reservoir modes
have the same frequency Rre:i = R;g;i = R IN the excited state ( r.;) and
the ground state ( r.g;i). The equilibrium position of the reservoir mode is rigidly
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6.1. Open quantum system theory of (collective) exciton-cavity mode coupling

Figure 6.1: Schematic representation of the cavity containing a bosonic mode (with &
the bosonic annihilation operator of the cavity excitation) of energy hw. interacting with
a series of molecules modelled as electronic two-level systems. Each i-th molecule is
composed of its ground, jg;i, and excited, je;i, electronic state separated by energy fiweg
(with 8; = jg;ihe;j), which further interact with a dephasing reservoir that is modelled
as an e [Edtive bosonic mode of energy 7 g, independently for each molecule (B; being
the respective bosonic annihilation operator).

displaced in the electronic excited state of the i th molecule by a dimensionless
constant dr with respect to its equilibrium position in the ground electronic state.

We describe the inter-molecular excitonic interactions through the Hamiltonian
Fe_e = ZGij ATAy + Hie; (6.4)
ij

where G;j; are coupling constants that generally depend on the spatial distribution
of the individual molecules as well as on their mutual orientation.

The molecular excitons interact with a single bosonic cavity mode of frequency

A. = nt.afa; (6.5)

where & (&') is the bosonic annihilation (creation) operator of the cavity mode.
The i-th molecule interacts with the cavity mode via the coupling Hamiltonian

Re_c;i = hgiNfa + Hic; (6.6)

where g; is the respective cavity-mode-exciton coupling constant. The total
Hamiltonian describing the cavity and molecular excitations thus becomes

|qtot = ch + |qefe + Z ('qe;i + |qres;i + |qefres;i + |qefc;i) . (6-7)

The Hamiltonian R contains information about the coherent dynamics of the
system, but also accounts for the the coupling of molecular excitons with their
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6.2. Single molecule in a cavity

(a) MBM (b) JCM (c)
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Figure 6.2: Role of the dephasing processes on the light emission from a single exciton
strongly coupled with a cavity mode. (a) Schematic level diagram of the exciton in a
cavity that is decoupled (left) and after the coupling is turned on (right) within the
Markovian-bath model (MBM). The cavity-exciton coupling gives rise to new polariton
states, j+i and j i, and opens new incoherent decay paths between j+i and j i with
respective rates v, , > 7., . (b) Energy level diagram marking the incoherent
population transfer between the polariton states as in (a), but for the Jaynes-Cummings
model (JCM) where the rates v, , and v,, are equal (v» , = v-, ). (c) Spectral
density J(w) of the bath given by Eq. (6.22) for parameters hyr = 400 meV, i r = 400
meV (chosen such that the reservoir spectral function J(w) spans the range of vibrational
frequencies of the molecule) and dr = 0.173 (for which 2J(0) 20 meV). Calculations
of selected emission and absorption spectra for smaller values of g are shown in
Appendix E. The vertical lines mark the positions where the spectral density is evaluated
to obtain the values of the Markovian decay rates v,, , Yo ., and 7.

[259] (approximated in the single-excitation subspace):
~tA - j2ih2j= cos? j+ih+j+ sin? | ih j
sin cos (j ih+j + j+ih j): (6.11)
We further introduce the simplifying notation ~ = j ih j, with ; 2 f+; g,
and rewrite the electron-vibration coupling Hamiltonian as:
|qe—res = ﬁdR RATA(é]L + Q) = hATAr_A
=i [cos? Ay +sin?2 A__ sin cos (M. + L) F (6.12)

where we have defined F = dr (BT + B).

Following the standard procedure [94] (see also Section 3.1.3), we now eliminate
the dephasing reservoir and derive the incoherent dynamics of the strongly coupled
system. To that end we notice that the operators "+_, *_4, 44, and ~__
are eigenoperators of the polaritonic Hamiltonian Fpo = B + Ae + Fe ¢
(eigenoperator Oeig of Hamiltonian Moo defined as [Apor; Geig] = 0., with
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(vibrations) in an otherwise unpopulated reservoir. We note that for T > 0K (a
situation not considered here), when the reservoir acquires thermal population,
processes including absorption of a thermal reservoir excitation (appearing for
negative 1) would also contribute to J(1) [259, 264-267]. The model parameters
used in our study are given in the caption of Fig.6.2. As J(1) is not symmetrical
with respect to the zero frequency, the transition j+i ¥ j i given by the rate

. = cos? sin® J(2jgj) is therefore favored compared to the j i ¥ j+i
transition occuring with rate  , =cos? sin> J( 2jgj), [marked by the vertical
lines in Fig.6.2(c)]. We stress that this asymmetry is a general property of
dephasing reservoirs and robustly appears in a wide range of non-Markovian
dephasing models [257, 260, 261, 263].This imbalance of the transfer of energy
between the polariton states gives rise to the asymmetries observed in the emission
spectra [203, 218, 249] that we address below.

Last, in strong coupling we employ the polariton Lindblad operators £, " (%)
and .Z." (") ("+ =j0ih+j and ~_ =jOih j), where the decay rates of the upper,

.» and the lower, , polariton are defined as
.= asin? ; (6.23)
= ac0s® ; (6.24)

where 5 is the decay rate of the bare cavity decoupled from the molecules.
The phenomenological Lindblad terms .2, " (") and .Z," (") can be related to
the commonly assumed phenomenological Lindblad superoperator describing the
decay of the bare cavity, ., “("). Under the strong-coupling condition we write
the photon annihilation operator & in terms of the polariton operators ~ and ~_
(in the single-excitation subspace):

4 sin ~p+cos N (6.25)

and apply the secular approximation. Under such conditions, the Lindblad
superoperator £, “ (") transforms into the pair of Lindblad terms, .iﬁ:* (™ and

27 )
L (N LT+ LT () (6.26)

We also phenomenologically include the intrinsic molecular losses via Z. ("),
considering a-

6.2.2 Polariton light emission spectra under coherent
driving conditions for a single molecule

In the following we consider several di[erknt approaches to the implementation of
the dephasing due to the reservoir. First, we implement explicitly the reservoir
defined by Flres, Fe res [EQ.(6.2) and Eq.(6.3)] and .Z," (") into the master
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Figure 6.3: Photon emission spectra normalized to the incident laser intensity jEj? as a
function of the excitation frequency wr, within (a) the explicit-bath model (EBM), (b)
the Markovian-bath model (MBM) and (c) the Jaynes-Cummings model (JCM). In all
calculations we have considered the parameters fiweg = fiw. = 2 €V, fiy, = 150 meV,
Fye =2 10 2 meV and hg = 100 meV. The pure dephasing constant for the JCM
is v = J(0). The parameters of the bath are: iy = 400 meV, i g = 400 meV and
dr = 0.173.

equation as a part of the simulated system (the explicit bath model - EBM)
and solve it for the spectral emission response (See Appendix E for details about
the implementation of the reservoir degrees of freedom). In the second approach
we approximate the EBM and eliminate the dephasing reservoir from Eg. (6.8)
using the Born-Markov and secular approximations, as described in the previous
section, and introduce the e [edtive dephasing and damping terms via the Lindblad
superoperators £, ("), Z.." ("N, £7 (", 20, (D, 27, (Mand £ (Y
(the Markovian bath model - MBM). The e [edtive rates are schematically depicted
in Fig.6.2(a). As a third approach we consider the commonly adopted Jaynes-
Cummings model (JCM) where the e [edtive dephasing and decay rates are first
defined for the exciton of the molecule and the bare cavity mode, which are
mutually decoupled. Note that this is in contrast with the MBM where the
incoherent dynamics is derived in the polariton basis. The decay of the cavity
and the molecular exciton are described in the JCM by .Z, “(™) and Z.° ("), as
defined earlier, and the pure dephasing is implemented via

g[\f/\ N = - (ZAT/\/\/\T/\ fAT/\; /\g) : (6.27)

In the JCM the interaction with the reservoir given in Eq. (6.2) and Eg. (6.3) is
not considered. Upon transformation into the polariton basis, the dephasing term
in the JCM model yields (among others) interaction terms between j+i and j i,
with equal rates for the j+1 ¥ j iandj i ¥ j+i transitions, as schematically
depicted in Fig. 6.2 (b).

