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We present a general framework that computes the two-photon spontaneous emission rate of a
quantum emitter close to an arbitrary photonic structure beyond the dipolar approximation. This
is relevant for strongly confined light fields, such as in plasmonic nano- and picocavities, which are
currently being explored to enhance higher-order light-matter interactions. In our framework, the
emitter contribution to this process is calculated analytically, while the influence of the photonic
environment is determined via the computation of Purcell factors with conventional electromagnetic
simulations, which avoids tedious analytic calculations for the environment. Also, our framework
efficiently handles asymmetric structures that were not treated before. We show that placing a
hydrogen-like emitter close to a silver nanodisk enhances the transition rate between two spherically
symmetric states by 5 and 11 orders of magnitude via electric dipole and quadrupole two-photon
transitions, respectively. In the future, controlling this process promises efficient entangled two-
photon sources for quantum applications, new platforms in spectroscopy, as well as broadband

absorbers and emitters.

I. INTRODUCTION

Spontaneous emission, which is responsible for most
of the light we see around us, is a fundamental process
in the field of light-matter interaction. In this process,
an excited quantum emitter (e.g., an atom, a molecule,
or a quantum dot) decays into a lower energy state by
emitting a quantized amount of energy in the form of a
single quantum or in the form of several quanta [1-3].
These transitions are also responsible for the fingerprint
of atoms and molecules, which is their emission spectrum
[4].

Nowadays, it is well known that the spontaneous emis-
sion rate of an emitter does not depend only on the emit-
ter itself but also on its environment, termed the Purcell
effect [5, 6]. Moreover, an excited emitter can decay ei-
ther radiatively in the case of photon emission in the far-
field or non-radiatively in the case of energy dissipation
in the environment in the form of, for example, phonons
or plasmons [6]. Especially near metallic structures, the
two relaxation channels can be enhanced [7], and in many
applications one aims to harness the radiative one.

Usually, because the size of a quantum emitter is typ-
ically three orders of magnitude smaller than the wave-
length of the emitted light, it is sufficient to study the in-
fluence of the environment on the emitter under the elec-
tric dipole approximation [6, 8]. In the latter approach
the emitter feels a uniform electric field, thus neglecting
the spatial variations of the field over it. Therefore, the
emitter is assumed to be a point and only electric dipole
transitions can occur [9], making most of the character-
istic emitter transitions inaccessible [10].
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Nevertheless, when the spatial extent of an emitter
is no longer negligible compared to the wavelength of
light, the point dipole approximation is no longer valid.
This can happen with emitters having a large spatial ex-
tent, such as quantum dots or organic molecules [11-14]
and in current devices used to increase light-matter in-
teractions [15] where the light can be highly confined,
such as photonic crystals [16, 17], plasmonic nanocavities
[11, 18-22], nanomagnonic cavities [23, 24], and polar di-
electrics [25, 26]. For example, the wavelength can be
squeezed by two orders of magnitude in the form of lo-
calized surface plasmons and, therefore, the spatial vari-
ation of the fields over an emitter is no longer negligible
[10, 27-30]. Furthermore, the breakdown of the electric
dipole selection rule leads to a multitude of “forbidden”
transitions becoming accessible, which can compete with
the one-photon electric dipole transition: the multipolar
processes, multiquanta emission processes, and spin-flip
processes [10, 15, 30].

In this article we focus on the two-photon spontaneous
emission (TPSE) process that is typically 8 to 10 orders of
magnitude slower than the competing spontaneous emis-
sion of a single photon [10]. Historically this second-order
process in perturbation theory was predicted by Goppert-
Mayer in 1931 [31]. It is the main process responsible
for the mean lifetime of the 2s state of hydrogen [32],
which is at the origin of the continuous spectrum com-
ing from planetary nebulae [33]. The first estimate of
this two-electric dipole transition rate was made by Breit
and Teller in 1940 [32], and one decade later Spitzer and
Greenstein realized a refinement and found a value of
8.23 s71 [33]. It was not until 1975 that the first experi-
mental measurement of the two-photon emission rate in
hydrogen was carried out [34]. In 1981 Goldman and
Drake realized the first calculations that include multi-
polar contributions to the TPSE process [35]. For the
hydrogen atom they found that the two-magnetic dipole
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and the two-electric quadrupole transition rates are, re-
spectively, 12 and 13 orders of magnitude smaller than
the two-electric dipole one. More recently the TPSE pro-
cess has been investigated in systems other than hydro-
gen, such as in quantum dots [17, 36|, semiconductors
[37-40], and epsilon-near-zero-materials [41].

Nowadays interest in the tailoring of this process grows
[40, 42] as it has several applications [43]. For example, it
promises efficient entangled photon sources for quantum
applications [37, 44, 45], it allows spectroscopy to access
a usually invisible part of a spectrum [44], and it leads to
the conception of broadband absorbers and light emitters
since this is a continuous process [46]. However, the cur-
rent study of TPSE near arbitrary objects is hampered
by a lack of efficient theoretical and numerical methods.

A few years ago, Muniz et al. derived an expression for
the TPSE transition rate of a quantum emitter as a func-
tion of the one-photon Purcell factors, with the restric-
tion that structures are symmetric, that the emitter is at
specific positions, and under the electric dipole approxi-
mation [47]. With an analytical calculation of these fac-
tors they studied the two-photon Purcell effect near 2D
plasmonic nanostructures, ideal to harness TPSE from
single emitters [48].

In this paper we present an efficient and more general
framework that computes the TPSE rate of a quantum
emitter at any position, close to an arbitrary structure,
and beyond the dipolar approximation, i.e., by taking
into account the electric dipole, magnetic dipole, and
electric quadrupole contributions, respectively, which is
relevant for state-of-the-art current plasmonic nanostruc-
tures [10, 27-30] and for larger emitters [11-14]. Note
that our framework is based on the Fermi’s golden rule
and is therefore limited to the weak coupling regime. In-
deed, the perturbation theory is expected to fail when
the ratio between the one-photon spontaneous emission
rate and the transition angular frequency approaches 1
[10]. Furthermore, for the extreme cases of large emitters
placed very close to a nanostructure (= 1 nm distance),
the point approximation fails and one needs to consider
the spatial extent of the emitter [14].

To this end in Section II we start with Fermi’s golden
rule to provide the multipolar emission channel contribu-
tions to the TPSE rate. In Section III, via the expression
of the rates in terms of the dyadic Green’s function, we
establish for each multipolar contribution the connection
between the TPSE rate and the one-photon Purcell fac-
tors. In Section IV our framework is applied to study the
modification of the TPSE rate of a hydrogen-like emitter
placed near a plasmonic silver nanodisk, also in an asym-
metric configuration that was not handled before. The
document ends with a conclusion in section V. Through-
out this document we refer several times to our Supple-
mentary Notes [49], which provide more details.

II. MULTIPOLAR EMISSION CHANNEL
CONTRIBUTIONS TO THE TPSE PROCESS

In this section we discuss the contribution of the two-
electric dipole, two-magnetic dipole, and two-electric
quadrupole emission channels to the TPSE process. For
this purpose Fermi’s golden rule is reminded as it is used
to calculate the transition rates, and we introduce the
states involved in this second-order process. Then we
present the Hamiltonian that describes the emitter-field
interactions, and the electromagnetic field operators are
given. Finally, we provide the multipolar emission chan-
nel contributions to the TPSE rate and describe the par-
ticular case where the environment of the emitter is vac-
uum.

A. Fermi’s golden rule

Let us consider a system composed of a quantum emit-
ter (e.g., an atom, a molecule, or a quantum dot) and its
photonic environment. With a perturbative approach the
probability per unit time that the system carries out a
second-order transition by emitting two quanta from an
initial state |¢) to a final state |f), upon an interaction
described by the Hamiltonian Hjyg, is given by Fermi’s
golden rule [2, 50]
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where the summation runs over all possible virtual in-
termediate states |I) of the system. In these equations
h is the reduced Planck constant, F, stands for the en-
ergy of the system in the state |a) with a = 4,1, f, and
the superscript (2) indicates that this is a second-order
transition. Furthermore, this second-order transition can
be seen as two successive transitions in which each one
emits a quantum.

Regarding the states in this second-order process [50],
the initial one is characterized by the emitter in an ex-
cited state |e) and the field in the vacuum state |vac),
while in the final state the emitter is in a lower en-
ergy state |g) and the field is in a two-quanta state
1o, 1a) where a and o' stand for the modes of the
two emitted quanta. Thus, these two states are writ-
ten as |i) = le;vac) and as |f) = |g;1a, 1), respec-
tively. In the intermediate states that connect these two
states, the emitter is in an intermediate energy state |m)
and the field is in a one-quantum state. Depending on
which mode is the first emitted quantum, the intermedi-
ate states are written as [I) = |m;1,) or |I) = |m;1y).
Later, the energy of the emitter in the state |a) will be
denoted as e, with a = e, m, g.



B. Interaction Hamiltonian

When the spatial variation of the electric field at the
emitter’s position is not negligible, which is possible
when the photonic environment is a nanostructure sup-
porting localized surface plasmons, the standard electric
dipole approximation is no longer appropriate [10, 27-30].
Therefore, we study the interaction Hamiltonian Hj,; of
the system, which describes the emitter-field interactions,
up to the electric quadrupolar order [6, 51]:
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in which the emitter’s position R is taken at the cen-
ter of its charge distribution. In this equation, V =
(2, a%v Z)T is a column vector with 7' denoting the
transpose, the dot product is the vector scalar product,
the product VE is an outer product, whereas the dou-
ble dot product is defined as T : U := 3, . T ;;Uj;..
with T and U two tensors of rank greater than or equal
to two. Moreover, d, m, and Q are, respectively, the
electric dipole (ED), the magnetic dipole (MD), and the
electric quadrupole (EQ) moment operators.

