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Manipulating the photonic Hall effect with hybrid Mie-exciton resonances
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We examine the far-field optical response, under plane-wave excitation in the presence of a static magnetic
field, of core-shell nanoparticles involving a gyroelectric component, either as the inner or the outer layer,
through analytic calculations based on appropriately extended Mie theory. We focus on absorption and scattering
of light by bismuth-substituted yttrium iron garnet (Bi:YIG) nanospheres and nanoshells, combined with
excitonic materials such as organic-molecule aggregates or two-dimensional transition-metal dichalcogenides,
and discuss the hybrid character of the modes emerging from the coupling of the two constituents. We observe
the excitation of strong magneto-optic phenomena and explore, in particular, the response and tunability of a
magneto-transverse light current, indicative of the photonic Hall effect. We show how interaction between the
Bi:YIG and excitonic layers leads to a pair of narrow bands of highly directional scattering, emerging from the
aforementioned hybridization, which can be tuned at will by adjusting the geometrical or optical parameters
of the system. Our theoretical study introduces optically anisotropic media as promising templates for strong
coupling in nanophotonics, offering a means to combine tunable magnetic and optical properties, with potential
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implications both in the design of all-dielectric photonic devices but also in novel clinical applications.

DOLI: 10.1103/PhysRevB.102.195415

I. INTRODUCTION

Scattering and absorption by composite multilayered
nanoparticles (NPs) have long been at the forefront of in-
terest in nanophotonics, with plasmonic structures providing
so far the most prominent and fertile template [1-6], aim-
ing to manipulate electromagnetic (EM) fields and generate
new, hybrid elements with unique optical properties [7-9].
Plasmons, i.e., collective oscillations of the conduction-band
electrons in metals, are known to exhibit a resonant behavior,
tunable through the geometrical and optical parameters of the
NP and its environment, triggering impressive optical phe-
nomena, such as huge enhancement and confinement of light
in subwavelength volumes [10]. Nevertheless, high inherent
Ohmic losses hinder the widespread use of metals in everyday
photonics [11], and focus has recently turned towards high-
index dielectrics [12,13]. In this context, single or composite
silicon NPs have been the subject of renewed theoretical and
experimental interest, exposing a richness of optical modes, of
both electric and magnetic character, generated by oscillating
polarization charges and circulating displacement currents
inside the particle [13—15]. In contrast to plasmonic assem-
blies that usually support negligible magnetic resonances,
dielectrics can be fabricated to combine strong magnetic re-
sponse with low intrinsic losses and enhancement of light
comparable to their plasmonic counterparts [16,17]. More-
over, due to their compatibility with existing technologies
in microelectronics and the relative ease of fabrication, all-
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dielectric nanodevices have been proposed as a promising
alternative to nanoplasmonics with possible applications in
biosensing [18], metamaterials [19-21], nanoantennas [22,23]
and slow light [24].

Of particular interest is the case of composite NPs consist-
ing of a dielectric component and an excitonic layer sustained
by J-aggregates of organic molecules or two-dimensional
(2D) transition-metal dichalcogenides (TMDs), operating at
or close to the strong-coupling regime. Such architectures
offer even broader functionality and flexibility in applica-
tions, while also providing crucial new insight into the
nature and mechanisms governing light—matter interactions.
Recently, silicon—J-aggregate heterostructures were explored,
from both a theoretical and an experimental aspect, as an al-
ternative to plasmon-exciton hybrids termed plexcitons [7,25],
revealing the formation of hybrid modes of photonic-excitonic
character, termed, in an equivalent manner, Mie excitons
[15,26-29]. In particular, since their emergence in literature, it
has been envisaged that the complex, magnetic nature of their
modes would eventually allow us to externally manipulate
them with static magnetic fields [26] in analogy with active
magnetoplasmonics [30], a feature that has not, however, been
explored as yet.

