Designing two-photon molecular emitters in nanoparticle-on-mirror cavities
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Two-photon spontaneous emission (TPSE) is a second-order quantum process with promising
applications in quantum optics that remains largely unexplored in molecular systems, which are
usually very inefficient emitters. In this work, we model the first molecular two-photon emitters
and establish the design rules, highlighting their differences from those governing two-photon ab-
sorbers. Using both time-dependent density functional theory and Pariser-Parr-Pople calculations,
we calculate TPSE in three m-conjugated molecules and identify a dominant pathway. To overcome
the inherently low TPSE rates in vacuum, we propose plasmonic nanoparticle-on-mirror cavities,
engineered for degenerate TPSE. Our simulations reveal over 10 orders of magnitude enhance-
ment and radiative efficiencies exceeding 50%. Notably, for nitro-substituted phenylene vinylene
in an optimized nanocone-on-mirror structure, the two-photon emission rate surpasses that of vac-
uum one-photon emission from a unit dipole. These findings open new avenues for efficient and
molecular-based on-demand sources of entangled photon pairs.

CONCEPTUAL INSIGHTS

This work reports, for the first time, the investigation,
design and theoretical demonstration of large two-photon
spontaneous emission (TPSE) from molecular systems.
Unlike previous studies limited to simple atomic emit-
ters or the extensively studied two-photon absorption
counterpart, molecular TPSE is a completely unexplored
concept and application for conjugated chromophores.
This is largely due to the notoriously weak nature of
the two-photon emission process, largely dominated by
one-photon processes. To overcome the inherently weak
two-photon emission rates of molecules, we engineer plas-
monic nanoparticle-on-mirror cavities and demonstrate
TPSE enhancement by over ten orders of magnitude. We
provide spectroscopic rules to design efficient conjugated
molecules for TPSE applications. In the optical cav-
ity, carefully designed chromophores exhibit two-photon
emission rates that exceed typical one-photon fluores-
cence rates by more than a factor of 50. This has never
been anticipated elsewhere that a molecular structure
may act as such an efficient two-photon emission source.
This approach exceeds state-of-the-art methods for gen-
erating entangled photons such as spontaneous paramet-
ric down-conversion and four wave mixing. The molec-
ular and nanocavity design that we propose will provide
for a new platform for TPSE applications. This includes
next-generation quantum light sources, with practical im-
plications for integrated quantum photonic technologies.
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I. INTRODUCTION

Two-photon spontaneous emission (TPSE) is a second-
order quantum electrodynamics process in which an ex-
cited quantum emitter decays by simultaneously emitting
two photons [1]. First predicted by Goppert-Mayer in
1931 [2], TPSE is typically 8 orders of magnitude weaker
than single-photon emission [3], but plays a crucial role in
phenomena such as the long lifetime of the hydrogen 2s
state [4], which gives rise to the continuous spectrum ob-
served from planetary nebulae [5]. TPSE has been exten-
sively studied in various systems, including atoms [6-8],
quantum dots [9, 10|, semiconductors [11, 12| emitters,
and also in proximity of plasmonic nanostructures [13—
18].

However, TPSE remains completely unexplored in
molecular systems, both theoretically and experimen-
tally, despite their remarkable tunability enabled by
chemical design [19]. Moreover, their nanoscale size
makes them compatible with nanophotonic architec-
tures and ideal for integrated quantum optical plat-
forms [20, 21]. Given the potential of TPSE for gen-
erating on-demand entangled photons [8, 10-12], design-
ing broadband emitters [13, 14, 22], and probing oth-
erwise inaccessible dark states [12], understanding and
tailoring TPSE in molecules is of fundamental interest
for both quantum optics and molecular spectroscopy.
In contrast to simple atomic emitters previously inves-
tigated [8, 15, 16], molecular systems require quantum
chemistry approaches to capture their complex multi-
electron nature and necessitate new design principles.

Identifying bright and practical sources of entan-
gled photons, especially operating at telecommunication
wavelengths, remains a key objective for advanced quan-
tum technologies such as secure communication, quan-
tum computation, and teleportation [8, 11, 23]. Among
the available techniques, spontaneous parametric down-
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conversion (SPDC) in non-linear crystals with second-
order optical nonlinearity is the most established ap-
proach, in which a single high-energy pump photon is
converted into a pair of lower-energy and entangled pho-
tons [23, 24]. In contrast, four-wave mixing (FWM) oc-
curs in third-order non-linear media such as optical fibers
or photonic waveguides, thus particularly attractive for
integrated photonic platforms, where two pump photons
interact to produce the entangled photon-pair [25]. Both
SPDC and FWM, however, are probabilistic processes
that require phase-matching conditions, and can suffer
from multi-pair generation and background noise, which
limit their scalability and fidelity [8, 25]. Another ap-
proach is cascade emission, where an excited quantum
emitter emits two photons sequentially via an interme-
diate state through two first-order transitions. Unlike
SPDC and FWM, cascade emission, like TPSE, can op-
erate deterministically and on-demand, as it involves only
a single quantum emitter [10].