Since a photon can be emitted by three different mul-
tipolar emission pathways (ED, MD and EQ), there are
nine possible contributions to the total TPSE rate. In
this paper we focus on three contributions, namely the
two-electric dipole (2ED), two-magnetic dipole (2MD),
and two-electric quadrupole (2EQ) second-order transi-
tions, under which both photons are emitted by the same
multipolar first-order transition. Other combinations can
be derived with similar developments, but they are not
relevant to the application we describe later on.

The electromagnetic field operators in equation (3) can
be written as a function of the normal modes A, (r) of
the vector potential [52, 53]:
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where B, (r) := VXA, (r) using the vector cross product.
In these equations gq is the vacuum electric permittivity,
whereas a, (t) and a], (t) are the annihilation and creation
operators of a photon in the mode « of energy hw,. Note
that the modes A,(r) are normalized and form a com-
plete set of solutions of the Helmholtz equation, subject
to the boundary conditions imposed by the photonic en-
vironment. These are also the conditions applied to the
modes that lead to the Purcell effect.

C. Multipolar emission channel contributions to
the TPSE rate

Since the states of the system and the interaction
Hamiltonian are known, we can calculate each multipolar
emission channel contribution to the two-photon transi-
tion rate using equations (1) to (4). If the first-order
Fermi’s golden rule is used instead of the second-order
one, we find the three multipolar emission channel con-
tributions to the one-photon spontaneous emission rate
[50]:
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where the spatial dependency of the modes has been
omitted. w, denotes the angular frequency of the photon
in the mode a and hwey := €. — €4 is the transition en-
ergy. Furthermore, d* := (a|d|b), m® := (a|d|b), and
Q" := (a|Q|b) stand for the transition electric dipole,
the transition magnetic dipole and the transition elec-
tric quadrupole moments, respectively, which describe
the emitter’s transition from the state |b) to the state
la) (a, b = e, m, g). Notice that the electric dipole tran-
sition is due to the field modes evaluated at the center
of charge of the emitter, while the magnetic dipolar and
the electric quadrupolar ones are caused by the variation
of the field modes.

Now we focus on the two-photon transition rates. One
shows that the two-electric dipole contribution to the
TPSE rate is given by [47, 50]
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which involves a summation over the modes o and o’
related to the two emitted quanta. In this equation we
have defined the second rank tensor
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which depends on the frequencies of the two emitted
quanta. The outer product is implied and Awgp := €4—€p.-
As this tensor involves two one-order transition electric
dipole moments, the tensor D’ describes the two succes-
sive electric dipole transitions between the states |e) and
lg) of the emitter. Subsequently, we refer to this tensor
as the second-order transition electric dipole moment.
Following the same procedure we derive the two-
magnetic dipole (2MD) and the two-electric quadrupole



(2EQ) contributions to the TPSE rate (details relative to
the 2EQ contribution in the Supplementary Notes [49]):
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In these expressions the spatial dependency of the field
modes has been omitted, as well as the frequency depen-
dency of the second rank and the fourth rank tensors
defined as:
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where the outer product is implied. The components
of the tensor that derive from the outer product of
two tensors U and V are (UV) iy v it jorin =
Uiy ig,...;in Vir,ja,..jin- Thus, these tensors describe the
two successive magnetic dipole and electric quadrupole
transitions, respectively, between the states |e) and |g)
of the emitter. Subsequently, we refer to them as
the second-order transition magnetic dipole and electric
quadrupole moments. Note that since Q is symmet-
ric, the fourth rank tensor Q% is also symmetric (i.e.,
Vi, j, k1 = 1,2,3, ijgkz = Q;sz and Qz"s]gkl = Q?j‘]lk)'
Moreover, since Q can be taken traceless [54, 55], with
the definition of Q®’, the temsor satisfies the two fol-
lowing properties: Vk,I = 1,2,3, Z?Zl Q. = 0 and
Vi,j=1,2,3, Yp_, Q% =0.

The derived equations (6) and (8) for the multipolar
contributions to the TPSE rate are valid regardless of
the emitter environment. We will now derive the rate of
these transitions in vacuum. The obtained expressions
will be useful in section III to normalize transition rates,
and to derive expressions for the multipolar contributions
that can be computed through classical electromagnetic
simulations.

D. Free-space TPSE rate

In free-space the field modes are plane waves defined
by a wave vector k and a unitary polarization vector
€k,s where the parameter s = 1,2 represents the two
transverse polarizations [50, 52]. Consequently, the field
modes in equations (6) and (8) become
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where V stands for the arbitrary and finite box quantiza-
tion volume in which the field is assumed to be confined.
In this case the summation over the modes o becomes
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The calculations for the 2ED transition can be found in
[50], while the calculations relative to the 2EQ transition
is in our Supplementary Notes [49]. Thus, for each mul-
tipolar operator MO € {ED, MD, EQ} the free-space
TPSE rate is given by
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where each multipolar contribution Vg\/)[oo(w) to the

spectral distribution of the emitted quanta 7(()2)(0.)) is

given by
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where ¢ denotes the speed of light in vacuum, and the
squared norm of an n*® rank tensor U with n € Ny is
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III. RELATION BETWEEN THE TPSE RATE
AND PURCELL FACTORS

A connection between the TPSE rate of an emitter
and the Purcell factors related to the one-photon spon-
taneous emission (OPSE) process was established for the
2ED transition [47]. However, this formula can only be
used in the basis that diagonalizes the imaginary part
of the dyadic Green’s function independently of the fre-
quency, which is a condition that only allows the study
of symmetric structures with emitters at specific posi-
tions. In further work, this formula was used to calculate
TPSE spectra for the 2ED transition of a hydrogen-like
emitter placed under a plasmonic two-dimensional silver
nanodisk [48]. However, because of the aforementioned
condition on the basis, they could only study the case
where the emitter is on the axis of symmetry of the disk.

Consequently, it is interesting to take into account cor-
rective terms, linked to the off-diagonal components of
the imaginary part of the Green’s function, in order to
derive general formulas for the 2ED, 2MD and 2EQ tran-
sition rates, which can be used for structures of arbitrary
shape and at any emitter’s position. Moreover, since the
derived formulas are based on the calculation of Pur-
cell factors, we emphasize here that the TPSE rate of an



emitter can be determined through conventional classical
electromagnetic simulations, thus allowing to consider ar-
bitrary shaped nanostructures.

To this end we first normalize the multipolar contribu-
tions to the TPSE rate, equations (6) and (8), with the
free-space rates, and rewrite them as a function of the
dyadic Green’s function G. Its imaginary part admits a
spectral representation that can be expanded in terms of
the normal modes A, of the electromagnetic field [6]:

ImG(w;r, ') = %ZAQ(I')AZ(I") S(w—wqa). (14)

Then, for each multipolar contribution we establish a
connection between the Green’s function and the one-
photon Purcell factors. We start with the 2ED transi-
tion, next we extend this relation for the 2MD transition,
and lastly for the 2EQ transition (detailed derivation in
Supplementary Notes [49]).

A. Two-electric dipole transitions

By involving the Green’s function and dividing the ob-

tained spectral density 7§2E)D (w;R) by the free-space one
(equation (13a)) we obtain [47]:
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where the Einstein summation convention is used and the
caret denotes normalized tensors (i.e., for an n'!' rank
tensor U with n € INg, U := U/ ||U||). Note that the
indices ¢ and j are related to the quantum emitted at
the frequency w while the indices a and b concern the
quantum emitted at the complementary frequency weg —
w.

Relation with the Purcell factors

In order to establish the relation between the compo-
nents of the Green’s function and the one-photon Purcell
factors, let us consider the ED transition rate written as

[6]:
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where d”? stands for the normalized one-order transition
electric dipole moment.

A general electric dipole moment can be expanded with
an orthonormal basis of three dipoles. We define the Pur-
cell factors PEP | which correspond to the ratio between
the ED transition rate of an emitter that has its tran-
sition electric dipole moment aligned along one of the
basis vectors (i.e., a“ = é; with ¢ = 1,2,3) and the
corresponding rate in free space as [47]:

6mc
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Furthermore, we define the Purcell factors PED rela-
tive to an emitter that has its transition electric dipole
moment aligned along the bisector of two basis vectors

(e, d” := (& +&,)/V2 with i, j = 1,2,3 and i # j) as

1
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+ %ImGij(W§Ra R) (18)

where we used the definition of the Purcell factors PFP
as well as the symmetry property of the tensor ImG [56].
We can now rewrite equation (15) as
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where the components of the tensor FEP are defined as
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with ¢, 7 = 1,2,3 and i # j. Note that we can also rewrite
equation (16) of the ED transition rate as a function of
this tensor.

Since this tensor FFP is also symmetric we need to
calculate in the most general case six Purcell factors to
get the 2ED transition rate. For example, in a cartesian
basis we need to calculate these six factors:

(PP, PyP PEP PP PR Pl (22)
In free-space all Purcell factors are equal to one and so
the tensor FP is equal to the identity matrix.

