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Abstract: Resonant excitation of high-index dielectric nanostructures, and their coupling with
molecular excitons provide great opportunities for engineering adaptable platforms for hybrid
functional optical devices. Here, we numerically calculate resonant coupling of nonradiating
anapole states to molecular excitons within silicon nanosphere-J-aggregate heterostructures
under illumination with radially polarized cylindrical vector beams. The results show that the
resonance coupling is accompanied by a scattering peak around the exciton transition
frequency, and the anapole state splits into a pair of anti-crossing eigenmodes with a mode
splitting energy ~ 200 meV. We also investigate the resonance coupling as a function of the J-
aggregate parameters, such as thickness, exciton transition line width, and oscillator strength.
Resonant coupling of the anapole states and J-aggregate heterostructures could be a promising
platform for future nanophotonic applications such as in information processing and sensing.

1. Introduction

It is well known that the localized surface plasmon resonance (LSPR) of a metal nanostructure
can strongly couple with molecular excitons in the form of a J-aggregate dye [1-10]. These
metal nanostructures and molecular exciton heterostructures, termed as plexcitons [2-5] can
provide unique adaptable platforms for the design and implementation of hybrid functional
optical devices, such as in chemical sensors [11], pH meters [12], light harvesting [13], and
other optically active devices [14, 15]. In these plexcitonic devices, the highly enhanced electric
field near the surface of the nanostructures, known as “hot spot,” can strongly polarize the J-
aggregates, which in turn affect the plasmon oscillations of the metal nanostructures. The
coupling between the molecular excitons and optical resonators can be classified into two
regimes — weak and strong coupling — depending upon the coupling strength. In the weak
coupling regime, the presence of an optical resonator can modify the local optical density of
states, and thereby modify the spontaneous decay [16]. On the other hand, in the strong
coupling regime, the coherent energy transfer between the molecular excitons and J-aggregates
results in mode splitting or quantized quenching dips in the optical spectra of the plexcitons,
and the mode splitting is found to undergo an anticrossing behavior with a splitting energy in
the order of hundreds of meV [1, 3, 7, 17-22].

In recent years, high refractive dielectric nanostructures have attracted considerable
attention as an alternative to plasmonic nanostructures because of their reduced dissipative
losses and large enhancement of both the electric and magnetic near fields [23-26]. More
specifically, it has been shown that dielectric nanostructures can be promising candidates to
tailor light-matter interactions at the nanoscale, such as in the enhancement of quantum
emitters photoluminescence [24, 27], strong coupling and Rabi splitting in silicon (Si)
nanosphere-J-aggregate core-shell heterostructures [22], efc. In this regard, the discovery of the
electrodynamic anapole state as a non-radiating source in high-index dielectric materials
provides a unique playground to realize novel nanophotonic devices [28-33].

For time-varying oscillating charge-current distributions, in the long-wavelength
approximation, the electrodynamic anapoles are related to the superposition of the scattered



fields of conventional and toroidal dipoles, given by [28, 29], P = —ikT. This means, the far-
field radiation will vanish if the contributions of the Cartesian electric (P) and toroidal dipoles
(T) to the scattered field are equal and out-of-phase [28-30]. Therefore, excitation of optical
anapoles is characterized by dips or minima in the scattering spectra. However, isotropic
nanostructures are not suitable for the excitation of anapole mode under plane wave (PW)
illumination because along with the Cartesian electric and toroidal dipoles, other adjacent
modes, such as magnetic dipoles, electric and magnetic quadrupoles, efc. are also excited.
Therefore, the scattering minima associated with the excitation of optical anapoles are not
possible to detect for spherical geometry under PW illumination. As a result, excitation of
optical anapoles relies on the design of highly specialized structures (such as nanodisks) [28],
in which the dominant contribution comes from the electric dipole mode, while all other modes
are strongly suppressed. On the other hand, radially polarized cylindrical vector beams can
selectively excite only electric multipoles (no magnetic multipoles), and thereby allow for the
excitation of an anapole state within the nanospheres without relying on the design of
specialized structures. Recently, we demonstrated that the radially polarized cylindrical vector
beams (CVBs) can selectively excite only electric multipoles (no magnetic multipoles) [34],
and thereby allow for the excitation of an anapole state within the nanospheres [29].