Among these processes, TPSE is a promising alterna-
tive. It is theoretically predicted to be up to three orders
of magnitude more efficient than SPDC under equivalent
pumping conditions [11], as it is a second-order process
in perturbation theory, whereas SPDC is a third-order
one. Moreover, TPSE offers greater spectral flexibility,
as it does not require phase matching like SPDC and
FWM [8], and, unlike cascade emission, does not depend
on the intermediate state since it is a non-resonant pro-
cess [26]. Thus, the energy of the photons emitted via
TPSE can be tuned by designing the photonic environ-
ment [8]. Furthermore, TPSE is suitable for on-chip in-
tegration, enabling the design of compact and efficient
entangled photon sources using for instance nanostruc-
tures coupled to waveguides [27], photonic crystals [28],
or cavities [29].

Despite the lack of investigations on TPSE in
molecules, two-photon absorption (TPA), the inverse
process of TPSE, has been the subject of extensive
study [19, 30]. In particular, m-conjugated chromophores,
often incorporating donor and acceptor groups, have at-
tracted considerable attention due to their large TPA
cross-sections and the fact that one-photon transitions
can be forbidden in centrosymmetric systems [19, 30].
Furthermore, numerous theoretical studies have explored
the calculation of TPA using different methods, such as
semi-empirical methods [31, 32] and time-dependent den-
sity functional theory (TD-DFT) [30, 33]. Therefore, the
insights gained from these studies can be leveraged to
calculate TPSE in molecular systems.

To overcome the inherent weakness of second-order in-
teractions compared to first-order ones, these processes
can be enhanced by shaping the electromagnetic envi-
ronment surrounding the emitter [3, 34, 35]. Indeed,
the spontaneous emission rate is not solely an intrinsic
property of the emitter, but also depends on its pho-
tonic environment, a phenomenon known as the Pur-
cell effect [36]. Thus, plasmonic [3, 37-40] and hybrid
plasmonic-dielectric [41, 42] nanoantennas are widely em-

ployed for this purpose, as they enable nanoscale light
confinement in the form of surface plasmons, thereby
allowing spontaneous emission rates to be tailored. As
a result, it is possible to design systems in which
TPSE can outperform one-photon spontaneous emission
(OPSE) [8, 34].

Among plasmonic nanoantennas, the nanoparticle-on-
mirror (NPoM) configuration stands out for combining
a high Purcell factor and a high quantum efficiency
(i.e., a high probability of emitting photons into the far
field) [20, 21, 40, 43, 44]. Notably, in comparable hy-
brid metal-dielectric configurations, nanocones outper-
form nanospheres by achieving a Purcell factor up to one
order of magnitude higher along with a greater quantum
efficiency of 80% instead of 60% for the emission of single
photons [41, 45]. Motivated by these advantages, we em-
ploy NPoM cavities to enhance two-photon emission from
molecular emitters. Furthermore, we compare different
nanoparticle geometries (cones, spheres, and cubes) in
the context of TPSE, which is a broadband process char-
acterized by a spectrum, in contrast to the narrowband
nature of OPSE [1].

This work offers the first investigation of TPSE in
molecular systems and is structured as follows. We first
establish design rules for efficient two-photon molecular
emitters, highlighting a key difference from those appli-
cable to two-photon absorbers. Next, we calculate TPSE
rates for three chromophores (two diphenyl polyenes and
one phenylene vinylene derivative) that satisfy these cri-
teria, employing both time-dependent density functional
theory (TD-DFT) and the semi-empirical Pariser-Parr-
Pople (PPP) model. We demonstrate that TPSE is pri-
marily mediated by a bright intermediate state energet-
ically located just above a dark initial excited state. Fi-
nally, to overcome the inherently low TPSE rates in vac-
uum, we design and compare different NPoM cavities.
The TPSE enhancement near plasmonic structures is
computed using our previously developed framework [16],
originally demonstrated for a state-of-the-art hydrogen-
like emitter. In the optimal configuration, we predict
TPSE rates exceeding one billion per second.

II. DESIGN RULES FOR TWO-PHOTON
EMITTERS

We consider a system composed of a quantum emitter
(e.g., an atom, a molecule, or a quantum dot) and its
photonic environment. Using the second-order Fermi’s
golden rule, we can show that the probability per unit
time that the system (emitter plus field) performs a
second-order transition from an initial state |¢) to a final
state |f) by emitting two quanta, upon the interaction
between the emitter and the electromagnetic field, can
be written as [1, 16, 26, 46, 47|:
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FIG. 1. Energy representation of second-order transitions [1,
26, 47]. The two photons have complementary frequencies:
Wa + Wor = weg. (a) Two-photon spontaneous emission
(TPSE): the emitter carries-out a first transition from its ex-
cited state |e) to a virtual intermediate state |m), described
by the transition moment d"*¢, by emitting a first photon in
the mode a. Quasi-simultaneously afterwards, a second tran-
sition described by the transition moment d9 is carried out
to the ground state |g) of lower energy by emitting a second
photon in the mode «’. (b) Two-photon absorption (TPA):
reverse process. The emitter initially in its ground state |g)
absorbs a first photon in the mode « to reach a virtual in-
termediate state |m), then absorbs a second photon in the
mode o to transit towards the excited state |e). The detun-
ing factor A,, corresponds to the energy mismatch between
the energy of the photon being absorbed and the energy gap
between the ground and the intermediate states [19].