As a consistency check, in the basis that diagonalizes
the imaginary part of the Green’s function simultane-
ously at the frequencies of the two emitted quanta (or in
the range of the studied spectrum), we retrieve the less
general formula (valid only in this specific basis) that
involves only the three Purcell factors PFP [47]:
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B. Two-magnetic dipole transition

Similar developments lead to the 2MD transition rate:
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involving the normalized second-order transition mag-
netic dipole moment, as well as the tensor FMP. The
equations (20) and (21) that establish the link between
the tensor F¥P and the Purcell factors for the ED tran-
sition are also valid for the MD transition, where the
Purcell factors are defined in the same way, but with the
transition magnetic dipole moment instead.

C. Two-electric quadrupole transition

Let us now focus on the 2EQ transition. Via the

Green’s function (equation (14)) and dividing the ob-

tained spectral density fy%)Q (w;R) by the free-space one

(equation (13c)) we get [49]:
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where the Einstein summation convention is used and
Q ~ stands for the normalized second-order transition
electric quadrupole moment. Note that the indices i, j, k
and [ are related to the quanta emitted at the frequency
w, while the indices a, b, ¢ and d concern the quanta emit-
ted at the complementary frequency wey — w.

In the previous equation we use the fourth rank tensor
T defined as:

20me3
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where 0; and 0y mean derivatives with respect to, respec-
tively, the coordinates r and r’. Since T is a real tensor,
by using equation (14) we can show that it satisfies the
property: Vi7j7 k7l = 1u 2737 /—kal = Tkl’LJ

The derived equation contains 9* terms. Fortunately,
we can use the property of the tensor T mentioned
above, as well as the properties of the tensor @ derived
from the symmetric and traceless properties of electric
quadrupole moments (cf. Section IIC), to remove redun-
dant components. We obtain a formula involving only
(22:1 n)? = 152 terms [49]:
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where the indices p and v are relative to the first quan-
tum, while the indices « and § are relative to the second
one. In this equation the second rank tensor FEQ in five
dimensions is expressed as a function of the tensor T [49],
and the components of the fourth rank tensor Qeg in five
dimensions is defined as:

QAua A;ﬁ Yu=v,a=0
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where the eg superscript and the dependencies are omit-
ted.

To derive this formula we use a modified version of the
Voigt notation. This mathematical convention exploits
the symmetry and the traceless properties of a tensor,
by removing its redundant components, to represent it
by a lower rank tensor defined in a higher dimensional
space. In this way the one-order and two-order transi-
tion electric quadrupole moments, which are second rank
and fourth rank tensors in three dimensions, are repre-
sented by means of a vector and a second rank tensor
in five dimensions, respectively. Table I establishes the
correspondence between the new indices and these of the
represented tensors.

A 22 @3 13 0.2

w1 2 3 4 5
TABLE I. Modified Voigt notation: correspondence between
the pair of indices (7,j) of a symmetric and traceless tensor
in three dimensions and the indices p in five dimensions. The
indices u = 1,2 correspond to the two independent diago-
nal components of a second rank tensor, while the indices
u = 3,4,5 correspond to its three independent off-diagonal
components. By convention, the indices of this notation are
denoted with Greek letters.

Relation with the Purcell factors

As for the 2ED transition we first consider the one-
photon EQ transition rate in order to establish the re-
lation between the tensor FE? and the one-photon Pur-
cell factors, which are defined here as the ratio between
the one-photon EQ transition rate and the corresponding
rate in free-space.

We can show that the EQ transition can be written as
[49]:
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with the second rank tensor Qeg in five dimensions de-
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Since a general electric quadrupole moment involves
up to five independent components, it can be expanded
with a basis of 5 quadrupoles. To construct this basis
we consider two different types of quadrupole, sketched
in Figure 1. In our notation these quadrupoles are repre-
sented by a vector in five dimensions where only the p-th
component is non-zero and equals to 1/v/2.

5 Type I
A ) 001
A Q.= (000
e 5> V> \1 00
(0,0,0,1/v/2,0)"

FIG. 1. Representation of the two considered types of plane
quadrupole configurations. Type II differs from type I by a
rotation of 45° in the plane and involves only diagonal com-
ponents, while type I involves solely off-diagonal components.
They are represented by means of four dipoles of same norm
(blue arrows) and the radiation patterns are sketched in dark
red. The modified Voigt notation is used to represent their
tensor by the means of a five-dimensional vector.

First, we define five Purcell factors P/LEQ where the
indices {u = 1,...,5} correspond, respectively, to the
indices {xx,yy,yz, zz,xy} (three types I and two types
I):

1
E . N E . —
PP%w;R) = -F }wR) Vu=1,...5. (31

9" i
These factors correspond to the ratio between the EQ
transition rate of an emitter for which its transition elec-
tric quadrupole moment is the basis tensor Q,, and the
corresponding rate in free space.
Second, we consider all of the possible combinations of
the basis quadrupoles?:

1 /4 ~
Q#V::N(Q#—l—Qy) Vu,v=1,...,5; p<v (32)

1 We do not need to consider the type II quadrupole sz because
in our modified Voigt notation, we removed the last diagonal
component to remove redundancy with respect to the traceless
property.

Note that all considered quadrupoles need to be normal-
ized and that the quadrupole chyy (QMC + ny)/\/g
is the linear quadrupole represented by the diagonal matrix
1/4/6 diag(1, 1, —2).

with IV a normalization constant. This allows us to define
ten Purcell factors:

1 .
o | FB PR ) =02
w7 1
§(PH+P,,+FW) Yu,v=2,3,4,5; p<v

(33)
where the EQ superscript and the dependencies have
been omitted and where the Purcell factors PNEVQ are
relative to an emitter that has its transition electric
quadrupole moment described by the tensor Q;w (i.e.,

an equal and linear combination of the tensors Q . and

Q).

To summarize, we established a relation between the 15
independent components of the symmetric tensor FEQ,
which are related to the derivatives of the imaginary part
of the dyadic Green’s function, and 15 Purcell factors:

QPEQ Yu=v
3PEQ — PP — PP if (p,v) = (1,2)
2P0 — PP PPQ else

EQ(,,,. _
F (w;R) =

(34)
where the dependencies have been omitted. Thus, in the
most general case these 15 Purcell factors are necessary
to calculate the 2EQ transition rate:

{PEY U {PL?) (35)

where the indices p,v = 1,...,5 with 4 < v correspond
to the indices {zz,yy, yz,xz, zy}. In vacuum all Purcell
factors tend towards one and so FF® is given by

2 Yu=v
EQ _ : _
F[Ll/ - 1 if (:U’, l/) - (1’ 2) (36)
0 else.

D. Discussion

It is important to note that the derived equations
for the multipolar contributions to the total TPSE rate
(equations (19), (24), and (27)) are valid regardless of
the emitter environment. It is thus possible to calcu-
late the change in spontaneous emission rates when the
emitter is placed in a given photonic environment. More-
over, the contribution of the electronic structure of the
emitter and the contribution of the photonic environ-
ment are decoupled in these equations, and thus can
be calculated separately. Indeed, each equation involves
two tensors. The first one is the normalized multipolar
second-order transition moment that depends only on the
electronic structure. The second one is the tensor FMO,
with MO € {ED, MD, EQ}, presents for the two emitted
quanta of complementary energy and that is expressed as
a function of the one-photon Purcell factors, and thus it
depends only on the photonic environment.



It is known that the Purcell factors can be computed
classically by the ratio of the power emitted by a clas-
sical emitter (i.e., a radiating point ED, MD, or EQ)
in presence of the photonic environment and in free-
space PMO(w; R) = Wyo(w; R)/Wio.0(w) [6]. Further-
more, there is a dependency on the emitter’s orienta-
tion with respect to the photonic environment. In the
end these Purcell factors can be computed by modelling
point sources in conventional electromagnetic software
packages (with e.g., Finite Element Method [57], Finite-
Difference Time-Domain Method [58], etc.). The expres-
sion of the free-space emitted power for point sources can
be found in [54].

In an emission process a quantum can be emitted either
radiatively in case of photon emission to the far field,
or non-radiatively in case of energy absorption by the
environment. Since our framework is based on Purcell
factors we can separate the contributions of the radiative
and non-radiative emission channels to the TPSE process
[48]. They can be calculated through the decomposition
into radiative and non-radiative parts of the total Purcell
factors: PMO(w,r) = PMO(w,r) + PMO(w,r) [6, 48].

Furthermore, as the TPSE process is continuous [59],
retrieving a full TPSE spectrum requires the calculation
of the Purcell factors over a range of frequencies. In ad-
dition, at each frequency the Purcell factors need to be
calculated for different source orientations. In the most
general case, 6 Purcell factors are needed for the dipolar
transitions (cf. equation (22)), while for the quadrupolar
one 15 are needed (cf. equation (35)). However, depend-
ing on the symmetry of the studied photonic environment
some factors can be equal, thus reducing the number of
Purecell factors to calculate.

Once the one-photon Purcell factors are calculated
classically, one can straightforwardly determine each mul-
tipolar contribution to the TPSE rate via equations (19),
(24), and (27) when the normalized multipolar second-
order transition moments are known. In our framework
these are calculated analytically via the wave functions
of the emitter.