At the same time, composite magnetic NPs with core-shell
morphology—usually a magnetic core coated with a biocom-
patible organic dye—are proposed as suitable building blocks
for novel clinical applications in nanomedicine, for a diversity
of purposes including imaging, drug delivery, and photother-
mal therapy [31-37]. A key advantage of magnetic NPs is
their ability to respond to multiple external stimuli (light,
magnetic field, temperature, etc.) in a noninvasive manner,
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i.e., without perturbing the biological system. However, the
coexistence of light and magnetism in a system characterized
by its ability to respond to both gives rise to optical anisotropy,
and thus to magneto-optic phenomena, a thorough study of
which is required when considering medical applications. The
formulation of Mie scattering by optically anisotropic spheres
has already been analytically developed [38] and explicitly
performed for plasmon-coated Bi: YIG and magnetite particles
of various geometries, exposing strong magnetochirality and
a prominent plasmon-driven photonic Hall effect [39-42]—
not to be confused with the spin Hall effect which is purely
based on the polarization of light and no magnetic field is
needed [43]. In analogy to the classical Hall effect, in its pho-
tonic counterpart an incident EM wave propagating through
a gyroelectric medium along a direction perpendicular to the
applied magnetic field is deflected transversely to both the
propagation and the magnetic-field direction. Although being
essential for understanding the underlying physics and for the
design of all-dielectric devices, a thorough investigation of the
photonic Hall effect and ways to control it in nonplasmonic
core-shell assemblies is still missing. Here, we analyze the
photonic Hall effect in composite nanospheres, consisting of
a gyroelectric and an excitonic layer, showing that the in-
teraction of Mie resonances with excitonic modes leads to a
hybridization manifested through the splitting of the observed
magneto-optical response into two narrow bands.

The paper is structured as follows. In Sec. II we summarize
and extend Mie theory for scattering and absorption by coated
gyroelectric NPs and nanoshells, and present the scattering
cross-section formula for the Hall photon current. In Sec. III
we present our theoretical results regarding two specific exam-
ples, i.e., a bismuth-substituted yttrium iron garnet (Bi:YIG)
nanosphere with an excitonic coating, and an excitonic core
coated with a Bi:YIG nanoshell. Our main findings are sum-
marized in the last section of the article.

II. THEORETICAL METHOD

Let us assume a time-harmonic, monochromatic plane
EM wave of angular frequency w, incident on a gyroelectric
sphere of radius R embedded in an infinite homogeneous
host medium that is characterized by scalar permittivity and
permeability €, and p;, in the presence of a static magnetic
field B. The presence of the magnetic field induces a Lorentz
force, which needs to be added in the equations of motion of
electrons in the sphere, leading to an anisotropic permittivity
tensor [44]. If the orientation of the magnetic field is along the
z axis, the permittivity of the sphere is given by

e —ig, 0
€1 = ¢ | i €, 0], D
0 0 1

while the permeability w; is scalar, practically equal to unity
in the optical regime [45]. The tensor components are in
general complex functions of frequency, taking dispersion and
dissipative losses into account while naturally being causal
and fulfilling the Kramers-Kronig relations.

The fields inside and outside the sphere can be expressed
in the basis of vector spherical harmonics. Given the electric-
field component Eg of the incoming plane wave, the incident

electric field can be written as
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where P = H, E refers to the transverse magnetic (TM)
and transverse electric (TE) polarization, [ and m are the
angular-momentum indices, Fg,,, Fgi, are the TM and TE
wave functions, respectively, explicitly given later on, a® =
[aY,,, a,.17 withl € [1,00) and m € [—[, ] is the ampli-
tude of the incident wave (see the Appendix), and a* = Ta’
is the amplitude of the scattered spherical wave, where T is
the scattering matrix. The infinite expansion series describing
the fields inside and outside the particle can be truncated in
practice at a certain value /;,,x and in this case the amplitudes
are (ng x 1) column vectors, where ny; = lyax (Imax + 2). In
our calculations /,x =5 is adequate to provide converged
spectra. It can be shown that T takes the form [46]

T=ZU+AZ)!, 3)
with
=A-A) ' (V-u), (4)

where the matrices A, A’, V, U are provided in the
Appendix.