where v 1= w/weg is the dimensionless frequency com-
prised between 0 and 1 and ¢(*)(v) is the decay profile.
hweg := E. — E4, with h the reduced Planck constant,
represents the energy gap between the excited state |e)
and the ground state |g). For TPSE [Fig. 1(a)], the initial
state of the system is characterised 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 its ground state
lg) and the field is in a two-quanta state. In the interme-
diate states that connect these two states, the emitter is
in the state |m) and the field is in a one-quantum state.
Furthermore, ¢(?(v) dv denotes the number of photons
emitted per second in the frequency interval between v
and v + dv. This definition encompasses photons emit-
ted simultaneously at complementary frequencies (i.e., at
the frequencies 1 —v), thus necessitating integration over
only half of the spectrum in Eq. (1). Also, the probabil-
ity of emitting a photon at the frequency v is equal to
the probability of emitting a photon at the complemen-
tary energy 1 — v, resulting in symmetric decay profiles
#? (v) with respect to v = 1/2.

When TPSE is composed of two electric dipole tran-
sitions [Fig. 1(a)], the vacuum decay profile is given
by [1, 16, 26, 46, 47]:
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with €9 the vacuum electric permittivity, ¢ the speed

of light in vacuum, and where the squared norm of the
second-rank tensor is defined as || D := > |ij-9 2,
This equation involves the second-order electric dipole
transition moment (two-photon matrix element) [1, 16,

26, 46, 47):
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where the outer product is implied and where v, :=
Wem/Weg, With fwey, = E. — By, with E,, the energy
of the emitter in the intermediate state |m). Note that
we chose this definition involving normalized frequencies
instead of the state energies to remove the dependency
with respect to weq, facilitating subsequent comparison
between different molecules. In addition, d* := (a|d|b),
with d the electric dipole moment operator, is the elec-
tric dipole transition moment describing the transition
of the emitter from the state |b) to the state |a). The
tensor D (v) involves a summation over all the inter-
mediate states |m) of the emitter that connect, through
the selection rules, the excited state |e) to the ground
state |g).

This paper focuses on TPSE, a second-order transition,
rather than on cascades of two single-photon transitions.
In TPSE, the sum over states (SOS) includes only in-
termediate states with energies equal to or higher than
that of the excited state [26, Fig. 1(a)|, implying that
Vem In equation (2) is a negative or zero number. As a
result, the law of conservation of energy is temporarily
violated since during the first transition to the interme-
diate state, the energy of the emitter increases while a
photon is emitted. The intermediate states that mediate
transitions without energy conservation are called virtual
states [1, 48] and their existence is limited in time by the
uncertainty principle. Therefore, the two transitions in
TPSE [Fig. 1(a)] are quasi-simultaneous. Another conse-
quence is that TPSE involves only non-resonant states:
the energy gap between two states is not equal to the en-
ergy of the emitted photon, avoiding denominators tend-
ing towards 0 in Eq. (3) and leading to a continuous
emission spectrum [49]. In contrast, the cascade of two
single-photon transition is made of two sequential first-
order processes. Moreover, in that case the SOS includes
only intermediate states lying at lower energies than the
initial excited state and involves only resonant states [26].

TPSE is characterised by a spectrum [Eq. (2)], which
is maximum in the case of degenerate TPSE, i.e., when
the two emitted photons have the same frequency w =
Weg/2 (then v = 0.5). Consequently, a higher TPSE
rate is achieved by designing a structure that enhances
emission at half the transition frequency. Therefore, from
equations (2) and (3) we conclude that
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where, as a reminder, v, is a negative number or zero.

P =05) (4)



Therefore, TPSE scales with the transition moments to
the fourth power and is inversely proportional to the
square of the energy gaps between the excited state
and the intermediate states. Therefore, an efficient two-
photon emitter has an intermediate state |m) just above
the two-photon excited state |e) (small |ven,|) [Fig. 1(a)],
which is characterized by strong one-photon transitions
between the excited and the intermediate states (high
d®™) as well as between the intermediate and the ground
states (high d™7). Furthermore, ideally the initial ex-
cited state must be dipole forbidden, so that TPSE is
the main decay path. Finally, the sum over the inter-
mediate states indicates that several two-photon paths
are possible between the excited and ground states of the
emitter (i.e., multiple intermediate states connect the ex-
cited state with the ground state), there is interference
between these paths, which can be constructive or de-
structive [17, 26].