IV. APPLICATION

As a validation step of the developed framework, we
study the two-photon Purcell effect for an s — s tran-
sition of a hydrogen atom placed 10 nm under a quasi-
two-dimensional silver nanodisk, with the same system’s
parameters as in [48]. In this study, they calculated the
2ED contribution to the TPSE rate in the specific case
where the emitter is placed on the axis of symmetry of
the disk and with an analytical calculation of Purcell fac-
tors [48]. With our more general framework, the Purcell
factors are computed numerically and the 2EQ contri-
bution is also determined. Subsequently, we exploit the
flexibility of our method in the case of an off-axis emit-
ter. Note that since the considered structure is not rele-
vant to enhance MD transitions [22], we did not calculate

the magnetic contributions to the TPSE rate. Further-
more, the mixed ED-EQ two-photon s — s transition is
not allowed by selection rules [35, 60]. Our methods are
explained below and then the results are presented and
discussed.

A. Methods

Concerning the analytical calculation of the second-
order transition moments, the determination of the ten-
sor D can be found in [47] while the derivation of Q%7
is given in our Supplementary Notes [49]. The obtained
tensors are independent of the frequencies of the emitted
quanta and are respectively given by

Aeg 13

- ) 37a
7 (37a)

4/3 —2/300 0

1 [ A 000
—— | o 0 100 (37b)
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where 13 is the identity matrix in three dimensions.

Near a low-loss plasmonic structure the non-radiative
emission channel is dominated by the excitation of dark
plasmonic modes, leading to absorption and no emis-
sion in the far field [48]. Thus, the two-quanta spon-
taneous emission process of an emitter close to this
type of structure is dominated by three emission path-
ways, namely the photon-photon, photon-plasmon, and
plasmon-plasmon channels (Figure 2), which can be com-
puted through the decomposition of the Purcell factors
into radiative and non-radiative parts.

2D plasmonic

plasmon . .
D silver nanodisk

Weg— W

% g s

FIG. 2. From left to right: photon-photon, photon-plasmon,
and plasmon-plasmon emission channels of the TPSE rate be-
tween two symmetric states of a quantum emitter. The latter
is placed on-axis or off-axis 10 nm below a 5.2 A thickness sil-
ver disk and its transition frequency is hwegy = 2.64 €V, which
corresponds to a wavelength of 470 nm. The first quantum is
emitted at the frequency w while the second one is emitted at
the complementary frequency weg — w.

When the emitter is on-axis the system has azimuthal
symmetry, reducing the number of Purcell factors to cal-
culate. Thus, at each frequency three Purcell factors
for the dipolar transition and seven for the quadrupo-
lar one need to be calculated: {P;ED,PZED,PEZD} and
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Photon-photon (ph-ph), photon-plasmon (ph-pl), and plasmon-plasmon (pl-pl) relaxation channels of the spectral

TPSE rate for the 2ED (top row) and 2EQ (bottom row) transitions between two symmetric states of a quantum emitter. The
latter is placed 10 nm below a 5.2 A thickness silver disk and its transition frequency is hweg = 2.64 eV. The first two columns
correspond to a 25 nm diameter disk, while for the third one the diameter is 60 nm. The emitter is placed on the axis of
symmetry of the disk, except for the central column where it is shifted in the direction parallel to the disk by D/4. The spectra
were computed over 199 frequencies for the emitter on-axis and over 99 frequencies for the emitter off-axis. The first quantum
is emitted at the frequency w while the second one is emitted at the complementary frequency wey — w, leading to symmetric
spectra. In Figure 4, the surface current density on the disk corresponding to some radiative and non-radiative peaks, which
are identified by respectively a cyan and magenta number, is plotted.

{PEIQ,P;EZQ,Pny,me%y,sz%Z,Pfx%y,Pg%y}, where the
Z direction has been taken perpendicular to the disk.
In contrast, when the emitter is shifted in the X direc-
tion, the system has no longer an azimuthal symmetry
but rather a X Z-plane mirror symmetry and all fac-

tors (6+15) need to be calculated (cf. equations (22) and
(35)).

In practice each Purcell factor is computed over a range
of frequencies with the COMSOL Multiphysics® soft-
ware, which is based on the Finite Element Method, on a
single core of a computer using an AMD Ryzen Thread-
ripper PRO 5995WX CPU and 256GB of RAM, thus
enabling parallel computation. The parameters of our
COMSOL models in the frequency domain are the fol-
lowing. First, the domain is a sphere with a radius equal
to the studied wavelength A and an unstructured tetra-
hedral mesh is used where the smallest element has a
characteristic size of 0.25 nm. Second, Perfectly Matched
Layers (PMLs) are defined as an outer layer of the do-
main with a thickness of A\/4. Third, the silver nanodisk
is modelled using a cylinder with a height ¢t = 5.2 A and
a diameter D = 25 or 60 nm. Its optical response is given
by the Drude conductivity o(w) = 7w} /(1 — iwT) with

the plasma frequency fw, = 9.1 eV and the relaxation
rate of silver hr~! = 18 meV, as used in [48]. Fourth,
the classical emitter is placed 10 nm under the nanodisk
and is modelled by a radiating electric point dipole or
quadrupole. Fifth, the Purcell factors are calculated by
integration of the emitted power either at the inner sur-
face of the PML for the radiative part or at the surface of
a fictional sphere of 5 nm radius centered on the emitter
for the total part (radiative plus non-radiative).

B. Results

The photon-photon, photon-plasmon, and plasmon-
plasmon relaxation channels of the spectral TPSE rate
for the 2ED and 2EQ contributions are plotted in Figure
3. The emitter is placed on-axis for the spectra in the
first and in the last columns, while it is shifted by a quan-
tity D/4 in the plane parallel to the disk for the spectra
in the central column. The computation of one Purcell
factor over 199 frequencies has required 45 minutes and
13 GB of RAM for the 25 nm diameter disk, and 135
minutes and 30 GB of RAM for the 60 nm diameter one.
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FIG. 4. Surface current density on the silver nanodisk relative
to some radiative and non-radiative peaks, which are num-
bered respectively in cyan and magenta in Figure 3. These
plots were obtained by the excitation of the modes on the
structure with a specific orientation of the emitter, either a
dipole or a quadrupole. For example, the mode 1 can be ob-
tained with a dipole oriented along the X axis but also with
the quadrupole Qm, while the mode 10 can only be obtained
with quadrupoles, with for example sz and sz.

First of all, our results obtained for the ED two-quanta
transition where the emitter is placed on-axis (top left
and top right spectra) correspond to the results in [4§]
with their analytical calculation of Purcell factors with
a plasmon wave function formalism, thus confirming our
method. Furthermore, the 2ED and 2EQ transitions are
strongly enhanced by the plasmonic disk. Indeed, with
the 25 nm diameter disk (left spectra) at w = weq/2, i.e.,
the frequency where both photons have the same energy,
the 2ED and 2EQ transition rates are enhanced by, re-
spectively, 8 and 15 orders of magnitude for the emission
of two plasmons (dotted red line) and by, respectively,
a factor 1.12 x 105(£0.4%) and 7.5 x 1011 (£5%) for the
emission of two photons (solid blue line). The standard
deviation, expressed in percent, has been calculated by
computing the COMSOL models at this frequency with
finer mesh parameters.

Concerning the comparison of the different spectra, the
surface current density of some modes excited on the disk
is plotted in Figure 4. We first observe that the 2EQ spec-
trum relative to a 25 nm diameter disk (bottom left spec-
trum) has an additional non-radiative peak compared to
the 2ED one (top left spectrum) that corresponds to a
quadrupolar mode (cf. mode number 4 in Figure 4). Sec-
ond, when the emitter is shifted (central spectra), the
breaking of the azimuthal symmetry of the system leads
to a greater wealth of excited modes (cf. non-radiative
modes number 4 and 5 in Figure 4, note that the mode 5
peak is weakly visible at the scale of the figure), but the
central radiative peak is slightly reduced. Note that in
the off-axis configuration (central spectra), the 2ED spec-
tra (top central spectrum) exhibits a peak (mode 4) cor-
responding to a quadrupolar mode excited on the struc-
ture, which was not possible to excite in the more sym-
metric on-axis configuration (top left spectrum). Third,
when the diameter of the disk increases (right spectra),
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the frequency of the peaks changes and new, both radia-
tive and non-radiative, peaks appear, which correspond
to higher order modes (cf. modes number 2, 3, 7, 8, 9 and
10 in Figure 4). Remark for example that the dipolar
mode 1 appears multiple times, such as in Fig. 3 top left
and top right. The modes at these peaks have the same
shape (Fig. 4), but there is a frequency shift because of
the different disk radius. Note that only the bright peaks
would show up in scattering spectra [61-63].

V. CONCLUSION

We develop a general framework to efficiently calculate
two-photon spontaneous emission spectra of a quantum
emitter in the vicinity of an arbitrary shaped nanostruc-
ture. It is based on the analytical calculation of the emit-
ter contribution and, for the environment, on the classi-
cal computation of Purcell factors related to one-photon
spontaneous emission. The latter are calculated by mod-
elling classical point emitters in electromagnetic simula-
tions, thus facilitating more complex geometries without
available analytical models. Moreover, our framework
goes beyond the dipolar approximation by taking into
account the second-order multipolar interactions and is
therefore relevant for plasmonic nano- and picocavities
in which light is highly confined. In addition, our frame-
work allows to calculate separately the radiative and non-
radiative emission channels, which is important to distin-
guish for many applications.