As we are interested in the response of the system under illumination by a
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Figure 6.4: (a) Schematic representation of the polariton incoherent dynamics. The
strong coupling leads to the formation of bright upper, j+i, and lower, j i, polaritons
that are decoupled from the dark states, jD;i. The coupling of the polariton and the dark
states with the dephasing reservoir gives rise to the incoherent transfer of populations
from the higher-energy states to the lower energy states. The bare cavity incoherently
decays with rate v,, the excitons of the bare molecules incoherently decay with rates
Yo; = 7Yo. The bright polariton states j+i and j i then experience the incoherent decay
into the ground state jOi with rates s, and ~s , respectively. The dark polaritons
decay to the ground state with equal rates vs, = 7,. Finally, population transfer
among the polariton branches occurs with rates V% s.t Vs sp and vy g, 88 marked

in the schematic. The population transfer is accompanied by the dephasing processes
(not shown). (b) Emission (black line) and absorption (blue dashed line) spectra of
four molecular excitons (Nmoi = 4) coupled to the cavity mode. The emission from
j 1 prevails over j+i emission due to the incoherent population transfer caused by
the dephasing reservoir. The absorption spectrum, on the other hand, contains both
j+i and j i peaks of similar intensity. Last, the emission and the absorption spectra
contain a peak appearing close to the frequency of the decoupled molecules that arises
from the dark polariton states jD;i that are now coupled to the bright polaritons
j+i and j i. (c-f) Emission spectra as a function of the excitation energy #fwr, for
Nma = 2, 3, 4,5 molecules, respectively. In all cases (b-f) the molecular excitons of
equal energies hweg = 26V are perfectly tuned to the cavity resonance iw. = 2eV and
interact with the cavity mode via hg; = hg = 100 meV. The system is pumped by a laser of
amplitude #AE = 0.1 meV. The additional parameters are /iy, = 150 meV, hyp = 400 meV,
e =2 10 2meV, dgr =0.173, A r = 400 meV.
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6.3 Nmo molecules in a cavity

6.3.1 Reservoir-induced incoherent processes for Ny
molecules

Strong-coupling between a single-molecule exciton and a cavity mode is
fundamentally important but in realistic systems the cavity is usually coupled
to several molecular samples [186]. We therefore extend our description to cavities
containing N molecules and transform the system Hamiltonian Pt into the
picture of collective polariton excitations. To that end we introduce a new set of
operators S = > ¢i ™, wherec; are coe Lciehts that are elements of a unitary
matrix such that (Ci1; Ci2; :::; Cin,,) form a set of Nme orthonormal vectors. It
is convenient to make the choice

(915 925 555 ONmor) (6.32)

1
(C11; €12} 1115 CiNpot) = —F———s
MRV ST

and the remaining vectors orthonormal to the first vector. With this choice, S
becomes fully coupled to the plasmonic cavity via a new e [edtive coupling constant
e =+/2. Jg j2. In the following we consider that 6' the coe [ciehtsg =g are
equal (c; = 1= Npmo) and recover the result g = Nmog. We further consider
the low-excitation limit where the new operators $; become approximately bosonic
and independent

SHUT (6.33)
with the transformation rules

Soata =380 (6.34)
o R G

ij
where in the second line we used the orthogonality of the coe [cieht vectors that

we assumed to be real.
The transformation rules allow for rewriting the Hamiltonian as:

Aot = > 118 + n1caTa+ g (§1aT+§Ia)+Zh BB
+ hdr RZ [ZC iC j (Ig +I§T)] S\;r§j
i
+Y |>.6 cicj| SIS +He (6.36)
i
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The Lindblad terms of the excitons of the individual molecules transform in the
collective picture as

DL = Y LT (6.37)

As in the case of a single molecule, we can proceed to diagonalize the
Hamiltonian part involving the bright excitonic mode strongly coupled with the
cavity [neglecting for now the inter-molecular coupling in the last line of Eq. (6.36)].
We thus generate a new set of annihilation operators of the lower, $_, and the
upper, S+, polaritons

S, =cos o S +sin o & (6.38)
S = sin, S +cos . & (6.39)

with . defined in analogy with the single-exciton case [Eqg. (6.10)]:

29

tan(2 . ) = % and0<2 < : (6.40)

=eg =C
To simplify the discussion we further denote the bright polaritons in analogy
with the single-molecular case as j+i and j i (such that in the single-excitation
approximation S, = joih+j and $_ = joih j), and the dark polariton states jDji
(such that & = joihD;jj for i > 1). The level diagram of the polaritonic system is
schematically depicted in Fig. 6.4 (a).
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YL = Zi.,fgsi(’\). The transformation into the basis of the polariton

states further changeslthe form of the incoherent damping of the cavity. In the
secular approximation, the cavity damping Lindblad term, .Z, * ("9, transforms as

L' () LSOV L () (6.43)
with the respective decay rates

s, =sin? ¢ g (6.44)
s =c08° ¢ a4 (6.45)

The contribution of the intrinsic molecular decay  to the decay of j+i and j i
can be neglected compared to the large cavity losses 5. Last we remark that
the model outlined above, including explicitly the reservoir modes B; is further
denoted as the explicit bath model — EBM.

6.3.2 Reservoir-induced incoherent processes in
Born-Markov approximation

To bring an intuitive insight into the reservoir-induced incoherent population
transfer among the polariton states, we now eliminate the reservoir degrees
of freedom in the Born-Markov and secular approximation and introduce
e [edtive incoherent Lindblad terms. For simplicity, we further assume that the
intermolecular coupling is negligible and only weakly perturbs the dynamics given
by Eq.(6.41a) to Eq.(6.41e). We eliminate the reservoir whose dynamics is
given by the Hamiltonian term Hes = 3. & grBTB and the Lindblad terms
> .,%éf“ (™, with g, = g by standard methods of the theory of open-quantum

systems using the secular approximation [94].

Equation (6.41b) represents incoherent interaction between the upper, j+i,
and the lower, j 1, polariton, in close analogy with the single-excitonic case,

and leads to the Lindblad terms .,iﬂéysis (™ and $§52S+(’\). We further define

F =dg r(B +Bf)(F =F as the reservoir modes are equivalent) and note
that

Tt +s)P (Di=  hET+s)P ®i= i+ s)B()i (6.46)

as the respective bath modes are locally interacting with each molecule and are
assumed to be uncorrelated. The respective rates then become

_sin? ¢ cos?

ss J('e Y3 (6.47)
I\Imol
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(considering Ag = 100 meV). The emission pattern is in all the cases similar to
the single-molecule case [Fig. 6.3(a,b)], exhibiting a doublet of the emission peaks
originarsing from j+i and j i that are split by the collectively enhanced coupling
ge = Nmog. Between the j+iandj i polariton peaks, in this collective scenario
there appears an additional feature corresponding to the dark polaritons in both
the emission and the excitation spectra (although hardly distinguishable in the
spectral maps). The dominance of the lower-polariton peak in all the calculated
spectra is in accordance with the mechanism of incoherent population transfer
in strongly-coupled systems discussed above. We can observe that the inelastic
emission is most e LCcieht from the lower polariton branch when the upper polariton
is pumped. In this case, the interaction with the reservoir e Cciehtly incoherently
populates j i which in turn emits the inelastic photons. We now briefly analyze
the polariton dynamics in the collective scenario that gives rise to the asymmetry
of the inelastic photon emission.

6.4 Polariton dynamics in the collective scenario

We have shown that the dephasing reservoir gives rise to incoherent transitions
between the polariton states that preferentially lead from the states of higher
energy towards the states of lower energy (j+i ¥ jDji, j+i ¥ j 1andjDji ¥ j ).
This phenomenology has been addressed in details by other authors [259, 264—
267]. Here we focus on the dynamics of these decay processes and calculate the
time evolution of the polariton populations ny = h$18,i, n_ = hSTS_i and
np = m Zihé\i@ii, where Nmq is the number of molecules, assuming that
the populations evolve according to the master equation [Eq. (6.8) with Eq. (6.26)]
that explicitly includes the dephasing reservoir (the EBM). We compare the EBM
population dynamics with a rate-equation model (REM) based on the diagram
of levels and decays displayed in Fig.6.4(a). The eledtive polariton dynamics
derived in Section 6.3.2 leads to the following rate equations (we do not consider

the coherent driving term ﬁgg'mp :

N4+ N4 (Nmol 1) SYSp sys Ny
Np = SLS+ Np sYs Np |; (6.61)

r_]* Sy S+ (Nmol l) Sy So n n_
(6.62)

with

ne = s.t gvg, T (Nmor 1) 5é5+; (6.63)
Np = Sp + sy Sp + SXSD; (664)
n = s +*(Nma 1) s%s + sYs - (6.65)
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6.5. Summary

The results of this chapter have been obtained for a relatively small number
of molecular samples due to the limitations of the approach based on the solution
of the guantum master equation. Other approaches have been considered in
the literature [252] which allow for treating a large number of molecules within
the eledtive Hamiltonian approach that takes advantage of the tensor-network
description of the excitonic and vibrational states, but do not allow for calculation
of the steady-state emission properties under coherent laser pumping. It would
be desirable to implement the tensor-network approach within the open-quantum
system approach and apply it to more realistic systems where large numbers of
molecules couple with optical cavities.