Comparison with two-photon absorption

Regarding two-photon absorption (TPA) [Fig. 1(b)],
the cross-section §, like the TPSE rate, is proportional
to the squared norm of the second-order transition mo-
ment [Eq. (3)], except that v, is replaced by vy, :=
Wng/Weg (With Aw,g = E,, — E,; a positive number)
since it is the inverted process [1, 25]. Thus, in the case
of degenerate TPA, we conclude that [19, 33]:
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where A, = wmg — % is called the detuning fac-

tor [Fig. 1(b)]. Often the SOS is dominated by a sin-
gle intermediate state, for which the detuning factor is
small [19, 32]. Note that if A, = 0, then the energy gap
between the states corresponds to the energy of the pho-
tons (resonant intermediate states) and, therefore, the
cascade of two independent one-photon absorptions is the
dominant absorption path [19, 26].

Given Eq. (5), a good absorber for TPA has a strong
transition close to the energy of the absorbed photons
(small A,,) [19, Fig. 1(b)]. This contrasts with the de-
sign rule established for TPSE (i.e., a strong transition
just above the excited state). Therefore, molecules op-
timized for TPA are not good candidates for TPSE. On
top of that, TPA can easily be reached by tuning the
exciting laser with the energy of the excited state en-
ergy. For TPSE however, the initial state must be the
first excited state for two reasons. First, if there are
states lying between the excited and ground states, then
a cascade of two independent one-photon transitions will
dominate [26]. This can eventually be solved by design-
ing the environment such that one-photon transitions
are weaker than two-photon transitions [8]. Second, a
molecule emits light predominantly from the lowest ex-
cited state due to Kasha’s rule, which states that higher

excited states quickly relax to the lowest excited state
due to non-radiative processes [50].

As a conclusion, a good TPSE molecular emitter can
be designed according to the following rules: (1) the emis-
sion should originate from the first excited state that is
dipole forbidden and (2) a small energy gap should exist
between the first excited state and an intermediate state
that exhibits strong transition dipole moments with both
the first excited state and the ground state.

III. CALCULATION OF VACUUM
TWO-PHOTON SPONTANEOUS EMISSION
RATE IN MOLECULES

Having established the design rules for two-photon
emitters, we now compute the vacuum two-photon
spontaneous emission (TPSE) rate using quantum
chemistry methods for three planar molecules that
fulfil these criteria: trans-diphenylbutadiene (DPB),
trans-diphenylhexatriene (DPH), and nitro-substituted
benzene-1,4-bis(phenylene  vinylene)  (NO2-OPPV)
[Fig. 2(a,b)].  This represents the first theoretical
calculations of TPSE in molecular systems. These
molecules share key spectral characteristics [51-56]: a
low-lying dark dipole forbidden excited state (thus with
a one-photon transition dipole moment d®¥ close to
zero), followed by a bright excited state with a large
one-photon transition moment d™7, as well as a strong
dipole coupling d°" with the dark excited state and a
small energy gap |Ven| between them.

In the geometry of their first excited state (from which
two-photon emission occurs), the three molecules trans-
form under the Cqp, point group [57]. A schematic rep-
resentation of the allowed electric dipole transitions be-
tween the symmetries is shown in Fig. 2(c). For this point
group, the most favourable situation arises when the first
excited state has the same symmetry as the ground state,
namely A,, which is the case for the three considered
molecules. In this configuration, one-photon transitions
are dipole forbidden (dark state), and two T PSE paths

are dlpole allowed by symmetry: 2A, — B, — 1A,

and 2A, SHA, S 1A,.

For all three molecules under study, the two lowest
excited states are 2A, (dark) and 1B, (bright), respec-
tively [51-56]. Moreover, the transition dipole moments
are predominantly oriented along the molecular axis [5§],

e., the x direction in Figure 2(a,b). As a result, the
TPSE process is dominated by the path using B, in-
termediate sates over A, intermediate states [Fig. 2(d)].
Moreover, only the xz component of the second-order
transition moment D [Eq. (3)] is non-zero. Although
multiple B, intermediate states connect the initial and
the ground states, the lowest one, 1By, is expected to con-
tribute the most due to a small energy gap |Ven| [Eq. (4)].
Note that although transitions from triplet excited states
to the singlet ground state (phosphorescence) are in prin-
ciple possible, they are spin-forbidden. They are there-
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FIG. 2. (a, b) Molecular structures visualised using

GaussView 6. trans-diphenylbutadiene (DPB, not shown) is
structurally similar to DPH, but the two phenyl groups are
connected by a four-carbon polyene chain instead of a six-
carbon one. (c) Allowed electric dipole transitions for the
Con point group [57]. (d) Representation of the dominant
TPSE path for the three studied molecules.

fore negligible in the studied systems, which are com-
posed of light atoms where spin—orbit coupling is weak.