As a direct application we use the COMSOL
Multiphysics® software to show an enhancement of 5
and 11 orders of magnitude for the electric dipole and
quadrupole two-photon transitions for the s — s tran-
sition of a hydrogen-like emitter placed under a plas-
monic silver nanodisk. Subsequently, the flexibility of
our framework allows the optimization and the design
of platforms for efficient entangled two-photon sources,
as an alternative to the conventional parametric down-
conversion sources. These devices can include periodic
structures in order to enhance the photon pair emission
rate in the far-field [64]. For on-chip sources one pro-
poses nanostructures joined to waveguides [65], photonic
crystals [66], or cavities [67] in order to create an inte-
grated two-photon source. The method can be used to
study two-photon spontaneous process for diverse quan-
tum emitters and can be extended for example by includ-
ing interference between the multipolar emission channels
of this process [28].
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I. TWO-PHOTON SPONTANEOUS EMISSION RATE

In this section we present the derivation of the 2EQ (two-electric quadrupole) emission channel contribution to the
two-photon spontaneous emission (TPSE) rate. Subsequently, we calculate it in free-space. For the 2ED (two-electric
dipole) and the 2MD (two-magnetic dipole) contributions the derivations are similar and are therefore not presented
here. The reader is invited to see the derivation of the 2ED transition rate in [1, 2]. In order to calculate transitions
rates we use Fermi’s golden rule as a perturbative approach.

A. Fermi’s golden rule

As mentioned in the main text, the probability per unit time that a system carries out a second-order transition
by emitting two quanta from an initial state |¢) to a final state |f), upon an interaction described by the Hamiltonian
Hip, is given by Fermi’s golden rule [1, 3|:

2 27T 2
r®, = SIMPPs(E, - E) (L)
with the second-order matrix element
@)~ | Hine 1) (1] Hin |2)
Mfi - Z E;, — E, (I~2)

l

where the summation runs over all possible virtual intermediate states |I) of the system. In these equations A is the
reduced Planck constant, E, stands for the energy of the system in the state |a) with a = 4,1, f, and the superscript (2)
indicates that this is a second-order transition, in contrast with first-order transitions. Furthermore, this second-order
transition can be seen as two successive transitions in which each one emits a quantum (Figure I1.1).

Regarding the states in this second-order process [1], the initial one is characterized by the emitter in an excited
state |e) and the field in the vacuum state |vac), while in the final one the emitter is in a lower energy state |g) and
the field is in a two-quanta state |1,,1/). Thus, they are respectively written as

|i) = |e; vac) (I.3a)
and as |f) = |g;1a, las) - (I.3b)
In the intermediate states that connect these two states, the emitter is in an intermediate energy state |m) and the

field is in a one-quantum state. Further on, the energy of the emitter in the state |a) will be denoted as e, with
a =e,m,g. Depending on in which mode is the emitted quantum, the intermediate states are written as

1) = |m; 1a) (I4a)
oras |l) =|m;1ly). (I.4b)
E
e _I_ |€>
Wy
1 vWWWWW
hw
e L v m)
W/
2| AW
59 — |g> t

FIG. I.1. Energy and time representations of a second-order transition. The emitter carries-out a first transition from its excited
state |e) to a virtual intermediate state |m) by emitting a photon in the mode «. Then, a second transition is carried out to
the ground state |g) of lower energy by emitting a photon in the mode «’. The transition energy is given by hweg := €. — &g.
These representations only consider the intermediate state of the system |l) = |m; 1) where the first photon is emitted in the
mode «, but similar representations can be sketched by inverting the role of the two emitted quanta.



B. Derivation of the 2EQ transition rate

Now that we have introduced Fermi’s golden rule and all states involved in this second-order transition, let us derive
the 2EQ transition rate. Given that the initial and the final energies of the system are, respectively, F; = . and
E; =¢e4+ hwq + hwq, the Dirac delta distribution in Fermi’s golden rule in equation (I.1) can be rewritten as

0(Ef—E;) = %5(weg — W — Wa) (I.5)

where we define w,p, := (g, — €p)/h with a,b = e, m, g.
Then, given that there are two kinds of intermediate states (cf. equations (1.4)), the summation over them in the

expression of the second-order matrix element M Jg) is split in two:

M(2) . Z (1o, 1o <Eg‘ Hint |em) [1a) (La| (€m| Hint |€c) [vac)
fi =

B (Wem — wa)

m
lomlo/ Hin m la’ 1a’ m Hin e
3 s Lo ol B o) 1) (1 o i ) ) i

B (Wem — war)

where the first summation corresponds to the representations sketched in Figure I.1.

At this point we have not yet assumed a specific transition. Let us now consider a 2EQ transition, i.e., a transition
during which two successive electric quadrupole transitions occur. As a reminder the electric quadrupole interaction
Hamiltonian [4, 5] is given by

Heq(R,t) = —Q: [VE(R,1)] (L.7)
with Q the electric quadrupole moment operator, V = (a%v a%v %)T a column vector where T denotes the transpose,

E the electric field operator, and R the emitter position taken at the center of its charge distribution. In this equation
the dot product is the vector scalar product, the product VE is an outer product, whereas the double dot product is
defined as T : U := Zij T ;;Uj;... with T and U two tensors of rank greater or equal to two.

The electric field operator can be written as a function of the normal modes A, (r) of the vector potential [6, 7]:

B 0) = 1Y 5o aa(Aalr) — ol (AL (1)} (L8)

where ¢ is the vacuum electric permittivity and where a,(t) and a], (t) are the annihilation and the creation operators
of a photon in the mode « of energy fuww,. Note that the modes A,(r) are normalized and form a complete set of
solutions of the Helmholtz equation subjected to the boundary conditions imposed by the photonic environment.
These are also the conditions applied to the modes that lead to the Purcell effect.

Let us now calculate the factor (14, 1la/| (€g| Hint |€m) |1o) that appears in equation (I.6) with the interaction Hamil-
tonian given in equation (I.7) and with the electric field operator given in equation (I.8). As we are interested in

emission processes only the part of E involving creation operators, noted as E(7), is kept in this calculation:

(1o, Lar| (gl Huq lem) [1a) = — (g4 Qlem) : {V (la; Lo EC)(R) |1a>} (1.9a)

. hw .
= QI |V (lg, 1o — zz,/?fagAﬁ(R) 1) (L9b)
B

where Q® := (a|Q|b) stands for the transition electric quadrupole moment (i.e., the first-order matrix element of Q)
that describes the emitter’s transition from the state |b) to the state |a) (a, b = e, m, g). In the previous equation
only the term involving the creation operator that creates a photon in the mode 8 = «’ leads to a non-zero term
because the field states form an orthonormal basis'. Thus, we get

. hwa’ m *
(Lo Lor| (2| i lem) [1a) = iy 5= Q7™ : [VAL (R)) (Lo, 1or| ag | Lo) (I.10a)
N—
<1a,1a/\1a,1a/):1
iyl qom v AT, (R)). (L.10b)
250

1 An orthonormal basis satisfies <1o¢|1,(‘}> = 6&[3 and <1o¢7 1041|1,37 1B/> = <1a‘1/3> <1a’|13/) = 5o¢ﬂ 6a/ﬁl.



Similar developments for the second factor in the first summation of equation (I.6) lead to

. hw me *
(1a| (em| Hiq lec) |[vac) = iy / ?:Q :[VAL(R)]. (L.11)
Therefore, the first summation in equation (I.6) is rewritten as

VYl > Q™ : [VAL (R)] Q™ : [VAL(R)] (L12)

Wem — Wq

Concerning the second summation presents in equation (I1.6), the result can be obtained by inverting the role of «

and o/ in the last obtained equation. Thus, the second-order matrix element M Jf)

i - O (Q: (VAL (R Q7 (VAR Q7 [VALR QM [VALEIY

%
! Wem — Wa Wem — Wa!

is rewritten as

and since the double dot product of two second rank tensors is commutative, one obtains

22 { TALM) QTQT: VAR, [PALR): QTQ L TALRIY
2e — Wem — Wa Wem — Wa!
_ [WaWa N ) ngQme ngQme . .
= [VAZL (R)] : %: {%m Er T } : [VAL(R)]. (1.14b)

Therefore, the complex conjugate of M ﬁ) is given by?

(M) = —YEE G (R)) S { QmQ™ . QmQ™ }  [VAWL(R)] (1.15)

fi 250 Wem — Wa wem — Wa!

m
that we can rearrange as follows

(1) = -V A (m)) Y { QQ™ | QTQ™ }  [VAw (R)]. (1.16)

250 Wem — Wa wem — Wa!

m

Qe (wa sWe! )

In the last equation we define the fourth rank tensor Q%Y as

QY (Wa,war) = Z <Qem Q™ + QrQ™ ) (I.17)

Wem — Wa Wem — Wa/

where the outer product is implied. The components of the tensor that come from the outer product of two tensors
U and V are (UV)i, iy, inrgordn = Uiryig,oosin Virjajn- 1t describes the two successive electric quadrupole
transitions of the emitter between the states |e) and |g) of the emitter. Subsequently, we will refer to it as the
second-order transition electric quadrupole moment. Note that since Q is symmetric, the fourth rank tensor Q%Y is
also symmetric:

ijgkl szgkl Vi7j7kal = 1a253 (1183)
Qi = Qjue Vi g,k 1=1,2,3. (1.18Db)

Moreover, since Q can be taken traceless [8, 9], given the definition of @, it satisfies the two following properties:

ZQMM 0 Vki=1,2,3 (1.19a)

Z Q% =0 Vij=123. (1.19b)

2 For an Hermitian operator: (Q®)* = ((a|Q|b))* = (b|Qf|a) = (b|Q|a) = QP* where the dagger denotes the operation of taking the
transpose and the complex conjugate.