Having calculated the scattering matrix T, the extinction,
scattering and absorption cross sections, normalized to the
geometric cross section 7 R?, are obtained by [47]
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where k, is the wave number in the host environment.

We now consider the above gyroelectric sphere of radius
Ry, coated with a concentric spherical shell of radius R, and
optical parameters €, and p,—index 3 now refers to parame-
ters of the host medium, as shown in the schematics of Fig. 1.
Boundary conditions at the outer surface S, of the composite
sphere require continuity of the tangential components of the
electric and magnetic field, yielding

= Aa’ 4+ Ua’, (62)
at = A’a’ + Va’, (6b)
where
U = UsT + Ug, (7a)
V =VAT 4+ Vg (7b)

(see Appendix for matrices A, A, Ua, Ug, Va, V).

195415-2



MANIPULATING THE PHOTONIC HALL EFFECT WITH ...

PHYSICAL REVIEW B 102, 195415 (2020)

e 1: Gyroel. Core
e 2: Shell
e 3: Host Medium

FIG. 1. A nanosphere consisting of a gyroelectric core and an
isotropic shell of inner radius R, and outer R, illuminated by a plane
EM wave in the presence of an external static magnetic field B.

Equations (6) lead to the following expression for the scat-
tering matrix of the core-shell system:

T =7R, ®)

with
=O"'-vH )
= (U A -V IA). (10)

We will now derive the scattering matrix of the inverse
core-shell configuration, that is, a gyroelectric shell with a
homogeneous medium both inside the cavity and as the host
environment, as shown in Fig. 2. The wave equation for the
electric displacement vector D, inside the gyroelectric shell
can be obtained by substituting Eq. (1) into the source-free
Maxwell equations, yielding

V x V x [e:¢,'D(r)] — k5D(r) = 0, (11)

with k, = %m being the wave number in medium 2 and
c the speed of light in vacuum.

Similarly to the procedure followed in Ref. [46], one can
show now that the fields in the second layer are

2
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e 1: Core
e 2: Gyroel. Shell
e 3: Host Medium

FIG. 2. A nanosphere of excitonic-gyroelectric core-shell config-
uration, of inner radius R, and outer R,, illuminated by a plane EM
wave in the presence of an external static magnetic field B.

with F = J, H satisfying

Frim(r) = fi(kr) Xim(F), (14)

Frim(r) = éV X fi(kr) Xpm(F), 5)
1

Frim(r) = 2 VLfitkr)Yim(©)], (16)

representing transverse magnetic, transverse electric, and
longitudinal wave functions respectively, while f; = jj, hlJr
corresponds to either the spherical Bessel or Hankel function
of the first kind, X, are the vector spherical harmonics, ¥,
are the ordinary spherical harmonics, and f represents the de-
pendence on the polar and azimuthal angle collectively [48].
Boundary conditions at the inner (S;) and outer (S;) sur-
face determine the expression for the scattering matrix T:

Z=(L—-L)(V-U, (17
=WU+LZ), (18)
T = ZR, (19)
where
U=U"M+U3, (20a)
VY = VM 4 V3, (20b)
M = (US — V) T (VS — U, (20¢)

The matrices entering the above formulas can be found in the
Appendix.