Not long ago, Liu et. al.[35] theoretically demonstrated resonance coupling between the
exciton transition and the anapole state within a heterostructure composed of a Si nanodisk and
a molecular J-aggregate ring under PW illumination. The results showed that instead of a
quenching dip, a scattering peak is generated around the exciton transition frequency for the
heterostructures, and the anapole state splits into a pair of eigenmodes characterized as
pronounced dips in the scattering spectra [35]. Moreover, an anticrossing behavior with a mode
splitting of = 161 meV was observed indicating that a strong coupling regime can be achieved
for coupling between the exciton transition and the anapole state [35].

Here, using Finite Difference Time Domain (FDTD) [36] method, we numerically calculate
the resonance coupling between the exciton transition and the anapole state within Si
nanosphere and molecular J-aggregate heterostructures under tightly-focused radially
polarized (RP) CVB illumination. The RP illumination selectively excites the electric
multipolar resonances within the Si nanosphere, and the interference of electric and toroidal
dipolar modes with the same amplitude but out of phase results in excitation of anapole states
within the Si nanospheres for a specific wavelength. We find that, similar to Si nanodisk and
J-aggregate heterostructures [35], the resonance coupling between the anapole state and exciton
within Si nanosphere and J-aggregate heterostructures is accompanied by a scattering peak
instead of a dip around the exciton transition frequency. At this frequency, the anapole state
splits into a pair of eigenmodes characterized by pronounced dips within the scattering spectra.
The mode splitting is found to undergo an anticrossing behavior with a mode splitting energy
~200 meV for Si nanosphere and J-aggregate heterostructures under radial beam illumination,
which is ~ 25% higher than the mode splitting energy of 161 meV associated with Si nanodisk
and J-aggregate heterostructures [35]. Therefore, our results demonstrate that a stronger
resonance coupling between the anapole state and exciton resonance could be achieved within
Si nanosphere and J-aggregate heterostructures under radial beam illumination. We also
investigate the resonance coupling within Si nanosphere and J-aggregate heterostructures for
varying J-aggregate thickness, exciton transition line width, and oscillator strength.

2. Results and Discussion
2.1 The scheme

As mentioned above, the field distributions of the tightly-focused CVBs can be used to
selectively excite and enhance multipolar resonances [34], and thereby excite anapole states
within the nanospheres [29]. CVBs are solutions of Maxwell’s equations that possess spatially



varying polarization with cylindrical symmetry in both amplitude and phase [37]. The CVBs
can have the electric field aligned in the radial (radially polarized beams) or azimuthal
directions (azimuthally polarized beams), while the magnetic field is aligned in the azimuthal
or radial directions, respectively with respect to the optical axis. A number of active and passive
methods [38-42], including interferometric method [40, 42], liquid-crystal based method [41],
etc. have been used to generate CVBs. Moreover, the spatially varying polarization properties
of CVBs have been previously used to tailor multipolar electric and magnetic resonances [29,
34, 43-46], and excite dark mode and Fano resonances [47-49] in metallic and dielectric
nanostructures; perform optical imaging [50-52], and optical trapping [53] of plasmonic
particles; morphology conversion of surface microstructures [54], etc. Here, we investigate
resonant coupling of anapole states to molecular excitons within Si nanosphere-J-aggregate
heterostructures under illumination with tightly-focused RP beam (Numerical aperture, NA =
0.95) as shown in Fig. 1. For our calculations, the J-aggregate molecules were distributed in a
way such that the silicon nanospheres and the J-aggregates formed a core-shell structure while
the J-aggregates formed a film on the substrate as shown in Fig. 1. This geometry was chosen
to mimic the experimental structures that can be produced by spin casting. The tightly focused
radially polarized beam is expected to selectively excite the electric and toroidal dipolar
resonances in Si nanosphere-J-aggregate heterostructures, and thereby lies the possibility of a
coherent energy transfer between the molecular excitons and J-aggregates. For creating a
tightly-focused radially polarized beam in the simulation, we used a k-space beam profile
approach [55]. The k-space beam profile is based on the method of using a classical diffraction
theory to calculate the effects of high numerical aperture on the focusing of coherent light.