A. Method

To evaluate vacuum TPSE rates [Eq. (2)], it is nec-
essary to compute the excitation energies along with
the transition dipole moments d™? and d°"*, which de-
scribe, respectively, the transitions between the ground
and excited states, and between pairs of excited states.
These quantities are required to construct the sum-over-
states (SOS) expression [Eq. (3)] that governs second-
order processes. They are calculated in this study us-
ing the quadratic response double residue (QRDR) for-
malism within time-dependent density functional theory
(TD-DFT) [30, 33|, as implemented in Dalton 2020.1
quantum chemistry software [59, 60].

Reliable predictions of second-order properties using
DFT can be achieved by employing hybrid functionals
and carefully truncating the SOS expansion once all rel-
evant low-lying excited states are included (below the
ionisation threshold), while excluding poorly described
Rydberg and continuum states [30, 33]. Accordingly,
we compare three TD-DFT theory levels for comput-
ing the 2A, and the 7 lowest B, excited states [30, 33]:

B3LYP/6 — 31G*, CAM-B3LYP/6 — 31G*, and CAM-
B3LYP/6 — 31+G*, the latter being more appropriate
for excited states [61-63]. Geometries are optimised in
the 2A; initial state at the CAM-B3LYP /6 — 31G™ level
for all three methods, using Gaussian 16 quantum chem-
istry software [64]. Although other functionals such as
LC-B3LYP, wB97X, or M06-2X are also commonly used
for excited state calculations [61-63], they are not avail-
able in Dalton. Nevertheless, our approach provides cor-
rect orders of magnitude and robust qualitative trends,
which is sufficient for a proof-of-concept study focused
on fundamental feasibility and design principles.

TD-DFT methods are known, from both theoretical
and experimental studies [33, 51, 65-67], to inaccurately
describe excited states with large double-excitation char-
acter, such as the Ay states in m-conjugated molecules.
As a result, these methods incorrectly predict that the
1B, state lies below the 2A, state for the three molecules
under consideration [51-56]. In this situation, the cal-
culation of TPSE from the 2A, state does not include
the contribution of the 1B, intermediate state since the
SOS series only include terms above the initial state [26],
whereas it is expected to dominate due to a small value of
[Vem| [Eq. (4)]. In addition, transition moments tend to
be overestimated [68], typically by 20 to 150% for second-
order properties [33, 52, 53, 56].

To address the TD-DFT limitation, we employ con-
figuration interaction (CI) within the Pariser-Parr-Pople
(PPP) semiempirical model [69], including both sin-
gle and double excitations, to calculate the energy gap
AFEj5; between the 2A, and 1B, states. These calcu-
lations are performed using the ZINDO package [70],
based on geometries optimized via TD-DFT. Indeed,
the PPP model, which considers only m-electrons [69],
is well suited for describing the electronic structure of
planar conjugated molecules, like diphenylpolyenes and
phenylene-vinylene oligomers [31, 51, 56]. Therefore, the
PPP computed energy gap is used to correct the TD-
DFT results: the 2A, state is manually shifted below the
1B, state such that the energy gap AFs; between them
is the same as calculated with the PPP model. Note that
we did not modify the energy of the intermediate states,
since B, states are well described with TD-DFT meth-
ods [33, 51, 65-67]. Transition dipole moments calculated
using TD-DFT and PPP are reported in Supplementary
Information for comparison.

B. Results

The results at the CAM-B3LYP/6 — 31+G* level for
the three molecules are presented in Table I and in Fig-
ure 3. First, PPP calculations accurately capture the
energy gap between the 2A, and 1B, states. In contrast,
TD-DFT energies deviate by up to 0.65 eV from experi-
ment [Tab. I], even when corrected by PPP. As a result,
TPSE rates are underestimated for DPB and DPH, but
overestimated for NO2-OPPV, as they scale with the fifth



power of the transition energy [Eq. (2)]. Second, the vac-
uum TPSE rate of DPH exceeds that of DPB [Fig. 3(a)]
due to larger transition moments d'? and d?°, despite its
smaller transition frequency and larger energy gap AFo;.
Third, the TPSE rate of NO5-OPPYV is higher than that
of DPH, owing to a smaller energy gap A FEs; and to larger
transition moments d'? and d?°. Note that using experi-
mental values for AE to calculate TPSE rates [Eq. (2)],
the TPSE rate of NO2-OPPYV remains greater than that
of DPH, by 12%. Overall, the integrated vacuum TPSE
rates range from 2.82 x 1072 (DPB) to 8.54 x 10~% s7!
(NO2-OPPV). For comparison, the integrated vacuum
TPSE rate for the 2s — 1s transition in hydrogen is 8.23
s~! [5], an order of magnitude higher.

Results obtained with three TD-DFT theory levels
(B3LYP/6 — 31G*, CAM-B3LYP/6 — 31G*, and CAM-
B3LYP/6 — 314+G*) are reported in Supporting Infor-
mation. The calculated rates differ by at most a factor
of 3.3, so the conclusions remain unchanged regardless
of the method used. Additionally, the transition mo-
ments calculated with the PPP model are also reported
in Supporting Information. They are larger than those
computed from TD-DFT, leading to D¢ values that are
9.7, 2.1, and 2.6 times higher for DPB, DPH, and NO,-
OPPYV molecules, respectively. This alternative method
would then predict TPSE rates that are larger by up to
two orders of magnitude.