Let us now take the square modulus of M }f):

=)

that can be directly injected, together with equation (I.5), in Fermi’s golden rule given in equation (I.1):

WaWqa!
- 2
4eg

jarf? (VAR @ i) (VA (R (120)

2T WaWea!

2
Tfa®) = 3575

[VAL(R)] : Q(wWa,war) : [VAw (R)]|* §(weg — Wa — wWar)- (1.21)

As a final step we take the summation over all possible states for the two emitted quanta. However, due to the
quantum permutation symmetry, we must take into account a factor 1/2 to avoid double counting. We finally get the
2EQ contribution to the total two-photon spontaneous emission rate:

Iio(R) = 4€2h22wawa [VALR)] : Q% (wa,war) : [VAw (R)]|? 6(wey — wo — wa)- (1.22)

a,a’

The derived equation is valid regardless of the emitter environment. Now, as a direct application we derive the 2EQ
transition rate in vacuum.

C. 2EQ transition rate in free-space

In vacuum the field modes are plane waves defined by a wave vector k and a unitary polarization vector ex s where
the parameter s = 1,2 represents the two transverse polarizations [1, 6]. Consequently, the field modes in equation
(1.22) become

6ik-r
N

where V stands for the arbitrary and finite box quantization volume in which the field is assumed to be confined. In
addition, the angular frequency w, becomes wy and the summation over the modes o becomes ZS 1> k- By taking
the continuum limit the summation over the wave vectors k is replaced by an integral [1, 6]:

ZZ Voo e Z/ 3 = (2‘;)3 ;/kQ dk dQy, (1.24)

where we switched to spherical coordinates in the reciprocal space with d€); = sin 6y df d¢y the element of solid
angle in k-space.

Let us now calculate the transition rate given in equation (1.22) by carrying out the replacement given in equation
(1.24) as well as by calculating the following outer product:

Au(r) — Ay s(r) = (1.23)

VA s(r) =ik \z/kvr k.5 (1.25)
Thereby, the transition rate is given by
FSE)Q oR) = B s //Wkwk' [ ﬁ ksil 0 QY (wp, wi) ik/&&d )/1 2
4e3h? (2m)0 S VvV ' N
X §(Weg — Wi — wir) k2K dk Ak’ dQy, Ay (1.26a)
@F(QQE)Q,O = 45(2;2(2711_) é;:1//0%001« k2K |k ewx,s] : Q% (wr,wi) : [K ew s ]

X 5(weg — WE — wkr) dk dki/ ko ko/ (I.QGb)



where the transition rate is now independent of the emitter position R due to the homogeneity of space and where
the subscript 0 reminds that the emission is in free-space. By using the free-space dispersion relation wy = ck, we can
make the following replacements:

k=kk (1.27a)
k=% (L.27h)
C
1
dk = —dwy (L27¢)

where the caret denotes unitary vectors. These replacements lead to

FSE)Q 0= 452h2 ClO Z //wkwk, k€k } Q g(wk,wk/) [k' €k’ ,s :| 5(&1@9 — Wk — wk/) dwk dwk/ ko ko/.
s,s'=1
(1.28)
Let us now develop the double dot products as well as the square modulus:
2 e e *
F(QE)Q 0 4€2h2 C10 Z //wkwk’ k k/ kb kd €k,s,i €K/ ,s' k Ek s,a Ek’ ,8',¢ Qijgkl(gagcd)
s,s'=1
X 5(&)59 — Wg — wk/) dwk dwk/ ko ko/ (129)

where the Einstein summation convention is used, the frequency dependencies have been omitted, and k and K’ are
real vectors (in general, polarization vectors can be complex vectors). As the set {sk,l, €k,2, R} forms an orthonormal

basis, we can use the closure relation

2

Z €k Eic,s + kk = 135 (I.30a)
s=1
A Z €k,s,i €1t,s,j =0 — f% fij (1.30b)

where 133 is identity matrix in three dimensions and where ey ;; and k; denote, respectively, the components in

spherical coordinates of the unitary vectors ey s and k (1 = 1,2,3). By using the last equation we can calculate the
following integrals:

/ /f{] f{b f{; f{;i Zek’s’i €lt,s,a Zek/’sl’k 61*{/’517C ko ko/
= / / k; kp k) k') (810 — ki ka) (Oge — ki ke) dQ2p dQp (1.31a)

i Ore / e A0y / KK A — 61 / ke A0y / KRR, A

~ G / Rk ok A0 / KK, A + / Rk, oy A0 / KKK, A, (131b)
One can show that [8]:

PN 47
/ klkj ko == 76”.7 (1.323,)

4m 3

Aa s 4
/ kik kgl Ay = % (5ij5kl + 03041 + 0i167k) . (1.32Db)

4m

Let us now multiply the obtained result by the product Q;;x 9}, .4, Which depends only on the angular frequencies
and not on the solid angles. After a few lines one shows that

N 47
[ [k LT DONE N S R RN - (% ) Qo). (1.33)



To obtain the last result we use equations (I1.18) and (I.19) and define the norm of a rank-n tensor U with n > 1 as

2 2
1ul” = Zil,iQ,...,in ‘Uil,i21~--7in‘ :
Let us use the obtained result into the equation of the transition rate:

@ 1 e 2
FZEQ,O = Wgh%w //wiwz/ HQ g(wk,wkr)H (5(&]69 — Wk — wk/) dwk dwk/. (134)

The integration can be solved with the following change of variables:

W = wi, + Wi (I.35a)
w=wg (1.35Db)
dwy, dwyy = dW dw. (1.35¢)

Thus, the transition rate can be rewritten as

2 1 5 5 eg 2
FQEQ,O = m w (W - W) H Q (w, W — UJ) H 6(W6g — W) dw dW (1363)
0
1 5 5 eg 2
= m w (weg - CU) ||Q (w,weg — (JJ)” dw. (136b)
0

Thereby, since the energy of an emitted photon is within the range 0 and Aw,g4, the 2EQ contribution to the two-photon
spontaneous emission in free-space is given by

2 “es (g
D500 = /0 Yoo .0(w) duw (1.37)

with 'yg(% o(w) the free-space spectral distribution of the emitted photons:

2 1 e 2
'YéE)Q,O(w) = WWS(WGQ - OJ)5 ||Q g(wk,weg - wk)H . (138)

As the spontaneous emission takes place in vacuum, the calculated rate is independent of the emitter position.
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II. RELATION BETWEEN THE TPSE RATES AND PURCELL FACTORS

In the main text we outline the main steps leading to the expression of the two-electric dipole (2ED), the two-
magnetic dipole (2MD) and the two-electric quadrupole (2EQ) transition rates as a function of the one-photon
Purcell factors. Here the complete derivation is presented for the 2EQ transition. To this end the idea is first of all to
express the 2EQ transition rate as a function of the dyadic Green’s function G, and to normalize it by the free-space
one. Concerning the Green’s function, its imaginary part admits a spectral representation that can be expanded in
terms of the normal modes A, of the electromagnetic field [1]:

7T62
ImG (w;r, ') = %ZAa(r)AZ(r') §(w — wa). (IL.1)

Then, to simplify the obtained equation, some properties and a modified version of the Voigt notation are used.
Finally, the connection between the Green’s function and the Purcell factors is made by looking at the one-photon
spontaneous emission rate with different electric quadrupole transition moment orientations. Let us start with a
reminder about the 2EQ transition rate, for which the full derivation is presented in the first section of this document.

A. Reminder

The general expression of the 2EQ transition rate, as well as the one related to vacuum, is given by

™
1—‘;QE)Q(];{) - 46%77122('00‘(*}0" IIVAL(R)] : QY (wa,war) : [VAw (R)H2 §(weg — Wa — War), (IL.2a)
@) Y @) 2) W (Weg —w)® | e 2
Dopgo = | Yorq,o(w) dw, Yorq,o(W) = 100732210 Q% (w, weg — w)|”- (IL.2b)

In these equations h is the reduced Plank constant, €y represents the vacuum electric permittivity, ¢ denotes the
speed of light in vacuum, R stands for the emitter’s position taken at the center of its charge distribution, w, is the
angular frequency of the photon in the normal mode A, of the electromagnetic field, iw,y := €. — €4 represents the
transition energy, and Q% stands for second-order transition electric quadrupole moment that describes the emitter’s
transition between its excited state |e) and its ground state |g). Moreover, V = (%, a%v %)T is a column vector
with T' denoting the transpose, the product VA, is an outer product, whereas the double dot product is defined as
T:U:= Z” T ;U with T and U two tensors of rank greater than or equal to two. In addition, the squared

norm of a rank-n tensor U with n € INg has been defined as ||U||* := D s i Uiy g |

B. Expression as a function of the dyadic Green’s function

Let us start the developments in order to connect with the Green’s function, given in equation (II.1), for the photon
emitted at frequency wy = weg — wao [2]:

Zwawa’ (ajAa,iQijab(wa7 wa’)abAa/,a) (8lez,k lecd(wam Wo/)adAa’,c)* 5(weg — Wa — wa’) (1133)

a,o’