siion l-aggregate

Fig. 1. The scheme showing the excitation of a Si nanosphere-J-aggregate heterostructure under
tightly-focused radially polarized beam excitation with numerical aperture, NA = 0.95. The J-
aggregate molecules were distributed in a way such that the nanosphere and the J-aggregate
formed a core-shell structure while the J-aggregate formed a film on the substrate. The tightly
focused beam was created using a k-space beam profile approach [55]. (Color online only)

2.2 Resonance coupling between the anapole state and molecular excitons

To investigate the resonance coupling between the optical anapoles and molecular excitons, we
have calculated the scattering spectra of a single Si nanospheres, J-aggregate only ring/film,
and J-aggregate-Si nanosphere heterostructures as shown in Fig. 2. The simulated structure is
shown in Fig. 1. For this calculation, to account for the J-aggregate exciton, the dielectric
permittivity is described with a classical one-oscillator Lorentzian model,
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where &,, denotes the high-frequency component of the dielectric function of the J-aggregates/
polyvinyl alcohol (PVA) mixture (set to 2.5) (PVA is used to bind the J-aggregate on the surface
of the nanospheres), w, is the exciton transition frequency, y is the exciton line width (set to
58 meV), and f is the oscillator strength (varied from 0.2 to 0.4, depends on molecular
concentration) [22]. In our previous studies, we have shown that the excitation of a nanosphere
using azimuthally polarized beam excites only the magnetic modes. On the contrary, for RP
beam illumination, only the electric modes are excited within the nanosphere [34], and thereby
allow for the excitation of an anapole state within the nanospheres [29]. The dips in the
scattering spectra observed at wavelength, A ~ 485 nm, and A = 495 nm corresponding to the
single Si nanospheres of d = 160 nm, and 220 nm, as shown in Figs. 2a and 2d (blue curves),
respectively are signature of anapole states that appear under RP beam illumination.

Figs. 2a and 2d also show the scattering intensity of single nanosphere-J-aggregate
heterostructures with the J-aggregate thickness, f ~ 20 nm, and nanosphere diameter, d = 160
nm, and 220 nm, respectively for oscillator strengths, /= 0.2 (red curves) and 0.4 (green curves)
under RP beam illumination. In this calculation, the exciton transition frequency was set to
anapole frequency (A = 485 nm for d = 160 nm, and A = 495 nm for d = 220 nm), which can be
tuned by varying the diameter of the Si nanosphere to match the exciton transition frequency
of the J-aggregate for various applications. Therefore, depending upon the excitation transition
frequency of a specific J-aggregate, the anapole frequency can be tuned accordingly. For
practical purposes, a number of J-aggregates can be used. For example, Cyanine dye in a PVA
matrix (Aex = 693 nm) [4], TDBC dye in PVA matrix (Aex = 593 nm) [22], ezc. have been used
to investigate resonance coupling within plexcitonic systems in the optical regime.
Nevertheless, one can clearly see the appearance of a scattering peak around the exciton
transition frequency and the splitting of an anapole state of the nanosphere into a pair of
scattering dips with the splitting enlarged as /" increases, as indicated by the dashed circle region
in Figs. 2a and 2d for nanosphere diameter, d = 160 nm, and 220 nm, respectively. These results
indicate a strong resonance coupling between the optical anapoles and J-aggregate molecular
excitons under RP beam illumination.
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Fig. 2. (a) and (d) show scattering intensity of the heterostructures for Si diameter, d = 160 nm,
and 220 nm, respectively and J-aggregate thickness, # = 20 nm, and oscillator strengths, /'= 0.2
and 0.4. (b) and (e) show the multipolar decomposition of the scattering spectra of J-aggregate



only for J-aggregate inner diameter of 160 nm, and 220 nm respectively with =20 nm, /= 0.2.
(c) and (f) show the multipolar decomposition of the scattering spectra and J-aggregate-Si
nanosphere heterostructure for Si diameter, d = 160 nm, and 220 nm, respectively, with = 20
nm, and /= 0.2 under radially polarized beam illumination. (Color online only)