Concerning the number of states included in the SOS,
the convergence of D is plotted in Figure 3b. The rela-
tive deviation obtained by including only the first inter-
mediate state 1B, ranges from +3% to +30% compared
to the reference value computed with the first seven B,
states. This highlights that 1B,, dominates the contribu-
tion, but also slightly overestimates the total. This dom-
inant contribution arises not only from a smaller value
of Ve, but also from stronger coupling with the excited
state 2A,. Moreover, the relative contribution of each in-
termediate state decreases progressively with increasing
energy. Finally, the convergences exhibit both construc-
tive and destructive interference effects, i.e., inclusion of
higher energy states may either contribute positively or
negatively.

IV. ENHANCEMENT WITH A PLASMONIC
NANOANTENNA

We now design a plasmonic nanocavity to enhance
two-photon emission into the far field. To achieve this,
we consider NPoM structures due to their ability to en-
hance emission while maintaining a high quantum effi-
ciency [41, 45]. To compute the TPSE enhancement, we
employ our previously developed framework [16], orig-
inally demonstrated for a state-of-the-art hydrogen-like
emitter. The method is detailed in the next subsection.
We describe here the most efficient structure, namely a
truncated gold nanocone placed above a flat gold mir-
ror [40, 41, Fig. 4], and we finally compare it with other
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FIG. 3. (a) Two-photon spontaneous emission rates in vac-

uum. (b) Convergence of the norm of D at v = 0.5 [Eq. (3)]
as a function of the number of B, states included in the SOS.
The values represent the relative deviation with respect to the
reference value computed using the first seven B, states.
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FIG. 4. Cross-sectional view of the three-dimensional nanoan-
tenna, consisting of a nanoparticle-on-mirror (NPoM) cavity.
The molecule is placed vertical inside the gap (red vertical
arrow). Geometric parameters are reported for the structure
optimised for the NO2-OPPV molecule [Tab. II].

particle geometries (sphere and cubes). The gap is filled
with a dielectric spacer embedding the emitter positioned
in the middle of the gap and which is oriented vertically
(long molecular axis), so that its electric dipole transition
moment is along the local electric field [20, 71, 72] (red
arrow in Fig. 4).

The gold nanocone finishes with a flattened tip end
of 3 nm radius [41, 45]. In addition, the spacer gap
size is set to be approximately one nanometer thicker
than the length of the molecules: gap sizes of 2.5 nm
for DPB and DPH, and of 3.0 nm for NO5-OPPV.
This design preserves stable field enhancement, prevents
molecular aggregation with the structure, ensures op-
timal alignment of the transition dipole moment along
the cone axis, limits charge transfer and chemical re-
actions with the metal surfaces, and enables the inser-
tion of the spacer [20, 71, 72]. Furthermore, we set
the refractive index of the spacer to n = 1.4, which
corresponds, for instance, to that of macrocyclic cucur-
bit[n]uril molecules, commonly used as host-guest plat-
forms in plasmonic nanocavities [20, 71, 72]. Although
this parameter could also be optimised, the rate enhance-
ment is predominantly determined by the metallic com-



Molecule AFE [eV] AFEs [eV] d? [au] d*° [a.u] D(0.5) [a.u) ¢(()2)(0.5) [s7'] F(()Q) [s7]

DPB 3.43 (3.67 [52, 53]) 0.17 (0.14 [52, 53]) 0.91 416 10.3 9.30x 1072 2.82 x 1072
DPH 2.55 (3.19 [54, 55]) 0.40 (0.42 [54, 55]) 3.16 5.38 49.8 496 %1071 1.34 x 10
NO,-OPPV 2.92 (2.58 [56])  0.10 4.29 5.51 83.8 2.76 8.54 x 10

TABLE I. Optical emission properties of the TPSE molecular emitters. TD-DFT results using CAM-B3LYP/6—31+G*
(geometry optimized with CAM-B3LYP/6 — 31G*), where the energy gap AFE>; is calculated using the PPP model and used
to correct the energy of the 2A, state (first excited state). AFEi9 and AFEs; are, respectively, the energy gaps between the
first excited state (2A;) and the ground state (1Ag), between the second excited state (1By) and the first excited state (2A;).
Experimental values are indicated in parentheses. d'? and d2° represent the norm of the electric dipole transition between
the first and second excited states, and between the second excited state and the ground state. D9 (0.5) is the norm of the
second-order transition moment [Eq. (3)] for v = 0.5 and a TPSE transition from first excited state (2A;) to the ground state

(1A,).
[Eq. (1)].

ponent of the structure [21, 42].