An incident EM wave with linear polarization causes
displacement of charge carriers along the direction of the
electric-field oscillation. The Lorentz force that acts on this
movement in the presence of the magnetic field is per-
pendicular to both the magnetic-field and the electric-field
polarization (F; o v x B), where v is the velocity of the car-
riers. In our case, if a y-polarized wave propagates along the
x axis and the magnetic field is along the z axis, the Lorentz
force induces a polarization of charges along the § x Z = X
axis, corresponding to the photonic Hall effect. As a result,
there is a component of light scattered along the ¥ direction. It
has been shown by Varytis et al. [39] that the scattering cross
section of this transverse component, oy, along the ¥ axis is
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given by the following exact analytic expression:
1 2
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where the amplitudes a;lm compose the column vector of the
scattered wave, with

a' =3/l —m{A+m+1), (22)
and
=5 1 \/l(l+2)(l+m+l)(l+m+2). o)
(I+1) QI+ 121 +3)

III. RESULTS AND DISCUSSION

To design a Mie-excitonic system with strong photonic
Hall effect, comparable to that emerging in plasmonic-
gyroelectric structures [39], we will perform an analytic study
of composite core-shell NPs consisting of a gyroelectric and
an excitonic layer embedded in air. Unlike plasmonic layers,
whose main function is to enhance the near-field and hence
any observable effect, the presence of an excitonic layer is
expected to lead to a hybridization and an emergence of a
tunable double-resonance feature, as we will show below. We
assume, to begin with, a plane wave propagating along the
x axis, incident on a Bi:YIG sphere of radius R; = 100 nm,
while subjected to a static magnetic field oriented along the
z axis. Bi:YIG is chosen as a typical gyroelectric high-index
dielectric material, characterized by the experimental optical
parameters of Ref. [49] (measured at saturation) reproduced
in Figs. 3(a) and 3(b).

As shown in Fig. 3(c), the extinction and scattering cross
sections of this particle, in the visible part of the spectrum,
are characterized by a pronounced resonance at 2.24 eV,
attributed to the magnetic dipolar Mie mode, over a wide
but weak electric dipolar background [for the decomposition
of the extinction spectrum into its multipolar contributions,
see Fig. 3(d)], whereas higher-order contributions are almost
negligible. This behavior is quite reminiscent of the response
of Si NPs [14]; what it offers additionally, however, is the
non-negligible response to an external magnetic field, con-
trary to what one might at first anticipate from Figs. 3(c) and
3(d). While comparison between the extinction spectra in the
presence and absence of the static magnetic field shows that
the position and width of the magnetic dipolar resonance is
practically unaffected, one should not forget that, first, Bi:YIG
reaches saturation at relatively weak magnetic fields [50] and,
second, any magneto-optic properties, including the photonic
Hall effect, are completely eliminated when the field is turned
off. The absorption spectrum does not exhibit a Lorentzian-
like peak, but a plateau instead, as one could expect from
the permittivity data of Figs. 3(a) and 3(b). The large positive
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FIG. 3. The real (orange line) and imaginary (green line) part of
the (a) diagonal and (b) nondiagonal elements of the permittivity
tensor [Eq. (1)] of Bi:YIG [49]. (c) Extinction (black solid line),
scattering (gray dashed line) and absorption (gray dotted line) cross
sections normalized to the geometric cross section of a Bi:YIG
nanosphere of radius R; = 100 nm subjected to a static magnetic
field and embedded in air. (d) Magnetic (blue) and electric (red)
dipolar (solid lines) and quadrupolar (dotted lines) contributions to
the extinction cross section (black solid line) for the particle of panel
(c) in the absence of the magnetic field.

value in the imaginary part of the diagonal elements of the per-
mittivity tensor for energies larger than 2.5 eV reveals that this
plateau appears most probably due to interband transitions.

The magneto-optical properties arising in gyrotropic media
owe their existence to the nondiagonal components of the per-
mittivity tensor and vanish above the Curie temperature (here
Te =~ 590 K [51]). For the Bi: YIG sphere the nondiagonal ele-
ments are large enough to produce magneto-optic phenomena
[Fig. 3(b)]. In the present work we shall only be concerned
with the photonic Hall effect, but similar conclusions should,
in principle, apply to any other manifestations of magneto-
optics, such as the Faraday, Kerr, or magnetochiral effects
[42,52,53]. As displayed in Fig. 4(b) with the black dashed
line, a strong component of magneto-transverse scattered light
arises at 2.21 eV, close to the magnetic dipolar mode, also
exhibiting a resonant behavior.