Nevertheless, the results of this chapter provide an intuitive view of the
processes that stand behind the experimental observations of light emission from
molecules in optical cavities and can serve as a guideline for future implementations
of dephasing in strongly-coupled systems.
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7.1. Optomechanical description of o [=résonance Raman scattering

Figure 7.1: (a) Schematics of a typical optomechanical cavity. One of the cavity mirrors
is attached to a mechanical oscillator of frequency . The cavity supports a photonic
mode of frequency w.(q), dependent on the displacement of the oscillating mirror, q. The
g-dependence of the cavity mode then gives rise to the optomechanical coupling gom,
which can be also expressed in terms of the oscillation frequency and a dimensionless
displacement d,,, of the mirror equilibrium position when one excitation is created in
the cavity (as described in the main text). (b) In molecular optomechanics, the localized
plasmonic mode of a metallic particle interacting with a molecule plays the role of the
optical cavity and the molecule’s vibrations play the role of the mechanical oscillation.
(d) Example of o [=résonant SERS spectra calculated using the quantum optomechanical
formalism for three di[erknt temperatures: 7' = 0K (red dashed line), 300 K (blue line)
and 2000 K (black line), and normalized to the maximum. The spectra exhibit two peaks,
the Stokes peak (St), red detuned from the laser frequency wr,, and the anti-Stokes peak
(aSt), blue detuned from wr,. The anti-Stokes peaks is practically absent when "= 0 K.
As the temperature increases, the anti-Stokes peak gains on intensity and for 7' = 2000 K
becomes comparable to the Stokes peak.

The displacement of the mechanical vibration is then promoted to an operator
q ¥ ¢ with ¢ = qo(bf + ). Here § (1) is the bosonic annihilation (creation)
operator and qo is the zero-point amplitude of the mirror’s oscillation. The
Hamiltonian A thus becomes:

A Aoo+ Aoy = n1c)ata+n !@Céq) |y=oto &'a(b’ +); (7.2)
= dom=—0om
where Ii]c;o is the bare-cavity Hamiltonian and
Re vib = hgoma (b’ +b) (7.3)

is the optomechnical Hamiltonian that contains the non-linear interaction between
the cavity photons and the quanta of the mechanical vibration. We have also
defined the optomechanical coupling constant gom that can be alternatively
expressed in terms of the optomechanical displacement parameter dom, as discussed
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Chapter 7. Optomechanical approach to r-SERS

Figure 7.2: Schematics of (a) the o [=résonant SERS process in a plasmonic particle and a
vibrating molecule, and (b) the r-SERS process, both depicted with their corresponding
level structure. (a) The plasmonic number states jnpi have equidistant energies finpr,w?
(vertical axis) and vibrational fine-structure for each jnpri. The vibrational parabolas
are displaced by nprdom along the dimensionless normal coordinate ¢ depending on
the number of plasmonic excitations. (b) The r-SERS system consists of a plasmonic
particle interacting with a molecule described by an electronic (two-level) and (bosonic)
vibrational degrees of freedom: the potential energy surfaces (PES) for the vibrations
of the ground electronic state, jgj, E.(g), and for those of the excited state, jei, E.(q),
for the vibrations depend on the electronic states and are shifted with respect to the
dimensionless normal coordinate ¢ by a displacement d. The plasmon mode is excited

by coherent laser illumination of frequency wr, .

138



7.1. Optomechanical description of o [=résonance Raman scattering

where g = :fﬁ. This choice of ¢ leads to a new form of the Hamiltonian
2
Aom:
|qom = |qpI + |qplfvib + lqvib (7.12)
with
A, =h a'a
Hvib =h BTB (7.13)
Fpi—vib = hgom(@" + 3@+ <) +b);
with = 1. I,.. Under these transformations the Lindblad terms remain

formally the same as in Egs.(7.8) to (7.10). The optomechanical coupling
Hamiltonian can be further simplified by assuming that h&iss, evaluated in the
steady state, is small (h&iss 1):

Api—vib = figom(&" + §)@+ )BT +0)  hgom( sa+ s&N(O' +0):
(7.14)

The approximated form of the optomechanical coupling Hamiltonian in Eq. (7.14)
is nothing but a Rabi coupling term between the molecular vibrations and the
cavity mode that is parametrically dependent on the amplitude of the driving
laser via s.

Having simplified the Hamiltonian, we calculate the incoherent photon emission
spectra of the cavity mode following the prescription of Section 3.3:

Se(1) =2Re/mhhaT(0)a( )iise'' d ; (7.15)
0

where we use the notation hhO,05ii = hO;0,i hO4isshOziss, where O; and O,
are generic operators. This definition of the emission spectrum does not contain
the coherent delta-peaked Rayleigh scattering at the frequency of the incident laser
.
The resulting spectra normalized to their respective maximum values are
plotted in Fig.7.1(c) for varying temperature T =0K (red-dashed line), 300 K
(blue line) and 2000K (black line). The spectra are plotted as a function of
frequency, normalized to the vibrational frequency , and centred around I . All
the spectra exhibit a dominant Raman-Stokes peak at ' I, = , Which is
apparent even for T = 0K when the vibrational state is thermally unpopulated.
As the temperature is increased and the vibrational thermal population, nyin(T),
appears, the Raman anti-Stokes peak becomes apparent in the spectrum. At room
temperature (T = 300K) the anti-Stokes peak is much weaker than the Stokes
peak as the ratio of the two peak intensities is approximately se(  )=Se( )
[Nvib(T) + 1]=nyin(T). For a rather high temperature of T = 2000 K, the Stokes
and anti-Stokes peaks become comparable in magnitude as nyip(T) +1  nyip(T).
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The level diagram describing the r-SERS Hamiltonian RS [Eq. (7.17)] is
sketched in Fig. 7.2 (b). Strikingly, both the o [=résonant Hamiltonian, Hpom, and
the molecular Hamiltonian in r-SERS, Hmo, can be represented as a series of
mutually displaced harmonic vibrational PESs. The electronic states in r-SERS
thus play the role of the plasmon number states in the o [=résonant case, an analogy
which can be identified from the comparison of the Hamiltonians in Egs. (7.18)
and (7.7). In the limit of single-photon optomechanics [290, 291, 296], where the
plasmon Hilbert space is spanned by the vacuum state and the singly excited state,
the molecular Hamitonian o and Flyem become formally identical. However,
as we detail later, if the incident laser is strong, the non-linear character of the
excitonic TLS Hamiltonian [Eq. (7.18)] leads to novel physical phenomena which
cannot be achieved in the o [=résonant SERS situation [Eq. (7.7)].

Finally, as in the o [=résonant case, we can introduce incoherent processes into
the dynamics of the cavity and molecule excitations via the Lindblad terms. On
top of the terms introduced in Egs. (7.8)-(7.10), we consider the decay of the
molecule’s electronic excitation via

2N = - (ZAN\T {/\T/\; /\}) : (7.19)

where is the electronic decay rate.

Assuming that the cavity interacts with the molecular electronic transition in
the weak-coupling regime, we further include into the model the pure dephasing of
the molecular electronic excitations in the form of a Lindblad term [94, 182, 297],
as:

L) = (28 TN 09) (7.20)

with A, = ATA - AAT

7.2 r-SERS in the plasmon-exciton weak coupling
regime

As already discussed in Section5.1.3, the decay of state-of-the-art plasmonic
cavities 5 is ultimately limited by the material properties of the metal [174-
178]. In plasmonic systems commonly reaches small quality factors, Q = 1.= g,
in the range of Q 1 20. As an example of a representative generic plasmonic
resonator, we consider in this chapter a plasmonic cavity of energy hl. = 2eV
and broadening & 5 =500 meV. Such parameters can represent, for instance, the
leaky gap mode formed between a tip of a scanning tunnelling microscope and a
metallic substrate, often used for single-molecule spectroscopy [165-167, 169, 170],
and regarded as an example of a low-Q plasmonic cavity.

On the other hand, a typical decay rate of molecular excitations decoupled from
the plasmonic cavity is usually much smaller than that of plasmons (as small as
h 10-2 meV a)- The line width of the molecular resonance is thus mostly
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limited by the pure dephasing  which strongly scales with temperature and is
highly dependent on the environment surrounding the molecule (see Chapter 6 for
a study of this aspect in molecular fluorescence). It is thus possible to engineer
the conditions (low temperature vacuum experiment) under which pure dephasing
becomes small and the line width of the molecular electronic excitation decreases
below < 10meV and may even be limited only by the spontaneous decay. In
this chapter we thus describe the molecule using the parameters E. Eg = 2¢eV,
h  =0:02meV and vary the value of the molecule’s pure dephasing

We consider the bad cavity limit (or weak coupling if > g) where the
plasmon-exciton coupling g is small compared to the plasmonic losses & 5 but
large with respect to the intrinsic decay  ( g a). In particular, in this
chapter we use two di[erknt values of relatively large coupling strengths between
the plasmon and the molecular TLS (hg =13 meV and Ag =50 meV), although still
small enough to be in the bad cavity limit [57, 186]. These two selected values allow
us to explore di[erknt regimes of plasmon-assisted interaction between molecular
excitons and vibrations, as we detail below.

In the bad cavity limit, the parameter determining the regime of the o[-1
resonant optomechanical coupling, dom, and that defining the exciton-vibration
coupling, d, in the resonant model, formally describe the same physical phenomena
under weak-illumination conditions. In o [=résonant SERS, the condition jdom | >

a=2 sets the so-called optomechanical strong coupling when the optomechanical
non-linearity ~ d2_,a7& becomes relevant and the system thus becomes interesting
for quantum applications. It has been estimated that dom 10~ in most
molecular species [277].