(2) _ 7T
F2EQ(R) = @

T
= @Zwa(weg - wa)Qijab(Womweg - wa)QZlcd(wa7weg - Woc)ajAa,ialA;k
«

XD ObAar,a0aA% 0 (Weg — Wa — War) (I1.3b)

™
= WZWQ (weg - wa)Qijab(waa Weg — wa)QZlcd(wa7 Weg — wa)ajAa,ialAz,k
0 «

X {358,1/ZAO/,G(r)@dAz,7C(r’)5(weg - wa/)} (IL.3c)

r=r'=R

1
2
= 22722 Zwa(weg - Wa) Qijab(waaweg - Wa)QZlcd(Waaweg - Wa)ajAa,ialAj;,k
0 o

X {000 ImGc(Weg — wai T, ')} _ g (11.3d)



where 9; and d;; mean derivatives with respect to the coordinates r and r’, respectively, where the Einstein summation
convention is used, and where the eg subscript and the spatial dependency have been omitted.
By using the property f(wa) f fw) d(w — wy) dw, we obtain

1 o *
Fé?Q(R) = QE%W /_Oo w(weg — W)QQz‘jab(%Weg — w) Qg (W, weg — w)
XY 0i A0l AY 1 0(w — wa) {060 TMGlac(weg — wiT, ')}, g dw (IL.4a)

1
- medh2ct

Weg
/ wQ(weg - W)QQijab(Wv Weg — W) Qpea (W, Weg — w)
0

x {00, ImG iy, (w;r, ')} {000 ImGoc(weg —wir, ')} _ 5 dw  (IL4b)

r=r'=R

where the Green’s function appears (related to the photon emitted at the frequency w), and where the integration
limits have been adapted since the frequency of a photon is within the range comprised between 0 and weg.
Let us now divide the spectral distribution ’yéé)Q (w;R), i.e., the integrand of the last equation, by the one related

to free-space given in equation (II.2b):

(2)

v E (w7 R) Ae Ae *
% = Q7 (W, weg —w) (Qk!l’cd(w,weg - w)) Tijkt(w; R) Taped(weg — wi R). (I1.5)
V2EQ, 0( w)

In the last equation we have defined the normalized second-order transition electric quadrupole moment Qeg and the
fourth rank tensor T respectively as

o @ (wwy—w)
Q (Wa Weg w) = H Qeg(w7weg — w)” ) (1163’)
Tou(iR) = 227 (0,0 G (i) (IL6b)

Since T is a real tensor, by using equation (II.1), we can show that it satisfies the property Vi, j, k,l =1,2,3 : Tj0 =
Ty55. Notice that the indices 4, j, k and [ are related to the photon emitted at the frequency w while the indices a, b, c
and d concern the photon emitted at the complementary frequency w., — w. Unfortunately, the derived equation
contains 9% terms but a few properties can be used to reduce this number.

C. Simplification

Let us use the three following properties in order to reduce the number of terms in equation (II.5):

ijgab = Q;fab = stba - ;?ba Vivjv a, b= 17 23 3; (II7a)
Z Quab Z szaa =0 Vi>j7 a,b=1,2,3, (H7b)
Tijkl = Tklij Vi, g, k,1=1,2,3. (II?C)

The first one is the symmetry property of the fourth rank tensor @9, the second one comes from the traceless property
of one-order transition electric quadrupole moments, while the last one is derived from equation (II.6b).

Firstly, the first property is used to suppress the redundance over the symmetric components of the tensor Q.
This provides an expression involving 64 terms instead of 9%:

(2)

%EQi - Z Z 058, (6, weg — ) ( Q5w weyg = ) Voo (3 R) Uapwieg — w5 R) (IL.8)
72EQ o(w) =1 a,f=1
with
Ty Yu,v=1,2,3
_— Ty + T Vu=1,2,3; v=4,5,6 (IL9)
m Tow + T Vi =14,56; v=123

Ty + Ty + Tpw + To Vu,v =4,5,6.



To derive this equation we use the Voigt notation. This mathematical convention exploits the symmetry property of
a tensor, by removing its redundant components, to represent it by a lower rank tensor defined in a higher dimensional
space. In this way the second-order transition electric quadrupole moment, which is a fourth rank tensor in three
dimensions, is represented as a second rank tensor in six dimensions:

Qllll 91122 Q1133 91123 Q1113 Q1112

Qo011 Qo222 Qo033 Qoooz Qo013 Qo212
(Qiiat)e o o > Q3311 Q3322 3333 3323 3313 <3312 (Qp) (IL.10)
Jab/3x3x3x3 Qo311 Dozzz Dozzz Dazaz Daziz Qazin He/6x6
Q311 Qizz2 Qiszs Qises Qisiz Lisiz

Qo111 Q1222 Qi233 Q1223 Qi213 L1212

The Table II.1 establishes the correspondence between the new indices and the ones of the represented tensor. Fur-
thermore, in equation (I1.9), the dependencies has been omitted and the bar over a pair of indices means taking the
related symmetric one (e.g., Tog = Thors = To221).

Slay @2 63 @3 w3 12
w1 2 3 4 5 6

TABLE II.1. Voigt notation: correspondence between the pair of indices (4, j) of a symmetric tensor in three dimensions and
the indices p in six dimensions. The indices p = 1,2, 3 correspond to the diagonal components of a second rank tensor, while
the indices p = 3,4, 5 correspond to its three independent off-diagonal components. By convention the indices of this notation
are denoted with Greek letters.

Secondly, by using the second property linked to the traceless property, we obtain a formula involving 5% terms:

(2 )

Y *
ZEQ Z Z st (w,weq — ) Q5 (g = @) FE(wiR) Figt(wey — wiR) (IL11)
72EQ o( ) wr=1a,f=1
MoV #E3 a, f7#3
with
Upw —Ups — Usy + Uss Yu,v=1,2
U, —Us, Yu=1,2 ;v=4,56
Fat=9 " g (IL.12)
. Uw —Uys Vu=4,56;v=12
U/w Vu, V= 4, 5, 6.
Thirdly, the last property implies that V,,, = V,,,, providing a final expression involving only (Z?:l i) = 152 terms:
(2) 5 5
Yopq (Wi R) Ao
(2? - Z Z ngt]ll’,@(w’ Weg — )FEQ(W R) (weg — W R) (H.13)
72EQ O( ) w,v=1a,B=1
vzp o f>a

Note that the indices p and v are relative to the first quantum, while the indices o and [ are relative to the second
one. Also, the second rank tensor F®Q in five dimensions is expressed as a function of the tensor T, i.e., as a function
of the imaginary part of the dyadic Green’s function. In this equation the fourth rank tensor Q% owp 0 five dimensions
is defined as

010 Q}s Vu=v;a=p

Oy = Q:"”’Q:;ﬁ * Qi“ﬁ Q”‘* =V a<p (IL.14)
Qua Qs+ Qa Qs Vp<via=p
QQHQQ§5+2QAHBQ’LQ Yu<v;a<p

where we use the relation le QV 5= QV/; Q L (since this product must be real), and where we modified the Voigt no-
tation to skip the last diagonal element of the second-order tensor. Thus, the third row and column have been removed
in equation (I1.10) as well as the third column in Table IT.1 (x = 3,4, 5 now corresponds to (¢, ) = (2, 3), (1,3), (1,2)).
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D. Connection with Purcell factors

We first consider the one-photon EQ transition rate in order to establish the relation between the tensor F£Q and
the one-photon Purcell factors, which are defined here as the ratio between the one-photon EQ transition rate and
the corresponding rate in free-space. Similar developments lead to the EQ transition rate:

rdd®
(1) Z QY FiQ(weg; R) (IL.15)
1—‘EQ 0 p,v=1

v>p

with the second rank tensor Qeg in five dimensions defined as

yeg . ) Q' (@) Vu=v
20 A A *

20,7 () Vi <v
where we used the relation QHQ:; = QVQI’Z, since this product must be real.
Let us now calculate using equation (I1.15) the EQ transition rate for different quadrupole spatial configurations.
Since a general electric quadrupole moment involves up to five independent components, it can be expanded on a
basis of 5 quadrupoles. To construct this basis we consider two different types of quadrupoles, which are sketched in

Figure II.1. In our notations these quadrupoles are represented by a vector in five dimensions where only the p-th
component is non-zero and equals to 1/v/2.

% Type I 5 Type II
E ; X

(I1.16)

o

R

I\

I

S
S = OO
o O O
OO =

I
—~
=
L
vra
~
o

o
~—~

=

FIG. I1.1. Representation of the two considered types of planar quadrupole configurations. Type II differs from type I by a
rotation of 45° in the plane and involves only diagonal components, while type I involves solely off-diagonal components. They
are represented by means of four dipoles of same norm (blue arrows) and the radiation patterns are sketched in dark red. The
modified Voigt notation is used to represent their tensor by means of a five-dimensional vector.