Let us now consider a composite particle consisting of
a spherical Bi:YIG core and a concentric excitonic shell of
thickness R, — Ry = 10 nm. Such a design can be synthesized
relatively easily in the laboratory and constitutes a flexible
platform for engineering the hybrid Mie excitons [26]. In
practice, an intermediate or outer shell of silica is usually
required in fabrication for the protection of the organic dye
[34-37]. For the excitonic material we use the following
generic dielectric function:

foq
6exc(a)) = €0 — B B e ;
w* — a)exc — lWYexc

, (24)

where wex. is the excitonic transition frequency, yexc is the
corresponding damping rate, f is the oscillator strength, and
€ 18 the background permittivity. For our calculation we
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FIG. 4. (a) Extinction cross section of a Bi:YIG NP of radius
R, = 100 nm (gray dashed line), an excitonic shell of inner radius
R, = 100 nm and outer R, = 110 nm (gray dotted line), and a core-
shell NP consisting of the Bi:YIG core and the excitonic shell (black
solid line). The extinction cross section (black line) along with the
scattering (dark blue line) and the absorption (dark red line) cross
sections of the coupled structure are show in the inset. (b) Cross
section of the magneto-transverse scattered light of the Bi:YIG NP
(black dashed line) and the exciton-coated Bi:YIG core (blue solid
line), as depicted in the schematics. In all panels air is the host
medium.

choose liwexe = 2.12 eV, fiyexe = 0.1€V, f = 0.65, and €, =
3, values which correspond to an absorption spectrum similar
to that of 1,1’-diethyl-2,2’-cyanine iodide (PIC) J aggregates
[54]. The parameters of the excitonic layer have been cho-
sen so that its resonance frequency lies close to the dipolar
magnetic Mie mode of the core. Figure 4(a) illustrates the
extinction spectra of the two constituents individually (gray
lines), together with the spectrum resulting from the coupling
of the two layers (black solid line). The interaction of the
two components leads to the hybridization of their modes in
analogy to the formation of bonding and antibonding electron
states in molecules, which manifests in the spectra by the
emergence of two resonances [55], separated by an anticross-
ing of width 72 = 0.27 eV. As a result of the addition of the
excitonic layer, the pronounced peak of the Hall photon cur-
rent splits into two peaks with an energy difference of 0.28 eV
of only slightly lower intensity [see blue line in Fig. 4(b)],
following the double peak behavior of the extinction spec-
trum, already indicating the hybrid nature of the Mie exciton,
since it arises from the coupling of two layers, one of which
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FIG. 5. (a) Contour plot of the extinction and (b) the magneto-
transverse scattered light cross section as a function of the exciton
transition energy of the coupled Bi:YIG core—excitonic shell system
(c) From top to bottom: Electric near field profile at the energy of
the first (iw = 2.01 eV) and second mode (iw = 2.28 eV) and the
magnetic near-field profile at the same energies.

is an otherwise nongyroelectric material. The negative cross
section values are associated with the direction of choice at
which the scattered light is computed, since it is not scattered
isotropically.

A clear picture of the avoided crossing is provided in
Fig. 5(a) by adjusting the values of the exciton transition
energy and by extension the detuning of the uncoupled modes.
Since it has been demonstrated in Ref. [56] that the avoided
crossing can also emerge due to enhanced absorption or in-
duced transparency, far from the strong-coupling regime, one
should also evaluate the absorption spectrum of the setup and
the field profile at the energy of the hybrid modes for a more
reliable conclusion. Indeed, the strong coupling is verified
by the double peak in the absorption spectrum shown in the
inset of Fig. 4(a) and the field profiles of Fig. 5(c) of the
two coupled modes, which look very similar, but not identical,
due to the asymmetry coming from the electric dipolar back-
ground. The anticrossing behavior is reproduced in a similar
way by the two modes of the Hall photon current, as shown in
Fig. 5(b).