On the other hand, in r-SERS, for relevant dye molecules with electronic
excitations in the visible, d ranges from d 10~ for rigid molecules (such as
porphyrines [298]) up to values of d 1 for soft organic molecules [224, 299]. r-
SERS might thus o [edrelatively high optomechanical coupling strengths even for a
single organic molecule. Moreover, for small molecular dephasing, the broadening
of the excitonic resonance, 't + + ., containing the eledts of pure
dephasing but also other broadening mechanisms such as the Purcell e [edt due to
the coupling to the plasmon ( ¢ ), becomes much smaller than the plasmon line
width ( ©t=2 a=2) and r-SERS may open the possibility to achieve large
optomechanical coupling compared to the relevant line width: jd j > tot=2
(strong optomechanical coupling).

In the following we describe the inelastic emission spectra and vibrational
pumping in r-SERS for (i) the linear response regime (relatively weak laser
illumination) and (ii) strong laser illumination where the molecular levels are
dressed by the intense laser field and form a qualitatively new set of light-matter
states.
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7.2. r-SERS in the plasmon-exciton weak coupling regime

7.2.1 Photon emission spectra in the linear regime of
r-SERS

We first discuss the spectral response and the physics of hybrid-optomechanical
vibrational pumping in r-SERS systems in the limit of weak incident laser
intensities, for which the system can be treated within the linear-response theory
(further denoted as weak illumination).

For convenience, we define the detuning parameters = 1. I and

= Yo I (with the exciton frequency !¢ = [Ee Egl=h) and define
the coherent amplitude of the plasmon annihilation operator induced by the
incident monochromatic illumination g = —_iizz- We perform a similar set of
transformations as performed for o [=résonant SERS in Section 7.1.1. The solution
of the dynamics of the hybrid optomechanical Hamiltonian and the respective
Lindblad terms with the parameters described above allow for calculating the

emission spectrum in such a system from the quantum regression theorem (QRT):

se(1) =2Re/oohhaT(O)a( )iisse'' d :
0

As before, we remove the elastic scattering contribution from the spectrum.

To illustrate the emission properties of typical molecules we plot in Fig. 7.3 (a)
the inelastic spectra in a r-SERS system [normalized to s.(!eg) and vertically
shifted], calculated for weak illumination, AiE = 0:01 meV, of a monochromatic laser
of frequency A1 = 1:975eV (green dashed line) and exciton-plasmon coupling
hg = 13meV. The excitonic energy is hleg = 2eV. We calculate the spectra for
two large values of d = 1; 0:5 (top spectra) representing soft organic molecules and
for a small value of d = 0:1 corresponding to a rigid molecule (two bottom spectra).
We choose i = 20 meV for the three top spectra to demonstrate the e [edt of pure
dephasing on the emission of molecules interacting with a decoherence-inducing

environment. In the bottom spectrum no dephasing is considered, i = 0¢eV.
The bottom spectrum in Fig.7.3(a), calculated for weak exciton-vibration
coupling, d = 0:1, and considering an absence of pure dephasing (& = 0meV),

features two sharp emission peaks. The fluorescence peak appears at frequency
I = I, regardless of the incident laser frequency. The second peak, appearing
at v = 1, , is the Raman-Stokes emission line. The anti-Stokes line is
not visible because the vibrations are not populated for T = 0K. The Raman
(SERS) line always appears at a constant detuning from the laser frequency
which facilitates its identification in the spectrum. When the pure dephasing
is increased, the fluorescence line starts to broaden and increase in intensity [note
that the spectra are normalized in Fig.7.3(a)]. The SERS emission becomes
hardly distinguishable on top of the strong fluorescence background for d = 0:1.
As d increases, the fluorescence background becomes asymmetrical and broadens
towards lower energies due to radiative transitions allowed by a simultaneous
exchange of energy between electronic and vibrational states (hot luminescence).
This so-called vibrational progression of the luminescence spectrum thus consists
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process of vibrational pumping of r-SERS, we plot in Fig.7.3(c) the vibrational
population of the electronic ground state as a function of incident laser detuning
for two values of plasmon-exciton coupling (black lines). The panel to the left
corresponds to hg = hy/ b a=6 13meV, for which the broadening of the
electronic resonance due to the plasmonic Purcell e[edt . (see also Section5.1.1),

9° a :
[(#)+C 7

becomes comparable to the broadening of the vibrational line, ,, and in the panel
to the right we use ig = 50meV, ensuring that o >  (with o = 20meV).
In the calculations we set hkE = 0:01meV to make sure that we stay in the
linear regime. The numerically calculated values of h"gﬁTb\iss (black lines) are
qualitatively similar in both cases. A set of peaks are clearly observed which
correspond to the enhancement of the Raman-Stokes emission for detunings of
h =0e/, h = h = 50meV, and higher orders ( = n , n > 1),
respectively. The eledt of a larger plasmon-exciton coupling g (right panel) is
to broaden the peaks and to smear o [the maxima of the populations associated
with the enhancement of higher-order Raman-Stokes emission ( = n , n>1).

(7.21)

Analytical approximation

To shed light on the mechanism of the vibrational pumping in r-SERS, we
derive the eledtive vibrational dynamics which results from the elimination of
the plasmon and the TLS dynamics, following standard methods from the theory
of open quantum systems [94], in close analogy with the procedure developed
in hybrid quantum optomechanics [295]. Upon elimination of the plasmon, the
e [edtive reduced TLS-vibrational Hamiltonian, R,eq, becomes

Area = h Mn Bt (B + ~d) B+ (722)

where Epy = 29 s (with s = —=5;) is the coherent coupling of the molecule
2

mediated by the plasmon, % is the Pauli x operator and ~, = ~f~. Moreover,
in the bad cavity limit, the molecular excitonic TLS is e [edtively broadened due
to the plasmon via the Purcell e[edt. The total TLS decay rate thus becomes

T ot= ¢ + .
By further eliminating the TLS from the vibrational dynamics, by assuming
jd j tot, We obtain an e[edtive vibrational Hamiltonian that includes the

coherent pumping due to the TLS excited-state population
Ard = b6+ nd hreiss(B +B); (7.23)

together with the eledtive incoherent damping 9¢¢ and pumping PY™P rates,
which need to be added to the intrinsic vibrational dissipation rate (described by
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The two terms,

S&n  IhNissj? (7.29)
and
Shen Re{ [Ty i@te 10 d (7:30)
0
can then be interpreted as the e [ciehcy of the coherent driving (S, resonant
at = 0) and the e [ciehcy of the spontaneous Stokes-Raman emission (Si'f]Coh

resonant at = ), respectively.

The e[edtive vibrational dynamics and its steady-state values derived in this
section are an accurate approximation to the exact problem only if the decay
rate, ot, Of the dressed TLS is significantly larger than the intrinsic vibrational
decay rate , and the exciton-vibration coupling is weak (moderate values of d).
Some experimental situations in molecular spectroscopy might not satisfy these
conditions. In such a case it is necessary to adopt a numerical treatment to obtain
accurate results. Nevertheless, the properties of the TLS spectral function reveal
the origin of the vibrational population associated with the pumping even beyond
the limits of validity of the analytical-model.

We plot the analytical result for the evolution of the vibrational populations
hbtBiss.in as a function of detuning as a red dotted line in Fig.7.3(c).
These analytical vibrational populations share with their numerically calculated
counterparts (black lines) the same dominant peaks, i.e. peaks appearing for zero
laser detuning from the exciton frequency, =0, and for detuning = , When
the frequency of the first-order Raman-Stokes line coincides with the excitonic
frequency. These two values of the laser detuning also lead to an enhancement
of the Raman-Stokes emission [Fig. 7.3 (b)], i.e. creation of cavity photons, which
gives rise to the optomechanical vibrational pumping.

Although the analytical model nicely describes the main features of the fully
numerically calculated vibrational populations, it cannot explain the presence
of the weaker higher-order peaks. This is due to the Markov approximation
leading to (7.23), (7.24) and (7.25) which treats the exciton-vibration interaction
perturbatively. In the full model, the vibrational pumping mechanism is present
even for the vibrational transitions responsible for higher-order Raman scattering
and hot luminescence. Moreover, in the case that Ag = 13meV, the analytical
model overestimates the vibrational populations induced by the optomechanical
amplification for h» = kA = 50meV, since the e [edtive broadening of the TLS,

tot = e + , is similar to the vibrational broadening ,, and the Markov
approximation becomes less accurate in such situations. For hg = 50 meV, the
e [edtive broadening (ot > p and the analytical model describes the low-order
features of the vibrational populations accurately.
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e [edtive frequency s = (EgI + 2)172_ According to this simplified Hamiltonian,
the eledtive electronic frequency t.s can be tuned by either changing the
intensity of the incident laser (i.e. Epy / E) or by detuning the incident laser
frequency . This dressed TLS interacts with the molecular vibrations via the
resonant Rabi interaction term [288]

h% dr, (b +6) ¥ i d N(b‘f+b‘)
Rabi term
+ residual polaronic coupling; (7.32)
which becomes resonant if g , the condition for the Mollow side peaks to

coincide with the spectral position of the SERS lines.