A. Method

For emitters whose second-order transition is domi-
nated by a single component, specifically the zz com-
ponent for the studied molecules, the two-photon Purcell
effect is given by the product of two one-photon Purcell
factors, one for each quantum emitted at complementary
frequencies [16, 46, 47]:

¢ (;R)

2) :PT(V;R)P.m(lfy;R)v (6)
o ()

with R the emitter position (centre of its charge distri-
bution). In this equation, ¢®(v;R) and ¢((J2)(V) denote,
respectively, the spectral distribution rate of the emitted
quanta in the presence of the photonic structure and in
vacuum. Moreover, P, is the one-photon Purcell factor
related to an emitter having its transition moment along
the z axis (red arrow in Fig. 4). It can be computed
classically by modelling electric dipole point sources in
electromagnetic simulations: P, = W, /W, with W, and
Wy being the powers emitted by a dipole oscillating along
the x axis in the presence of the plasmonic nanocavity
and in vacuum [36].

Near plasmonic structures, the two-quanta emission
is mainly given by three distinct emission pathways:
the photon-photon (ph-ph), photon-plasmon (ph-pl), and
plasmon-plasmon (pl-pl) channels [15]. These pathways
can be calculated via the decomposition of the Pur-
cell factors into radiative and non-radiative parts: P =
Prad+Porad [15, 36, 47]. In addition, we define the TPSE
quantum efficiency as the probability that the emitter
decays by emitting a photon pair in the far field. Thus,
it is the ratio between the integrated two-photon emis-
sion rate and the integrated total two-quanta emission

(()2) and FBQ) are, respectively, the vacuum spectral TPSE rate at v = 0.5 and the integrated vacuum TPSE rate

rate [18]:

2 1 2
(2 .— Fl(v )—ph _ foZ QSE)}?—ph(V) dv
T e I @ :
tot fo eor (V) dv

Specifically, we use the COMSOL Multiphysics® soft-
ware [73] based on the finite element method to compute
the Purcell factors over a range of frequencies [47]. Once
calculated, TPSE spectra are obtained via equation (6),
with rates in vacuum having been calculated in Sec III.
The simulation parameters are detailed in Section III of
the Supplementary Information.

B. Results

For each molecule, the height H and the diameter D; of
the largest base of the truncated nanocone are optimised
to enhance the emission at half the transition frequency,
i.e.,, at v = 0.5. Indeed, at this frequency the vacuum
TPSE rate is maximum [Eq. (2)] and the two-photon Pur-
cell effect is the highest, as both photons have the same
energy and benefit from the enhancement [15, 16]. The
optimised geometric parameters as well as key TPSE-
related quantities are reported for the three molecules
in Table II. In addition, the Purcell factor P, and TPSE
spectra are plotted in Figure 5 for the best configuration,
which corresponds to the system using the NO,-OPPV
emitter.

First, an enhancement of 10 orders of magnitude is
achieved for the emission of two photons of same energy

into the far field (see the ¢§)2}3_p}1(0.5)/¢é2)(0.5) column of
Table II), using the geometry parameters optimised for
each molecule. The enhancement is stronger for lower
transitions frequencies (see DPB and DPH lines; this
is an effect of the gold material) and increases with a

smaller gap. The integrated two-photon emission rates

F;zh)_ph range from 3.78 x 107 s~! for DPB to 1.41 x 10°

s~! for NO3-OPPV. Overall, NOo-OPPV performs best
due to its intrinsically higher vacuum TPSE rate [Tab. ],



Emitter hweg [€V] gap [nm| D; [nm] H [nm] <Z>E)2h)_ph(0.5)/¢(()2)(0.5) qsl(fh)_ph(o.s)) [Sil] Fi)2h)—ph [sfl] n® £

DPB 3.43 2.5 100 95 1.15 x 101° 1.07 x 10° 3.78 x 107 30.6% 0.88
DPH 2.55 2.5 115 185 3.63 x 101° 1.80 x 10%° 8.92 x 108  51.9% 50.6
NO,-OPPV 2.92 3.0 95 130 1.69 x 10° 4.67 x 10'° 1.41 x 10°  40.5% 53.3

TABLE II. Two-photon enhancement in the NPoM cavity. The quantity ¢;2}]>_ph(0.5)/¢(()2)(0.5) denotes the enhancement

2)

of the two-photon emission rate into the far field compared to vacuum, evaluated at v = 0.5. Féh_ph corresponds to the

integrated two-photon emission rate [Eq. (1)]. 7'® is the quantum efficiency, defined as the probability of emitting a photon

pair into the far field [Eq. (7)]. £ := F}(i)_ph/Fél), with Fél)

w2y 1d°9))? /3meolic® [1], quantifies the enhancement of the

two-photon emission rate with respect to the vacuum one-photon emission rate of an emitter with a transition dipole moment

d®Y of one atomic unit.