In what follows, we invert the arrangement of the two
layers and study the photonic Hall effect of an excitonic core-
gyroelectric shell configuration of inner and outer radius R; =
60 nm and R, = 110 nm, respectively. Recently, NPs compris-
ing of gyroelectric shells encapsulating nongyroelectric cores
have been proposed as promising templates for hyperthermia
applications [57]. It should be noted here that architectures
involving an organic-dye core surrounded by a magnetic
shell, challenging as they might be in both fabrication and
application in nanobiotechnology, are beneficial in the theo-
retical search for strongly coupled systems, and they usually
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FIG. 6. (a) Extinction cross section of an excitonic NP of ra-
dius R; = 60 nm (gray dotted line), a core-shell NP consisting of
a Bi:YIG shell, and the excitonic NP of inner radius R; = 60 nm
and outer R, = 110 nm, disregarding the excitonic resonance (gray
dashed line) and the same configuration as taking into account the
excitonic transition (black solid line). The extinction cross section
(black line) along with the scattering (dark blue line) and the ab-
sorption (dark red line) cross sections of the coupled structure are
shown in the inset. (b) Cross section of the magneto-transverse
scattered light of the Bi: YIG shell (black dashed line) and the Bi:YIG
shell-excitonic core NP (blue solid line), as depicted in the schematic
illustrations. In all panels air is the host medium.

provide a clearer physical picture which facilitates under-
standing of the origin of each spectral feature [26].

The excitonic material is described by the dielectric func-
tion of Eq. (24) with liwee. = 2.05 eV, fiyexe = 0.04 eV, f =
0.3, and €5, = 3. When the excitonic resonance is disre-
garded, i.e., f = 0 in the dielectric function of Eq. (24), the
far-field optical response of the Bi:YIG shell [gray dashed
line in Fig. 6(a)] does not differ significantly from that of the
Bi:YIG sphere of Fig. 3(c), exhibiting a well-defined magnetic
Mie resonance at 2.18 eV. As depicted in Fig. 6(a), the exci-
tonic core and the gyroelectric shell have been constructed
so that the resulting resonances appear at similar energies,
leading once again to the double-peak spectrum of the coupled
system. Similarly, the Hall photon current of the gyroelec-
tric nanoshell exhibits resonant spectral features about the
Mie mode, as expected. However, Fig. 6(b) shows that it is
weaker in comparison with the case of the solid gyroelec-
tric nanosphere. Taking the excitonic resonance into account
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FIG. 7. (a) Contour plot of the extinction and (b) the magneto-
transverse scattered light cross section as a function of the exciton
transition energy of the coupled excitonic core-Bi:YIG shell system.

[f = 0.3 in Eq. (24)] has a similar effect on the oy, spectrum
as before; namely, the single broad resonance of Bi:YIG at
2.10 eV has been split into two narrower ones, which can be
important in applications requiring highly directional scatter-
ing in a narrow frequency window. In comparison with the
inverse configuration of Fig. 4(b), this arrangement exhibits
two narrow peaks comparable to each other in both width and
magnitude. In this case, the splitting of the two branches in the
anticrossing diagrams of Fig. 7 both in the extinction spectrum
and the Hall cross section is barely discernible and, in addition
to the absence of the double peak in the absorption spectrum
[inset of Fig. 6(a)], the response resembles a different type
of coupling, i.e., what has been termed enhanced absorption
[56]. Regardless of the coupling characterization, the double
peak of Fig. 6(b) reveals the hybrid nature of the two-layered
sphere, although not strictly operating in the strong-coupling
regime.