On top of the eledt of dressing the molecular levels, the plasmonic cavity
increases the e [edtive damping rate . of the TLS by means of the Purcell e [edt
(causing the broad peaks of the Mollow triplet). The condition to reach strong
coupling in this situation can be derived by relating the decay rate of the molecular
vibration and that of the dressed electronic transition with the exciton-vibration
coupling strength:

Epi
TLS

d

73 tot=4 b2 (7.33)

This condition is at the origin of the strong coupling observed in the peaks of
Fig. 7.4 (d) (hg = 13 meV), but it is not reached in the case presented in Fig. 7.4 (¢)
(hg = 50 meV) where Fano-type features appear as a sign of weak coupling. When
the strong-coupling between the vibrational Raman emission and the resonance
fluorescence is reached, the peak-splitting in the emission spectra in Fig. 7.4 (d) can
be also interpreted using the dressed-(atom)molecule picture originally introduced
by Cohen-Tanoudji [305, 306]. The dressed-atom picture allows for interpreting
the splitting of the Raman and resonance-fluorescence in terms of the coherent
interaction among molecular vibronic states, induced by the incident coherent
laser illumination. This approach shows that the final emission peaks emerge from
a coherent combination of both the resonance fluorescence-type transitions and
the Raman-type transitions, making the two mechanisms inseparably connected.
We elaborate on the dressed-molecule picture in the following section assuming
small d, and provide a more general result allowing large d after that.

Small vibrational displacement d: dressed-molecule picture

The regime where the linewidth of the resonance fluorescence peaks is comparable
to the width of the Raman peaks is a limiting case of Raman scattering in
intense fields that has been studied in the context of atomic physics [305-308].
To understand the splitting of the lines that appear when the Mollow triplet side
peaks have the frequency of the Raman lines, it is useful to rewrite the Hamiltonian
into a form where the coupling among vibrational states is explicitly present.
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the new basis of such dressed states, we can represent the Hamiltonian as:

Ey=2 0 0 0
0rac- 0 E, =2 0 0
res;dr pl
Hom™ 11 g 0 +Eu=2 0
0 0 0 Epi=2
0 0 0 dEp1=2
0 0 dEp|:2 0 .
il dEg=2 0 o | @3
dEp=2 O 0 0

For d = 0, the splitting of the states jnii for the TLS in each vibrational
manifold is j2g sj = jEpj. The two vibrational manifolds are mutually shifted
by the vibrational frequency along the energy axis. In the absence of electron-
phonon coupling d, the resonance fluorescence emission (dominating in this case
the inelastic emission) is given purely by the transitions within the individual
vibrational manifolds and it changes the total number of excitations, n, by
one. In particular, the central Mollow peak is given by transitions between
j(n +1);0)i ¥ jny;0)i and j(n +1)_;0(0)i ¥ jn_;0(1)i, while the side
peaks contain transitions j(n +1)_;0(1)i ¥ jn.;0(1)i (red detuned) and j(n +
D+;0()1 ¥ jn_;0(1)i (blue detuned), respectively. The respective transitions
and their corresponding emission peaks (the Mollow triplet) are schematically
marked in Fig.7.6 (a). In Fig.7.6(a) the colours of the spectral emission peaks
correspond to the colour of the respective arrows marking the transitions.

If we switch on the electron-phonon interaction d, a mixing between the levels
belonging to the two vibrational manifolds is introduced, simultaneously allowing
additional transitions yielding the Raman emission (i.e. changing the vibrational
manifolds). The details of the level mixing and the subsequent emission spectra
depend on the particular choice of pumping strength, Ey, in combination with
the value of the electron-phonon coupling, d. In the following we consider a
particular case where the Mollow triplet side peaks overlap with the Raman lines
with the laser frequency exactly tuned to the TLS energy splitting ( = 0eV and
JEpii = ). Upon diagonalization, the Hamiltonian in Eq. (7.36) [Eq. (7.37)] yields
the following spectrum of energy levels:

- = %(d 1
P=oE+D)

7.38
I T
iy et

where we used the assumption that d 1 to perform the Taylor expansion of
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peaks which appear in the complex photon emission spectra obtained from
the numerical calculation of the complete Hamiltonian in Eq.(7.17) with its
corresponding Lindblad terms. Figure7.7 (a) shows such a situation where two
vibrational levels corresponding to the ground vibrational state and the first
excited vibrational state are considered. Nine main frequencies [coloured lines
in Fig. 7.7 (a)] are identified in the spectrum which nicely coincide with the nine
transitions marked in the energy diagram of Fig.7.6 (b) (vertical lines marking

i j» where 1;J 2 f+; ;3;4g). For comparison, we show in Fig7.7 (b) the
results obtained using a su [ciehtly large number of vibrations to achieve results
converged with respect to the size of the vibrational subspace. In this case,
more spectral features appear [we observe higher order transitions and further
peak splitting when compared with Fig.7.7 (a)]. Nonetheless, the simple model
introduced in this section still explains very well the spectral positions of the
strongest peaks.

Large vibrational displacement d

We have so far used a moderate value of the displacement, d = 0:1, however, in
realistic molecules significant exciton-vibration coupling can lead to larger values
of d. Although the dressed-molecule picture developed in the previous section can
be generalized for arbitrary displacement d, it becomes excessively complicated
when d becomes large and we therefore opt for describing the situation with help
of full numerical calculation. In Fig.7.8 we show the evolution of the emission
spectra with d [as schematically shown in Fig.7.8 (a)] for the same two values of
the plasmon-TLS coupling considered up to now, i.e. Aig = 50 meV [Fig. 7.8 (b)]
and hg 13 meV [Fig. 7.8 (c)]. For all the values of d considered, the laser intensity
is chosen such that the RF lines match the position of the Raman lines. For small
values of d  0:1, the RF profile follows the behavior described in Fig.7.4. As
d gradually increases, the spectra start exhibiting additional features due to the
increasing importance of higher-order vibronic transitions. When the RF line is
significantly broader than the Raman lines [Fig. 7.8 (b)], an increase of the coupling
d gradually changes the spectral dip located at the frequency of the Stokes emission
and the bump at the anti-Stokes emission [see Fig.7.4(c)] into positive Raman
peaks. Additional peaks appear for values of (I 1) that are multiple integers of

, together with a suppression of the broad background RF [top side of Fig. 7.8 (b)].
When the line width of the Mollow side peaks is similar to the width of the Raman
lines [Fig. 7.8 (¢)], the splitting of the strongly coupled hybrid lines becomes larger
as d increases. For large values of d, all of the spectra in Figs. 7.8 (b,c) acquire a
complex structure due to the generally complicated coherent interaction between
the molecular vibrational and electronic degrees of freedom, with the emergence of
additional peaks originating from higher-order Raman and resonance-fluorescence
transitions.
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Figure 7.8: Emission spectra of a molecule for increasing value of coupling, d, as
schematically depicted in (a), keeping the conditions § = 0 eV, for (b) hg =50 meV
and hE = 125 meV, (c) hg =13 meV and hE = 480 meV. As d is increased, the spectra
acquire a complicated form containing a number of RF and r-SERS peaks due to the
increasing importance of higher-order vibronic transitions.

7.2.4 Optomechanical vibrational pumping for strong laser
intensities

In this section, we extend the treatment of resonant SERS within the linear
response introduced previously to consider the case of strong incident illumination,
where non-linear e[edts become important. To that end we invoke the e [edtive
vibrational Hamiltonian introduced in Eq. (7.23) together with the incoherent
damping 9%¢ = 2( d)? RefS( )g and pumping pump = 2( d)?RefS( )g
rates in Egs. (7.24) and (7.25), respectively. As described in Section7.2.2, the
spectral function S(s) can be obtained from the e[edtive dynamics of the TLS,
which is eledtively broadened by the plasmon via the Purcell eledt (more
details about the calculation of S(s) are given in Appendix F). This hierarchy of
approximations considered in this section is schematically depicted in Fig. 7.9 (a).
These e [edtive rates are dependent on the spectral function S(s) of the reservoir
evaluated at frequencies and , respectively. Note that the analytical model
is limited to cases where the electron-vibration coupling d is smaller than
the eledtive broadening . of the electronic resonance. We thus perform full
numerical calculations to obtain the results spanning the full range of model
parameters and use the analytical model for qualitative discussion.

The e [edtive optomechanical decay and pumping rates are dependent on the
spectral function S(s) of the reservoir, hence the value of the spectral function S(s)
at frequencies determines the strength of the e [edtive vibrational pumping
( BumP) or damping ( 9%°). It is therefore possible to achieve dilerent regimes of
interaction with the vibrations which range from pumping to damping by simply
modifying the illumination conditions (laser intensity and frequency detuning)
that provoke a variation of the shape of the spectral function. When the laser
intensity is large, the reservoir function S(s) reflects the structure of the TLS
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7.3. Resonant-SERS in the plasmon-exciton strong coupling regime

We first consider that the electron-phonon coupling, described by the displacement
value d, is in the low range of values obtained for rigid molecules [313, 314]
d 10~1). We further assume that the laser illumination is not too intense
so that the linear response approximation is justified, and that the TLS is not
aledted by pure dephasing processes.