To understand the origin of this coupling and splitting of the anapole states, we have
performed multipolar decomposition of the scattering spectra of the J-aggregates only (Figs. 2b
and 2e), and J-aggregate-nanosphere heterostructures (Figs. 2¢ and 2f), for f=0.2. The results
show that the scattering from both the J-aggregates only and J-aggregate-nanosphere
heterostructures are dominated by the contributions from the electric and toroidal dipolar
resonances with some contributions from electric quadrupole resonances. Since the anapole
state of the Si nanosphere is caused by the destructive interference of the Cartesian electric and
toroidal dipolar moments [28, 29], the splitting of the anapole state of the heterostructure can
also be attributed to the coupling of the Cartesian electric and toroidal dipolar moments between
the Si nanosphere and J-aggregate. This mechanism is similar to the coupling of the Cartesian
electric and toroidal moments between the Si nanodisk and the J-aggregate ring under PW
illumination [35]. The electric quadrupole resonance also contributes to the scattering dip for
the heterostructure (purple line). As a result, there is a slight shift between the scattering dip
and the crossing point of the Cartesian electric and toroidal dipole moments, which is similar
to the contributions from magnetic quadrupole resonance for coupling between the Si nanodisk
and the J-aggregate ring [35].

2.3 Anticrossing behavior and Rabi splitting in heterostructures

The coupling between molecular excitons and optical anapoles can result in an anticrossing of
the dispersion curves and the formation of two hybrid energy states separated by a Rabi
splitting, similar to the plasmon-exciton coupling in plexcitonic systems [1, 3, 7, 17-22]. The
Rabi splitting values can be extracted using a coupled oscillator model, where the energies of
the upper band (UB) and lower band (LB) can be written as [4, 56],

Eupus(hwg) = 2222 1+ 497 + (hw, — ho,)’ 6)

where fiw, and hiw, are the energies of the optical anapole and exciton transition, g is the
transition rate, and the Rabi splitting energy (A = 2g) can be obtained when hw, = hw,.
Figs. 3a and 3b show the energy diagrams associated with the scattering of Si nanosphere, and
nanosphere-J-aggregate heterostructure, respectively, that were calculated by varying the
diameter of the Si nanospheres (d = 120 to 200 nm), thereby tuning the energy of the anapole
states across the exciton transition frequency, for f= 0.2 under RP beam illumination. The
energy diagram of Si nanosphere (Fig. 3a) shows that the energy of the anapole state varies
linearly with increasing diameter (energy) (white dashed dotted line). The energy diagram of
the heterostructure (Fig. 3b) shows a distinct anticrossing behavior when the anapole energy is
varied across the exciton transition energy. Note that this anticrossing behavior and the
associated mode splitting are not specific to anapole states, rather this has been previously
observed for resonant coupling in the plexcitonic systems [1, 3, 7, 17-22]. However, instead of
scattering peaks as observed for resonant coupling in plexcitonic systems, scattering dips
appear in the energy diagram, which is termed as UB and LB hybrid anapole states for resonant
coupling of molecular excitons and anapole states. The energy diagram of Fig. 3b was fitted
with Eq. (2) as indicated by the green curve for UB and cyan curve for LB in Fig. 3b. The fitting
results show the Rabi splitting energy is approximately 200 meV as shown by the black double-
sided arrow in Fig. 3b. This value is approximately 25% higher than that of the mode splitting
energy of 161 meV associated with Si nanodisk and J-aggregate heterostructures under PW
illumination [35]. Furthermore, a splitting energy of 200 meV is amongst the highest values
reported for single nanoparticles [1-10].
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Fig. 3. Energy diagrams associated with the scattering of (a) Si nanosphere, and (b) nanosphere-
J-aggregate heterostructure that were calculated by varying the diameter of the Si nanospheres
(d =120 to 200 nm) for /= 0.2. The energy diagram of the heterostructure (b) shows a distinct
anticrossing behavior with a Rabi splitting energy = 200 meV as indicated by the double-sided
black arrow. (Color online only)