Tunability of these modes is a major advantage. An in-
crease or a decrease in the radius of the composite particle
results in redshifting or blueshifting of the Mie modes, re-
spectively. It is therefore straightforward that the maximum
of the magneto-transverse scattered light shifts accordingly. A
rather interesting aspect of the flexibility of such assemblies,
especially in strong light-matter interaction studies, is the
fact that wider splits of the hybrid modes can be achieved
by increasing the oscillator strength of the excitonic dielec-
tric function, as displayed in Fig. 8(b). In particular, in the
case of the gyroelectric core-excitonic shell NP, increasing
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FIG. 8. (a) Comparison between NPs with different damping
rates and (b) with different oscillator strengths. In both panels the
blue solid line corresponds to the cross section of the magneto-
transverse scattered light of the Bi:YIG core-excitonic shell NP of
Fig. 4.

the oscillator strength to f = 0.95—an increase in the dye
thickness would in general have a similar effect [26]—leads
to slightly lower scattering cross section as well as to a wider
split of up to 0.34 eV, which is 0.06 eV larger compared
with that of Fig. 4(b). At the same time, the resonance is
not substantially sensitive to the reduction of the oscillator
strength, since it has to go below f = 0.07 for the hybridiza-
tion to cease completely. On the other hand, the nature of the
coupling is drastically altered by the increase of the damping
rate. Figure 8(a) shows that, for iy = 0.3 eV, the energy-
loss mechanism of the excitonic layer is much faster than
the energy transfer between the two constituents and, con-
sequently, the composite configuration is no longer under a
coupling regime. Alternative routes for higher tunability can
be achieved by considering more sophisticated architectures
of more layers or of various geometries. Magneto-optical
properties of complex plasmon-gyroelectric structures, such
as clusters and helices, have already been studied [41,42],
but a nonplasmonic approach is still missing. A tri-layered
system, comprising all three kinds of components (plasmonic,
excitonic, and magneto-optic) could be a promising route to
further enhance the observed effects, although analyzing the
hybridization of three different modes in that case might not
be straightforward.

IV. CONCLUSIONS

In summary, an analytic method, based on an extended
Mie-scattering theory, to calculate the Hall photon current

for core-shell NPs comprising a gyroelectric layer is pro-
vided, based on Mie theory. Previous work on the photonic
Hall effect has been limited to single gyrotropic spheres
and metal-coated gyrotropic nanospheres characterized by
plasmonic-driven magneto-optical phenomena. Here, strong
magnetically induced optic phenomena in dielectrics coupled
to excitons are reported by studying the photonic Hall effect
in two—layered Bi:YIG-excitonic nanospheres. We show that
these composite particles exhibit a rich optical response and
a prominent photon Hall current, opening new opportunities
for multifunctional dielectric-based photonic platforms, tun-
able by their geometrical and optical parameters, capable to
respond to various external stimuli. Rigorous investigation of
the Hall activity is important for clinical applications, espe-
cially for techniques in which directionality is a key issue.
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APPENDIX

The amplitudes of the incident field are determined by
expanding exp(ik - r) in spherical harmonics [48]:

o 47.”~1(_1)m+1
=T
x [{al"Yi—ms1y(K) + a7 Y u-1)(K) } (k x Eo),
+ '@V ua1y (k) — @ "Y1 (k) } (k x Eo),
— mY,_p(k)(k x Eo).]. (A1)
and
&, = i (D!
VIT+T)
x [{a"Yi— iy (K) + a; " Yi—n—1)(K) } Eoy
+ il{a;"Yz—(erl)(lA() - a,_mYI—(m—l)(R)}EOy
— mY)_n(K)Eo. ], (A2)

where ] is given by Eq. (22).

Matrices A, A’, V, U used in the calculation of the scat-
tering matrix T of a single gyroelectric sphere are given
by [46]

Hp
Apimprm = —J—Slz'amm/5PP’, (A3a)
1
ANpppprim = —J—/”Sufémmfépp/ (A3b)
1
Jij
Ubim;j = Tzlaylm/, (A3c)
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Mok Jij
U m;j — —=a mijs A3d
Elm;j M]kz le Elm;j ( )
J.
Viimj = &#amm;p (A3e)
m1 Jp
ky J1.; VITF Dkjks Ji.
Veimj = —2# Elmj — ##wlm;ﬁ (A31)
kj le ’ k1 le