The condition of weak electron-phonon coupling, considering that the time scale
of the electron-phonon interaction is larger than that of the dominant relaxation
processes, can be roughly estimatedas d j 5+ j=4. This assumption allows
us to separate the full system according to the hierarchy of time scales: the
fast decaying and decohering reservoir part, which consists of the electronic TLS
strongly coupled with the plasmon, and the slowly varying system part represented
by the vibrational mode [94]. As we have shown in Section7.2.2, under such
conditions the vibrational dynamics then approximately follows the Hamiltonian
H, [Eq. (7.42)], and the e [edtive incoherent decay, via the Lindblad superoperator

.,%ﬁ (Viec(’\) [Eq.(7.24)], and pumping, via the superoperator fﬁy‘eump(’\) [Eq.(7.25)],
with 9%¢ and PUY™P the e[edtive incoherent damping and pumping rates due to

the electronic TLS and the plasmon. As we have shown in Section7.2.2, these
rates are related to the steady-state reservoir spectral function:

RefS(s)g = Re{ / Oohh’\“( Win0)iie' d } (7.44)
0
as.
dec = 2( d)’RefS( )g (7.45)
pumpP = 2 d)?RefS(  )g; (7.46)

In the considered scheme, the reservoir operators are obtained from the dynamics
of the Jaynes-Cummings system decoupled from the vibrations.

As we have assumed that the pure dephasing of the TLS is negligible, we
write " f7igs  jhnissj?. In this case, after decomposing the lowering operator
of the TLS into its steady state value h"iss and the fluctuating part with zero
mean ” as N = h”igs + ”, we can approximate the population operator as
AR jhRissj? + hRiss AT +hATigg A

We then transform the spectral function RefS(s)g from an expression
depending on the correlation function of the full operator hhATA( )ATA(0)id,
to a simpler one where the expression depends on the correlation function
hh ~( ) ~T(0)ii = hhA( )2 T(0)ii as:

RefS(s)g = Re{/ooohh"“( Yy EA0)iie™ d }

jhissj? Re{/ hh~A( )AT(0)iie'G+!D) d }: (7.47)
0

Jo(s)
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Chapter 7. Optomechanical approach to r-SERS

Equation (7.47) thus factorizes the full spectral function into two contributions:
(i) the coherent population of the TLS, jh*issj?, and (ii) the absorption spectrum
of the TLS, here strongly coupled with the plasmon, Jo(s). We obtain
an approximate expression of both quantities analytically using the quantum
regression theorem and considering the low pumping regime.

Under weak illumination, we consider the dynamics of the operators in the
single-excitation manifold [182]. We define a vector of operator mean values
v = (hai; )T [()T denotes transposition, and with & and ~ the standard
bosonic annihilation operator and Pauli lowering operator, respectively] that
approximately satisfies the di[erential equation

%v = McV + rhs; (7.48)

where Mc is a matrix of coe [Ciehts

I a=2 ig .
Mc = ig i | (7.49)
and rhs is a constant vector that represents the coherent pumping of the system,
rhs = (0; ig §)T. The steady-state value h™iss follows from Eq. (7.48) after
setting the time derivative equal to zero obtaining:

0% s?( 2+ 2=4) |
TR@ AP (A g o)

jihissj?  hnT7iss (7.50)

To finally evaluate the correlation function, Jg(s), in the last integral of
Eq. (7.47) we apply the QRT. We concentrate on the calculation of the fluctuating
part of the correlation functions which are responsible for the incoherent damping
and pumping e [edts. These go to zero in the limit ¥ 1. The time dynamics of
the two-time correlation functions is then given by the homogeneous part of the
di Lerential equation for the operator mean values. More specifically,

d

—WwW = Mcw;
d C
with w = (hha( )~ (0)ii; hh~( )AT(0)ii)T. Finally, the initial values (= 0) of the
two-time correlators for w are:

hhaATiiss 0;
hhAATiiss 1;
where we have neglected the terms O( %). Finally, we obtain:

9% a2+ =2[ 2=4+(  s)? .
202[( s)? a=d]+[2=4+( S 3=4+( 9)]
(7.51)

'JO(S) = g4
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7.3. Resonant-SERS in the plasmon-exciton strong coupling regime

[94, 97]. The relevant equations can be derived from IqJ_c;p, Fris_v [Egs. (7.41)
and (7.43)], and adding the damping terms that arise from .Z. [ [Eq. (7.8)] and
Z~ [N [Eq. (7.19)]:

a i a=2 |g a 0 - .
L\} [ ig i :2] [/\] + |: i dhAiss(ﬁT +6) + Noise terms;
(7.53)

The inhomogeneous term in Eq. (7.53) has been derived with the use of the
decomposition of the lowering operator of the TLS, A = h*igs + #, and T4

jhnissj?2+hNiss AT+h2tiss A, and neglecting (BT +6). This assumption restricts
our further calculations to the first-order Raman scattering.

The solution for the plasmon annihilation operator relevant for the SERS
process is represented by the inhomogeneous solution of these di Lerential equations
[Eq. (7.53)]. We first solve the homogeneous part by diagonalizing the matrix:

i a=2 ig _
ig i =2|
= Pc Dc PC_1:

where Dc = diagf $¢; 5g contains the eigenvalues 3G, of the matrix and the
columns of P¢ contain the respective eigenvectors.

The inhomogeneous solution of the equations Vi, in the steady state becomes

t
Vinh(t) / PcePet=") p.—1 RHS() dt; (7.54)

— 00

where RHS(t') is

RHS() = { (7.55)

0 .
i dhniss[B(t)t +B(t)])

In particular, the steady-state inhomogeneous solution for the plasmon
annihilation operator, &i,n(t), adiabatically depends on the vibrational operators
as follows:

-t
C A _ SC- g ’ N1t/

Bn(®) 1 dviss [ e T N eumn =IO

+i dhhiss /_ P NG (g )2:4[ﬁ(t’)T+6(t’)]dt’: (7.56)

In the adiabatic approximation, the slowly varying part of the vibrational
AN N S0 .
operators B(t') [with B(t')) = B(t')e~' t] can be evaluated at time t' ¥ t and
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Chapter 7. Optomechanical approach to r-SERS

the integration can then be performed explicitly, giving:

g [ 1
VA2 (a2 )=l 99
g 1 1
V49?2 (a )2=4 [( i Yy (i gc)} bty
+ Noise terms
i dhrissAo( )BT i dh?issAo( )B(t) + Noise terms; (7.57)

Ainn (1) i dhiss

1
o) 60

i dh™iss

where we have defined

g 1

1 .
VA2 (a  )%=4 {( i ) (i ?C)}

Finally, the calculation of the emission spectra requires the evaluation of the two-
time correlation function ({af(0)a( ))) as

se(1) 2Re{/ooo <<a§nh(0)amh( )>>e” d }: (7.59)

Using the expression in Eq. (7.57) we obtain:

({8 @am()))

Ao( )= (7.58)

2d%nissiZiAe( P ((BOBIC))) (7.60)
+ 2diissitiao( P2 ((8T@B())) (7.61)
+ 2dhnissiPAs( JAC ) ((BTOBT())) (7.62)
+ 2dnissiPAs( AC) ((BOB0)) ) (7.63)

from which the first two contributions represent the Stokes [Eg. (7.60)] and
the anti-Stokes [Eq. (7.61)] contributions, respectively. The other terms can be
neglected in the regime considered as the expectation values operators 66 and §76r
are only sensitive to coherences between higher vibrational excited states.

The resulting expressions for the Stokes (Se.st) and anti-Stokes (Se.ast) emission
spectral lines are
Se:st(1) = 2d%jh7issi?jAo( )j?2Re {/Ooohhb‘(O)b\T( )iie'" ' d } . (7.64)
Seast(1) = 2d2jhnissj?jAo( )j% 2Re {/Ooohhﬁf(O)ﬁ( yiiel* =10 d } ;. (7.65)
where jh*issj? is given by Eq. (7.50) and it can be shown that jAqj? is the reservoir
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system [Hamiltonian in Eq. (7.40) and the corresponding loss terms], as a function
of the detuning  of the laser from the plasmon frequency. As discussed above, the
inelastic emission can be split into two components. The emission resulting from
the resonant fluorescence of the J-C system, and the Raman emission yielding the
vibrational lines. The former is present in the emission spectra of Fig.7.11(c) as
a broad symmetrical background around zero detuning = 0, in agreement with
previous studies [182]. The strong Raman-Stokes line is also clearly distinguishable
on top of the background at 1, , accompanied by a second-order Stokes
transition line (not described by the analytical model that accounts only for the
first-order transition) at I, 2 and a very weak anti-Stokes line at 1 +

To better analyse the dependence of the Raman signal, we focus in
Fig 7.11 (d) on the maximum of the Stokes line, which we plot as a function of the
laser detuning  as calculated from the full numerical model (black dots) and as
given by the analytic expression in Eq. (7.64) (red line). The agreement between
the two is excellent. We observe a double-peaked structure, a clear signature
of plasmon-exciton coupling considered here, which, however, is not symmetric
with respect to = 0, but its central minimum is blue-detuned by 25 meV. This
blue detuning can be seen as the result of having to optimize the product of
the enhancement at the excitation !, and emission ! frequencies, given
by jh*issj? and jAq(s)j?, respectively (assuming that the vibrational population
remains small hhbBiiss  1).