First, we define five Purcell factors P;’® where the indices {u = 1,...,5} correspond, respectively, to the indices
{zx,yy,y2z, vz, vy} (three types I and two types II'):
PP w;R) = 511‘;1‘52(&; R) VYu=1,...,5. (I1.17)
These factors correspond to the ratio between the EQ transition rate of an emitter for which its transition electric
quadrupole moment is the basis tensor Q,, and the corresponding rate in free space.
Second, let us consider all of the possible combinations of the basis quadrupoles?:

~ 1 /4 ~
QuV::N(Qu+QV) Vp,v=1,...,5; p<v (I1.18)

with N a normalization constant. This allows us to define ten Purcell factors:

1 .
£Q E(P;LJFPVJFF/LV) if (p,v) = (1,2)
P = 1 (I1.19)
i(PH—kP,,—i—FW) Yu,v=2,3,4,5; n<v

1 'We do not need to consider the type II quadrupole sz because in our modified Voigt notation, we removed the last diagonal component
to remove redundance with respect to the traceless property.
2 Note that all considered quadrupoles need to be normalized and that the quadrupole Q.’zzyy = (Quz+ ny)/\/g is the linear quadrupole

represented by the diagonal matrix 1/v/6 diag(1, 1, —2).
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where the EQ superscript and the dependencies have been omitted, and where the Purcell factors PHElfQ are relative to
an emitter that has its transition electric quadrupole moment described by the tensor Q uw (i.e., an equal and linear
combination of the tensors Qu and Q,).

To summarize, we established a relation between the 15 independent components of the symmetric tensor FEQ,
which are related to the derivatives of the imaginary part of the dyadic Green’s function, and 15 Purcell factors:

QPEQ Yu=v
Fil(wiR) =< 3PE2 — PP — PP if (u,v) = (1,2) (I1.20)
2P0 — PP — PP else

uv

where the dependencies have been omitted. Thus, in the most general case these 15 Purcell are necessary to calculate
the 2EQ transition rate:

E E

{PEe} U {PR (IL.21)
where the indices p,v = 1,...,5 with g < v correspond to the indices {zz,yy,yz, 2, zy}. In vacuum all Purcell
factors tend towards one and so FE® is given by

2 Yu=v

EQ _ ; _
For=q1 if (p,v) =(1,2) (I1.22)
0 else.

[1] L. Novotny and B. Hecht, Principles of Nano-Optics, 2nd ed. (Cambridge University Press, Cambridge, 2012).
[2] A. Cuartero-Gonzalez and A. I. Fernandez-Dominguez, Light-Forbidden Transitions in Plasmon-Emitter Interactions beyond
the Weak Coupling Regime, ACS Photonics 5, 3415 (2018).
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III. MULTIPOLAR SECOND-ORDER TRANSITION MOMENTS FOR A HYDROGEN ATOM

In the main text we derive the expressions of the two-photon spontaneous emission rates for the two-electric dipole
(2ED), the two-magnetic dipole (2MD), and the two-electric quadrupole (2EQ) transitions. Each of these formulas
involves a multipolar second-order transition moment that depends only on the electronic structure of the emitter.
Here, the one related to the 2EQ transition is calculated analytically for a transition between two s states of the
hydrogen atom. The reader is invited to consult the appendix of [1] for the derivation of the second-order electric
dipole transition moment.

As a reminder, the second-order electric quadrupole transition moment between the excited state |e) and the ground
state |g) of the emitter is defined as

Q)= 3 (22 32 (1m.1)

Wem — Wa Wem — Wa!

m

and depends on the frequencies of both emitted quanta w, and w,/. In this equation fuwe,, is the transition energy
between the excited state |e) and the intermediate state |m), while Q* := (a|Q|b) stands for the transition electric
quadrupole moment that describes the emitter transition from the state |b) to the state |a) (a, b = e, m, g).

Since we assume that the emitter is a hydrogen atom, we know that its wavefunction (r) can be written as a
product between a radial function Ry 1,(r) and a spherical harmonic function Y (6, ¢) [2]:

Y(r) = Ry,n(r) Y2 (8, ¢) (IL.2)

where N, L and M are, respectively, the principal, azimuthal and magnetic quantum numbers. Moreover, we assume
an s — s transition and, thereby, the excited and ground states are

le) = [Ne; Le = 0; Me = 0), (I11.3a)
|9) = | Ng; Ly = 0; My, = 0) (IIL.3b)

with {Ng, L., M.} and {N,, Ly, M,} the quantum numbers which characterize, respectively, the excited and the
ground states.

By using the appropriate selection rules, it is possible to deduce the nature of the intermediate states |m) involved
in this second-order transition. For an EQ transition the selection rules impose that AL = 0,+2 and that AM =
0,41, 42, by noting that the transition between two s states is forbidden [3]. Thus, the intermediate states leading
to non-zero electric quadrupole transition moments are d states:

with {Ny,, Ly, My, } their quantum numbers.
Given equation (III.2) the wavefunctions of these quantum states are written as

Ye(r) = Ry, o(r) Yy (I1L.5a)
by(r) = Ry, 0(r) Yy (IIL5b)
Ym(r) = Ry, 2(r) Y3 (0,0)  with M, = 0,+1,+2 (IT1.5¢)

where the excited and ground state wavefunctions have no angular dependencies, and thus are states with a spherical
symmetry.

Now that all the wavefunctions of the involved states in this second-order transition are determined, we can cal-
culate the electric quadrupole transition moment corresponding, first, to the transition between the excited and the
intermediate states:

i = (e|Qijlm) (I11.6a)
e X 8ii
T2 /]R Ry, o(r) (05) (“a - TZ;) Ry, 2(r) Y317 (6, 0) &r (I1L.6b)
€ > * ;X5 51
= _5/0 7ﬂélR}lﬁNc,O(r)RNmyg(T‘) dT‘[1 (YOO) ( 7‘2J — ;) Ysz (0, ) dQ2 (I1L.6¢)

with dQ) the element of solid angle and where the traceless form of the electric quadrupole moment operator Q;; =
=5 (wimy — r? ééj has been used [4]. Notice that the radial integral depends only on the principal quantum numbers,

while the angular integrals depend solely on the magnetic quantum number of the intermediate states M,,.
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Calculation of the angular integrals

Let us now calculate the angular integrals. To this end we use the complex conjugate and the orthonormality
properties of the harmonic spherical functions [5]:

(V2 (0,9))" = (=D)MY; M (0, 9), (IIL.7a)

/ (Y2 (0,9) Y2 (0,0)dQ = 011 dnrnar. (IIL.7b)
4
By using the last property we notice directly that the term

« 0y
/4 (Y5) ?JYQM"I(H,@)dQ (IT1.8)

vanishes. Thus, we still have to calculate the following integral for the five possible values of M,,:

0\* Tilj M, _
[0 Evm .y an -y [ 5

where we used Yy = \/% and the complex conjugate property.

xzm]

Mo (g, <p)> "o (11L.9)

To simplify the calculations the idea is to express the products z;z;/r? as a function of the spherical harmonics [5]:

g _ @yoo _ % 4?}/20 n % (V2 +v52) (IIL.10a)
i‘:é _ @yoo _ % %yzo _ %T (V2 +v52) (I11.10b)
j; _ @Yo ; 4?“3/20 (IL.10c)
%/ _ % (V32— V2) (I11.10d)
% _i % (V! +v3) (IIL.10¢)
% _ %T (Y -vy). (IT1.10f)

Thus, for each value of M,, and by using the orthonormality property, the non-zero integrals can be easily identified
and calculated. By doing so one shows that
em _ qemSZ_Jym (III.ll)

]

with

em = — R r)dr II1.12
q 2\/» Nﬁ,o ) Nm,Z() ( )

which depends only on the principal quantum numbers N, and N,,, and with the second-rank tensors SMm

1 —i 0 00 1 5 (-1 00 0 0 —1 1 i 0
S?2=|—--10]|,st=(00 —i|, s=4/210 —-10],s8*' =10 0 —i],s*=[i-10
0 00 1 —i 0 3 o o 2 -1 =i 0 0 0 0
(I11.13

which depend solely on the quantum number M,,.
Similar developments lead to

Qe = g (S]‘f) (I11.14)
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Conclusion

We can now calculate the fourth-rank tensor Q°(wq,,war), given in equation (II1.1), where the summation runs
over all possible intermediate states, defined here by the quantum numbers N,,, et M, (L,, is fixed to 2):

q61'VLSMm,q7ng (SMM)* q’"Lg (SMm)* qe’"bs]\/[‘m,

Q% (wa, war) + I11.15a
;% Wem — Wq Wem — Wa! ( )
B () s
= qum mg 4 M (ITL.15b)
Wem — Wa Wem — Wa/
We can show Vi, j,k,1 = 1,2,3 that
* * 2
ZSZIE/[,H (Sliblfm) = (SZI;L”) S]i\?m =2 (6ik5jl + 6il6jk: — g 5ij6kl> . (11116)
M,, M.,
Thus, the tensor can be rewritten as
em gy 1 1 2
Q5% (W, war) = 2 Zq o T oo ) 9+ dudie = 560 (TI1.17)
and its normalized version is given by
Ae Qégkl (wav wa’) 1 2
Qi‘fkl(wa,wa/) = HQZjeg(wmwa/)H = \/% (5ik6jl + 5i15jk — g 5ij(5kl> (IH.18)

that is independent of the frequencies of the emitted quanta and where the norm of an n' rank tensor U with n € IN
has been defined as ||U||* := D s i i |Uil,i27“_7in\2.

By using the modified Voigt notation introduced in the main text and in the previous section, the second-order
electric quadrupole transition moment can be rewritten as a second-rank tensor in five dimensions:

4/3 —2/3 00 0
e —2/3 4/3 000
~eg QI 1
= = —— 0 0 100 I11.19
S Tl T uwm| o ) o0 (L.19)
0 0 001
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