In the above formulas we have used the notation
Jii = jitkiR), Hyi = hf (kiR), J}; = 2 [rji(kir)]|,—r, and H}; =
%[rhf(kir)]hzk, where j; and & are the spherical Bessel
and Hankel functions of the first kind, respectively and k; =
2 J&m is the wavenumber of the gyroelectric core. The
wave numbers k; and amplitudes ap;,,;; are obtained from the
solution of the eigenvalue problem

k2
1
Z Ale;P’l’m’ale;j - k_zale;j’ (A4)
P/l/ml
where the subscript j = 1,2, ..., 2n; enumerates the eigen-

values and eigenvectors of matrix A and b; is a scalar
coefficient. Explicit expressions for the matrix elements of
A and for wy,,; entering the formulas are provided in
Ref. [46].

For the scattering matrix of the coated gyroelectric sphere,
the following matrices enter into the calculation:

Ji3

Ale;P’l’m’ = _H_sll’amm’SPP’a (Asa)
3
A
A;’lm;P’l’m’ = _L/}Bl/"smm’(SPP” (A5b)
3
Hj,
UA,Hlm = H_811’8mm’ (ASC)
13
u3€z Hpp
Upgim = —= 811 S’ » (A5d)
Ho€3 Hz
J
U xim = 1%311'5;%/, (ASe)
3
u3€er Jp2
UB,Elm = p— ll"smm’v (ASf)
263 Hpz
w3 Hy
VA,HIm = __1/2511’8mm’: (Asg)
1%%) H[3
ks Hz/z
VA,Elm = k_H_,8ll/8mm’» (ASh)
23
U3 J! .
VB,Hlm = _L,ZSH’Smm’ (ASI)
pa2 His
k3 lez .
VB,Elm = __Bll/smm“ (ASJ)
ky Hz/a

For the scattering matrix of the inverse configuration the ma-
trices used are calculated by

Jij

U gim = Ejamm;ﬂsll@mmu (A6a)
ki Jij
US] = ! _’ja m"8 ’amm’s A6b
1,Elm ks I Elm;jOll ( )
1;j
U, im = —J“J At im; jS11 S (A6c)
ki Hyj
US] = ]__Ja m(S ’Smm’v A6d
2Em = ko In Elm;jOll ( )
J .
N M1V
Vibim = Eﬂamm;” (A6e)
k1 ‘]l/ kik Jp.i
yS = = S g — L I+ D)W =L, (A6
1LElm kj Jl/l Elm;j k% ( Jw; i Jl/l (A6f)
H .
M1
Vot = — = i, A6
2,Hlm s Jl/l Hlim;j ( g)
ki Hj; kik H.;
N S ji1 __ L;j
Volkim = KT, agims; — v I+ D)W 7
(AGh)
Hj3 _
Lpimprm = —J—511’5mm'5PPu (A61)
13
‘C}’Im;P’I’m’ = - J/B 811’6mm’5PP’, (A6J)
13
Ji.j
U 15 Him = T;aHlm;jgll’Smm/’ (A6k)
ki3 Jis;
USZ = ! _Ja m"8 ’Smm’s A6l
1,Elm _k3,u2 13 Elm;jOll ( )
us M P A6
2.Him — _Jz3 AHm; jOL O » (A6m)
ki3 Hy;
USZ = ! _Ja m8 ’(Smm’v A6n
2.Elm _k3,u2 13 Elm;jOll ( )
J.
s Mm3 i
Vitim = P A (A60)
k). kiks T
VR = = g — 2104 D =L, (A6
1,Elm kj Jl/3 AElm; k% ( Jw; 3 11/3 (A6p)
H .
S m3 My
Votiim = Eﬂamm;ﬁ (A6q)
ks Hj; kiks H,.;
VR = = g — L2+ D —.
2Em = 3T Elm:j 2 ( YWin: un

(A6r)
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