2.4 Tuning the resonance coupling between the anapoles and molecular excitons

The resonance coupling between the anapoles and molecular excitons in the nanosphere-J-
aggregate heterostructures is governed by the optical response of the anapoles as well as the
molecular excitons of the J-aggregates. Therefore, the J-aggregate parameters, such as
thickness (#), exciton transition line width (y), and oscillator strength (f) play a critical role in
resonance coupling between the optical anapoles and molecular excitons. Figs. 4(a-c) show the
scattering spectra of nanosphere-J-aggregate heterostructures for nanosphere diameter, d = 160
nm for different values of J-aggregate thickness (0 < t < 100 nm), exciton transition line
width (10 < y < 150 nm), and oscillator strength (0.01 < f < 1.0), respectively.

Although the near-fields associated with the optical anapoles have finite penetration depth,
the field enhancements can extend into the J-aggregate ring [35]. Increasing the J-aggregate
thickness, ¢, results in a larger quantity of molecules participating in the resonance coupling.
Consequently, a stronger coupling between the optical anapoles and molecular excitons can be
obtained with increasing J-aggregate thickness as evident by larger splitting of the LB and UB
hybrid modes as shown in Fig. 4a (calculated for d = 160 nm,y = 58 meV, f'= 0.2). The
resonance energy of the LB is found to continuously red shift with increasing thickness as
expected [35]. On the other hand, the resonance energy of the UB initially blue-shifts as
expected [35], but then continues to red-shift. This can be attributed to the weaker resonance
coupling between the outermost molecules and optical near-fields as well as stronger radiative
damping with increasing J-aggregate thickness. As a result, the UB hybrid mode becomes
weaker and narrower as shown in Fig. 4a.

The scattering spectra of the heterostructure with varying excitation transition line width, y
reveal that the peak intensity of the exciton transition resonance of the J-aggregate ring
decreases with increasing y, and UB and LB resonance hybrid energy modes broaden and for
> 75 meV, the two resonance modes merge as shown in Fig. 4b. An increase in y results in
reduced intensity of the exciton transition resonance, and the scattering peak that separates the
UB and LB hybrid modes become shallower because of increased damping [35]. Therefore,
with increased line width, at an upper limit (~ 75 meV in our case), the resonance coupling can
no longer compete with the dissipation and therefore the coupling is no longer observed.

Fig. 4c shows the scattering spectra of the heterostructure for varying oscillator strength, f.
The results show that the scattering peak intensity around the exciton transition becomes
stronger and wider, and the splitting between the UB and LB resonance hybrid energy mode
increases with increasing f. This can be attributed to the stronger resonance coupling between
the exciton transition and optical anapoles resulting from increasing molecular concentration,
and thereby stronger transition dipole moments with increasing f* [35].
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3. Conclusions

In conclusion, we have numerically calculated the resonance coupling between the exciton
transition and the anapole state within a Si nanosphere and a molecular J-aggregate
heterostructure under tightly focused radially polarized cylindrical vector beam illumination.
We find that the anapole state and exciton resonance couple strongly within Si nanosphere-J-
aggregate heterostructures, and the resonance coupling is accompanied by scattering peaks
around the exciton transition frequency. We also find that the anapole state splits into a pair of
eigenmodes characterized as pronounced scattering dips, and the mode splitting undergoes an
anticrossing behavior with a splitting energy = 200 meV. This mode splitting energy is ~ 25%
higher than the mode splitting energy of 161 meV associated with Si nanodisk and J-aggregate
heterostructures. Our results demonstrate that a stronger resonance coupling between the
anapole state and exciton resonance could be achieved within Si nanosphere and J-aggregate
heterostructures under radial beam illumination. In solid state systems made up of quantum
emitters or single molecules and an optical cavity, the quantum nature of the quantum-dot—
cavity system and single-molecule-cavity system has been demonstrated in the strong-coupling
regime [57, 58], which could be beneficial for future applications, such as in information
processing and sensing. Therefore, resonant coupling of the anapole states and heterostructures
could be a promising platform nanophotonic applications such as in information processing and
sensing in future.
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