7.3.2 Effect of strong electron-vibration coupling

We now consider scenarios that go beyond the assumptions of the previous section.
Up to know, we have assumed that the coupling between the molecular vibrational
and electronic states, characterized by the dimensionless displacement d, is weak.
However, when the interaction becomes stronger, and thus the time scale of the
coupling between the electronic TLS and the phonon is shortened, the dynamics
of the J-C system coupled to the vibrational mode are no longer separable into a
slow vibrational dynamics driven by the fast relaxing reservoir. For large d, we
thus cannot apply the formalism developed in the previous section and we need to
use the full numerical solution to obtain the response of the system.

We show in Fig.7.12 (a,b) the vibrational population maps for relatively large
electron-vibration coupling (@) d = 0:5 and (b) d = 1 as a function of laser
detuning and vibrational frequency. The lines in Fig.7.12 (a,b) are similar to
those in Fig. 7.11 (a,b), indicating the detuning  at which the first-order Stokes
line (red line) or the incident laser frequency (green line) match the position of
the absorption peaks of the J-C system. For d = 0:5 [Fig. 7.12 (a)] the strongest
vibrational pumping appears approximately when both conditions are met and the
lines cross each other, similarly as for low d = 0:1 [Fig.7.11(a,b)]. Nonetheless,
while for d = 0:1 a single clear peak was observed, in this situation two close
maxima start emerging near this optimal condition for d = 0:5. The e [edt of large
electron-vibration coupling is more apparent when we set d = 1 [Fig.7.12 (b)]. In
this case, the dependence of phonon population on the vibrational frequency and
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E 11meV.

7.3.3 Effect of pure dephasing

So far we have always assumed negligible dephasing. This is the case for
optimized experiments at low temperature, however for a typical situation at finite
temperature the electronic transition is subjected to a large pure dephasing rate,

, due to interactions with the environment. In molecules decoupled from the
plasmonic cavity, the pure dephasing introduces a loss of coherence between the
states of the TLS but without directly inducing the decay of the excited state [318].
A careful analysis of the microscopic dephasing mechanism shows that when the
plexcitonic states jN; i are formed in the strong-coupling regime, the interaction
of the system with the originally purely dephasing reservoir can lead to novel
incoherent mechanisms including the energy transfer from the upper plexciton
states jN; +i to the lower ones jN; i within the same manifold [259, 319] (see
also Chapter6). In the following, we again consider that the system is illuminated
by a weak laser and hence only the single-excitation manifold containing the states
j1, i j iis important for the description of the inelastic light emission from
the plexcitons.

We implement the dephasing processes via the following Lindblad terms

L ()= @™ P ) (7.70)
2" ()= (20t LA ) (7.70)
where "__,, = j+ih+j+j ih jand *_, =] ih+j. We neglect any further

incoherent processes such as the energy transfer from the lower to the upper
plexciton as we assume that they are less important [293, 319]. We further
set & _+ = 40meV whenever we consider 7 & 0eV, a rate which leads to
relatively strong transfer of populations towards the lower plexcitonic state via
the vibrational reservoir of the molecule [250, 269].

To illustrate the eledt of dephasing, we start by plotting the absorption
spectrum, s,;(1), [Fig.7.13 ()] and emission, se(1), [Fig. 7.13 (b)] spectra for the
bare plasmon-excition J-C system, without vibrations. In both cases we set
hE = 1meV, and we show results for intrinsic dephasing z = 0meV, 10 meV
and 50 meV. For clarity the spectra are vertically shifted. When the dephasing is
increased, we observe a clear broadening of the plexciton peaks in the absorption
spectrum [Fig. 7.13 (a)], which is larger for the upper plexcitonic peak due to the
population transfer to the lower polariton given by Eq. (7.71).

The dephasing-induced broadening also a[edts the J-C emission spectra sg(1)
shown in Fig. 7.13 (b) forE = 1meV and = 0eV. When the dephasing is switched
on, there appears a strong inelastic light emission originating predominantly from
the lower plexciton branch, since the upper branch is e [ciehtly depopulated by the
incoherent energy transfer. Without dephasing the emission spectrum practically
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Conclusions and outlook

cavities strongly coupled with molecular excitons and coherently driven by a
monochromatic laser. We have shown that light emission in such a situation
is substantially influenced by incoherent e [edts arising from the e [edt of internal
(vibrations) and external (solvent) dephasing reservoirs. These incoherent e [edts
give rise to transfer of population between the hybrid plasmon-exciton states and
yield spectral asymmetries in the light emission spectra, as often observed in
experiments.

Last, in PartlV we have applied the theory of quantum optomechanics
to describe resonant and olzrésonant SERS. The framework of quantum
optomechanics has allowed us to calculate the characteristic Raman spectra of
a coupled system containing a plasmonic particle and a molecule. We have
described the system by a range of parameters which can characterise both typical
SERS systems, as well as state-of-the-art experimental configurations requiring
strong plasmon-exciton coupling or strong laser intensities. In the quantum-
optomechanical model, the Stokes- and anti-Stokes-Raman emission is intimately
connected with processes of optomechanical vibrational pumping and damping
which we have addressed in detail for the resonant SERS situation. The vibrational
pumping described in this thesis is a plausible mechanism to optically drive
chemical reactions involving on-demand selective pumping of molecular vibrations.

We hope that this thesis has also generated many interesting questions and
opened several directions worth exploring in future. For example, quantum aspects
of the interaction between infrared plasmonic modes and molecular vibrations
can be further explored. The quantum nature of the plasmon-vibration coupling
may impact, for instance, chemical properties of molecules or could be exploited
to engineer collective quantum states of molecular vibrational modes with yet
unforeseen applications. The theoretical models used across this thesis could be
further combined and extended to account for both coherent and incoherent e [edts
involving plasmons, molecular excitons, molecular vibrations, and interactions of
these with their respective environment. It should be possible to exploit such
complex modelling to describe, for example, quantum correlations of light emitted
by realistic molecules under state-of-the-art experimental conditions. Another field
worth exploring is the quantum-chemical description of the plasmon-exciton (and
vibration) interaction beyond the model developed in Chapter5. A worthwhile
extension of the model developed here would be to self-consistently account for
e [edts of static and dynamical plasmonic screening on the molecular electronic
and vibrational quantum states. Another challenging task is to describe in its
full complexity the experimental situation where a molecule of an organic dye is
excited by an electric tunneling current and the light emitted by the molecule is
recorded. Theory of such spectral mapping would require merging the quantum-
optical model of the plasmon-exciton interaction developed in this thesis with a
theory of electron tunneling through the dye molecule.

Hopefully, this thesis succeeds in planting a seed for future research directions
and helps to discover unexplored and exciting novel aspects of light-matter
interaction.
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A.2. Interaction of point-like excitons and spherical-particle plasmons

Here I) =1, ﬁ is the frequency of the (Im) plasmonic mode (does not depend

on m) and we have defined
_ h! IRc21|+l .
“=\ 2@y (A9)

The spherical harmonics are defined as

Y\( ;)= \/(2|4+ D) E: - 2;:P|m[COS( Ne™”; (A.10)

where P"[cos( )] are the associated Legendre functions [320]. The corresponding
surface charge density is

im = "o(21 + 1)CY,"( ;)RS (A.11)
For completeness we also describe explicitly the potential inside the particle:

INC; 7 ) =GRZZ Y™ )rt: (A.12)

If we consider a point-like dipole positioned at a generic point near the spherical
particle [ = 0;” = 0;Rp], oriented along the radial direction (2), we obtain the
following expression for the coupling constant gj-

Bl |R§|+1

94— do(I + )Ry "% (A.13)
8 "o

hgio =
being zero for m & 0 and where dg = jdoj

A similar calculation of the coupling constants for a point dipole transversally

oriented with respect to the radial direction yields the expression for the coupling
I

constant, g;.,,, which is nonzero only for m = 1.
21+1
I —pgql = ARG I +1) oy s,
hgy, = hg|(71) - 'dO\/?,Z..ORo . (A.14)
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Appendix B

Numerical implementation of
guantum dynamics

In this appendix we provide further details about the numerical procedures that
allow for solving the dynamics of the open-quantum systems studied in this thesis
and introduced in Chapter3. We summarize here the numerical approach to
the solution of the quantum master equation for the density matrix introduced
in Section3.1.3 and the numerical solution of the Wigner-Weisskopf problem
discussed in Section 3.2.