@ ) [ ]
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FIG. 5. Strong two-photon rate enhancement for
the NO>-OPPYV molecule. (a) Radiative (rad) and non-
radiative (n-rad) parts of the Purcell factor P,. (b) Ph-ph,
ph-pl, and pl-pl emission channels of the spectral TPSE rate.
The quanta are emitted at the complementary frequencies
v and 1 — v, leading to symmetric spectra with respect to
v = 0.5.

but DPH exhibits the best quantum efficiency (). Com-
pared to the one-photon emission in vacuum of a dipole
emitter with a transition dipole moment of 1 atomic unit
(see £ in the last column of Table IT), the far-field TPSE

rates th)-ph of DPH and NOy-OPPV are 50 times larger.
This is significant as one atomic unit transition dipole
moments are typical for fluorescent molecules in solu-
tion [64]. Moreover, photon emission predominantly oc-
curs at mid-frequency, with 66% of photon pairs emitted
within the full width at half maximum (spectral band-
width Av = 7%) of the peak centred at v = 0.5 for the
NO5-OPPYV emitter [Fig. 5(b)].

In Section IV of the Supplementary Information, we
compare various plasmonic nanocavities for the NOs-
OPPV molecule to demonstrate that the studied struc-
ture offers the optimal enhancement and quantum effi-
ciency. A summary of the key results is provided here.
First, reducing the tip width from 6 nm to 4 nm increases
the TPSE rate by 55%, but the fabrication of such a
small tip is challenging [74]. Second, for the nanocone-
on-mirror structure (with Dy = 6 nm), the enhancement
is 170-fold, 250-fold, and 75-fold higher compared to the
cube-on-mirror, sphere-on-mirror, and nanocone without
mirror configurations, respectively. Correspondingly, the

quantum efficiency of the nanocone-on-mirror is better
by 36.7%, 28.8%, and 2.5%.

Finally, we can estimate an upper bound for the one-
photon transition dipole moment of the initial excited
state that ensures a decay probability greater than 90%
via the TPSE process and not through the one-photon

spontaneous process, i.e., I‘I(th)_ph =9 P, (weg) I‘él). Based
on the data relative to the NOy-OPPV molecule in the

nanocone-on-mirror cavity (see Table IT for the integrated

TPSE rate th)_ph and Figure 5(a) for the Purcell factor

Pp(weg)), this condition imposes a maximum one-photon
emission rate in vacuum of 8.7x 10* s~1, corresponding to
a maximum transition dipole moment of 1.8 x 1072 a.u.
This ensures that consideration of one-photon processes,
such as vibronic coupling, would not affect the conclusion
of our study.

V. CONCLUSION

This work provides the first theoretical framework
and quantitative predictions for two-photon spontaneous
emission (TPSE) in molecular systems, extending beyond
simple atomic models to complex multi-electron chro-
mophores and establishing the foundation for molecu-
lar quantum optics applications. We demonstrate how
molecular design and photonic nanostructures can be
leveraged to achieve TPSE rates that surpass free-space
one-photon spontaneous emission. Central to this suc-
cess is the recognition that the design rules for efficient
two-photon emitters differ from those for two-photon ab-
sorbers. TPSE requires an intermediate state just above
the initial excited state, with strong transition dipole cou-
plings to both the initial excited and the ground states.
Additionally, while TPA can target higher-lying excited
states by tuning the excitation energy, TPSE is con-
strained to originate from the lowest excited state due to
Kasha’s rule, which is ideally dipole forbidden to avoid
one-photon emission. Building on these insights, we se-
lected three m-conjugated molecules and confirmed their
good TPSE performances through both the quadratic re-
sponse double residue (QRDR) formalism within time-
dependent density functional (TD-DFT) theory and the



Pariser-Parr-Pople model calculations. This study rep-
resents an initial step, where we considered single emit-
ters, rather than an exhaustive screening. Other candi-
date molecules may still be discovered or chemically op-
timized, such as dimers or larger aggregates, where inter-
molecular interactions could introduce additional degrees
of freedom in emitter design.

The emission from the three molecules was then dra-
matically enhanced using nanoparticle-on-mirror cavi-
ties, with nanocone geometries achieving up to ten or-
ders of magnitude enhancement and radiative efficiencies
exceeding 50%. Remarkably, the best configuration fea-
turing the NO2-OPPV molecule emits photon pairs at
rates exceeding one billion par second, over 50-fold higher
than the one-photon emission rate of a unit dipole in vac-
uum. By comparison, this rate is three orders of mag-
nitude higher than those achieved through SPDC and
FWM [75], and comparable to the rates obtained via
cascade emission [76]. Other nanophotonic structures
are also possible, including designs that enable integrated
sources via coupling to waveguides [27].

A key perspective of this work is to provide theoreti-
cal predictions that can guide future experimental efforts
and enable benchmarking of our computational methods
once experimental data become available. These findings
open new avenues for molecular quantum optics with a
proposed system that is experimentally feasible [41, 43].
This represents a significant step toward realizing effi-
cient, on-demand sources of entangled photon pairs based
on single emitters, suitable for on-chip integration [10].
Compared to other approaches for generating entangled
photon pairs, TPSE offers great tunability, making it a
promising alternative for quantum photonic technologies.
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