B.1 Numerical implementation of the quantum
master equation

In Section3.1.3 we have derived the quantum master equation for the density
matrix, s, of an open quantum system [Eq. (3.26)]:

A Hn( .
%"s= %[HS;"S]+ > 72( )<2A AT, AT A ;"Sg>: (B.1)

0

and we have remarked that Eq.(3.26) can be written in the form of a vector
equation:

ﬁs = Lﬂs; (BZ)
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Appendix C. TDDFT calculations of molecular excitations

TDDFT results for MB

Functional/basis set [ hleg (V) | d, (e nm)
B3LYP/6-31G* 2.84 0.23
B3LYP/6-31G** 2.84 0.23

B3LYP/6-311++G(2p,2d) | 2.7 0.22
CAM-B3LYP/6-31G* 2.92 0.23

TDDFT results for ZnPc

Functional/basis set | hleg (8V) | dxy (e nm)
B3LYP/6-31G* 2.30 0.17
B3LYP/6-31G** 2.30 0.17

B3LYP/6-311++G(2p,2d). | 2.27 0.18
CAM-B3LYP/6-31G* 2.33 0.18

Table C.1: Excitation energies, iweg, and values of the transition dipole moment, d;, along
the direction of the i-axis, for the MB and ZnPc excited states studied in Chapter 5.
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Appendix D

Exciton dynamics as a
function of plasmonic cavity
quality factor

Throughout Chapter 5, we consider that the cavity has a broadening proportional
to the plasma frequency of the electron gas. In particular, we consider the
broadening to be 5 = 0:011!, which roughly corresponds to a quality factor, Q, of
the n plasmon modes (Qn 'h= )of Q, 60 70. These values, appropriate for
silver particles for example [174], have been chosen to clearly reveal the influence
of the molecular size on the exciton dynamics, however, plasmonic quality factors
commonly achieved in plasmonic systems can be slightly smaller, as those in gold,
for example (Q 10 20). Therefore, we also present here results of the dynamics
of exciton population for dilerent values of the plasmon broadening, 5. The
results are presented in Fig. D.1. We calculate the dynamics for the MB molecule
(left, green frame) and for ZnPc (right, yellow frame), using the full quantum
model (FQM) (red lines) and thepoint-dipole model (PDM) (black lines), when
the molecules are located close to the surface of a spherical particle, as shown
in the insets. The molecular exciton frequency is tuned to the frequency of the
plasmonic dipolar mode (a-d) and to the plasmonic pseudomode (e-1). The first
row (a,e,i) represents the results shown in Chapter5. We can observe that when
the broadening of the plasmonic modes is increased, the oscillating dynamics of
the exciton-plasmon state is damped, until it reaches a regime where the Rabi
oscillations completely disappear, for 5 = 0:11,,.
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Appendix E

E Ledts of dephasing reservoir
In photon emission of
coherently driven organic
exciton-polaritons

E.1 Hilbert space for numerical calculations

In Chapter6 we present a system Hamiltonian containing molecules interacting
with their local dephasing reservoirs and a cavity mode. In order to solve the
dynamics given by the system Hamiltonian and the Lindblad terms as described in
Chapter 6, we need to define a suitable basis for the combined plasmonic, excitonic
and vibrational Hamiltonian. We treat the plasmon and exciton on the same
footing in the single-excitation manifold. The set of cavity mode-exciton states is
written as:

J p—el =S0j0p; 0; 0;:::; Oi
+5pjlp; 0; 0;:::; Oi
+51j0p; 1; 0;:::; Oi
+52j0p; 0; 1;::0; OF + i35

where s; are coe [ciehts, the first occupation number represents the number
of cavity excitations and the following ones belong to the respective molecular
excitons.  Alternatively, the states jl,; 0; 0;:::; 01 and jOp; 1; 0;:::; Oi can
represent the lower j i and upper j+i polaritons, respectively.
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Appendix E. E[edts of dephasing in photon emission of exciton-polaritons

The reservoir states are represented in the double-excitation basis as

+Wn42j0; 15 1 0+

with respective coe [ciehts v; and wj. The total state of the system is defined as
a Kronecker product of the cavity-molecule and reservoir states

j tOti:j P—Ei J resi:

This basis defines the dimension of the Hilbert space. With the number
of molecules N the dimension of the Hilbert space H grows as DimfHg =
DimTj otig = (Nmot + 1)(Nmor + 2)?=2. Moreover, the superoperator space
necessary for the solution of the quantum master equation has the dimension
DimfSg = Dim ng4, which makes the numerical treatment of systems containing
larger number of molecules challenging. In the main text we thus present results
for a maximum of Ny = 5 molecules.

E.2 Dependence of the emission and absorption
spectra of polaritons on the e [edtive
reservoir frequency g

In Chapter6 we describe the eledtive dephasing reservoir as a broad damped
harmonic oscillator of energy 4 g = 400meV, width 2 g = 400meV and coupling
to the molecular electronic levels via dg  0:173, yielding the reservoir spectral
density

2 gdg 2 .
(r 12+ 3

Here we briefly discuss the influence of the frequency r on the observed emission
spectra. To that end we calculate the polariton emission and absorption spectra
[Fig.E.1 (a) and (b), respectively] for Nmoi = 4 molecules illuminated at the
frequency of the upper polariton (h!. = 2:2eV) for a constant broadening
h g = 400meV and varying i r = 100meV, 200 eV, 300meV and 400 meV.
We adjust dr such that J(0) remains unchanged for all the cases. For clarity,

J(1) = (E.1)
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(1)

|qpl—mol

On, On;i

o
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SX1 Syv SZ! Syz,
SXZ
Qyz ’ QXZ

Vo
dk dk
'qmol' |qplfmol

dk
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!p51 !dip

Chapter 6

Nmol

eis
|qres;ia |qe—res;i )
|qCa |qe—c;iy
|qefe.

co
pumps T fpump

R dR

i, Gij

Bosonic annihilation operator of a plasmon and of a plasmonic
mode n

Real oscillation (Rabi) frequencyp

Energy splitting Ej;_c(N) =2 Nr7g

Quality factor

Angular frequency of the n-th plasmonic mode

Plasmonic Hamiltonian

Transition electric charge density

Gap between plasmonic particles, cone opening angle, radius
of plasmonic spheres, radius of the apex curvature
Electronic-density operator

Interaction Hamiltonian between plasmons and molecular
excitons

Coupling between plasmonic mode n and a molecular exciton,
molecular exciton i

Lowest bonding dimer plasmon resonance frequency

E [edtive coupling constant between the respective ZnPc
excitons and a bonding dimer plasmon mode

Singlet excitations of ZnPc molecule (Sx, Sy, Sy., Sxz), and
MB molecule (S;)

Quadrupolar moment of Sy, and Sy, excitons in ZnPc
angular frequency of Sy, and Sy, excitons in ZnPc
Hamiltonian of of Sy, and Sy, excitons in ZnPc, and
interaction Hamiltonian among Sy,, Sx; and plasmonic
modes. dk stands for dark transition

Constant of coupling between plasmonic mode n and a dark
molecular exciton

Plasmon pseudomode frequency, dipolar plasmon frequency
of a sphere

Natural (vacuum) decay rate of molecular exciton

Number of molecules in a cavity

Excitonic Hamiltonian of molecule i, reservoir Hamiltonian
of molecule i, Hamiltonian of exciton-reservoir coupling of
molecule i, cavity Hamiltonian, Hamiltonian of coupling of a
cavity mode with the i th molecular exciton, exciton-exciton
coupling, total system Hamiltonian, pumping Hamiltonian,
and collective pumping Hamiltonian

E [edtive reservoir frequency and exciton-reservoir interaction
(displacement)

cavity mode-exciton coupling constant of molecule i, and a
coupling constant between excitons of molecules i and j
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List of symbols
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jg(e); N;mi

jns; mi

NpL

ch, |qc;Oy Iqc—vib
domy Jom

|qom, th |qvib:
|qpl—viba Iqpump

NpL

Bosonic annihilation operator of the reservoir of a molecule
i (of a single molecule), Pauli lowering operator of the i th
molecular exciton (exciton of a single molecule), and bosonic
annihilation operator of a cavity mode

Ground state, upper polariton state, lower polariton state,
and dark state i

F=dr rB"+B), F=dr r(B+B))

N o=jih j,with ; 2f+; ¢

No_wy =jHibHj+] b ]

Upper and lower polariton frequencies

Schrédinger-picture operator

Spectral function of a molecular reservoir

Dephasing rate

Laser pumping amplitude, laser frequency

Collective excitonic operator $i = > ¢i ™, with coe [ciehts
Ci;

Collective cavity mode-exciton coupling, polariton mixing
angle (e [edtive collective polariton mixing angle)

Upper polariton population, lower polariton population, dark
polariton population

Constant of Exciton-exciton coupling, transition dipole
moment of an exciton, intermolecular distance

Quantum state containing a molecule in its electronic ground,
g, or excited, e, state, exciting field in a number state
containing N photons, and a vibrational mode in a number
state containing m phonons p
Hybrid states jny;mi = (jg;N;mi je;N 1;mi)= 2 with
+ labelling the state with higher energy, and n = N + g,
with i =e; g and ;j the Kronecker delta

Number of plasmonic excitations

Cavity (plasmon) Hamiltonian, bare-cavity Hamiltonian, and
plasmon-vibration coupling

Optomechanical displacement parameter, optomechanical

coupling
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