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1. Excitation of the magnetic dipole resonance of silicon nanoparticles with dipole
emitters
The magnetic dipole resonance of a silicon nanoparticles can be excited by either
electric or magnetic dipole emitters, depending on the where the dipole resides.
As the magnetic fields associated with the MD mode are mainly trapped at the
center of the particle, a magnetic dipole emitter at this site would most efficiently
excite the MD mode (as shown in Fig. S1). Similarly, an electric dipole near the
inner particle surface overlaps the MD-associated electric field hot spot and is able

to excite the MD mode, too.



-ﬂ

—~ ] —P excitation
-] —— m excitation
L 5
=
- -
= 44 m
(&)
S
n 3-
- p
8 s
B 2]
-
W 1-
0 T ' T Y T L 1
500 600 700 800

Wavelength (nm)

Figure S1. The emission spectra of a silicon nanosphere coupled to a magnetic dipole (m)
emitter located at the particle center or electric dipole (p) placed 1 nm away from the inner

particle surface.

2. The different coupling configurations of an electric dipole near silicon

nanoparticles

An electric dipole oriented tangential to the surface of a Si nanoparticle can efficiently excite its
magnetic dipole mode. But when the dipole is oriented along the surface norm, as shown in Fig.2Sa,
it dominantly excites the ED-type particle mode, regardless of the presence of a dielectric
substrate or not (Fig. S2b). When the surface-nearby electric dipoles have concurrent tangential
and orthogonal components, the ED-type particle mode dominates the total excitation (&4
~ 39%, Fig. S2c) at the MD resonance wavelength. When such an orthogonal electric dipole pair
is located inside the particle yet still close to the surface, the MD-type resonance dominates the
total excitation (0,,q~ 98.8%, Fig. S2d). This means; to achieve exclusive excitation of the MD-
type particle resonance with an external electric dipole emitter, the emitter shouldn’t have dipole

component orthogonal to the particle surface.
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Figure S2. The coupling between the Si particle multipoles and an electric dipole with different
orientations. (a, b) The emission multipoles of an electric dipole near the Si nanoparticle surface
in air (a) or on a silica substrate (b), with the dipole moment oriented along the surface norm
direction. The dipole-surface distance is 1 nm, and the particle-substrate separation distance is 2
nm. (c, d) The emission multipoles of a Si nanoparticle coupled to an electric dipole pair with
concurrent tangential and orthogonal dipole orientations, located on either the out (c) or inner (d)

side of the surface.

3. The scattering pattern at the MD resonance wavelength of a SiNS illuminated by
plane wave
The scattering MD resonance of a Si nanoparticle illuminated by a plane wave
contains contributions from both ED and MD multipoles, which can be resolved

from its scattering patterns. As show in Fig. S3a, the far-field pattern of a pure MD
source m,, exhibits the well-known doughnut-shaped pattern, with the dark axis,

corresponding to the direction along which the radiation intensity is zero, aligned
to the dipole axis (y). In contrast, for the plane wave (E, polarized) illuminated Si
nanoparticle, the scattering intensity along the dark axis is nonzero (Fig. S3b),

which can be attributed to the excitation of the ED-type antenna mode.
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Figure S3. Comparison of the emission pattern of pure magnetic dipole in air (a) and the scattering
pattern of a spherical Si nanoparticle (diameter 190 nm) illuminated by a plane wave (b). In
simulation, the scattering wavelength is set at the magnetic dipole resonance of the particle (750

nm).

4. Analytical model for description of the scattering by a nanosphere excited by
electric dipole source
We consider the emitter as an electric point dipole, and its dipole moment can be expressed
as p :épS(r—rs)6(6)6(¢), where p is the magnitude of the dipole moment, and 7y
= a + d with the radius a of the silicon nanosphere (SiNS) locating at the origin of spherical
coordinate (r,8,¢) and the distance d between the dipole and the surface of the SiNS. The
time-harmonics of the electromagnetic fields are assumed to be e“t. Consequently, the

incident electric field of the electric dipole can be expressed in the spherical coordinate as!:
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where w is the angular frequency, k is the wavenumber, € = g€, is the complex permittivity,

¢ and ™™ are the Debye potentials. Specifically, the Debye potentials can be written as:

JnCkr RSP (kers),

ko1a ZAn(quH ')

m* _plae'r’ar nn+1)
- A.(0.9.6'9) @
w" = oy —— a¢>z ooy inller OB (),

where 1L = g/t is the complex permeability, (1,8',¢") is the location coordinate of the dipole,
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spherical Bessel function j, and spherical Hankel function hﬁz), P is the associated Legend

function, and r\r is the smaller\larger one of the position vectors of the source s and the
observation point 1, respectively. Particularly, for the dipole located at the point (7,0, 0), the

Debye potentials can be written as:
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Accordingly, the electric field inside the SiNS can be expressed as:
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and the electric field scattered by the SiNS can be expressed as:
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By examining the boundary conditions for the component of the electric fields, the four

coefficients CS), (i=1,2,3,4) can be determined. We have found that the four coefficients

are similar to the conventional Mie coefficients derived in the case of plane wave scattered by
nanoparticles but with some modifications?. For example, the scattering coefficients can be

expressed as:

g4 = (k/ko) Wn(k1@) Y (ko) 1112 — Pn(ko@) Yin(k1a) n3n4
" (ka/ko) Yu(ki@)En(koa) mnz — Enlko@) Py (k1) nana

pdiv _ Yn(k1@) Wnlkoa) minz — (k1/ko) Yn(koa) ¥ (k1a) 11374
" Ya(kaa) §n(koa) nanz — (k1/ko) En(koa) YWi(kaa) nana




where Y, (p) = p ja(p) and &,(p) =ph£l1)(p) are the Riccati-Bessel functions, and the

introduced modifications induced by the dipole are n1=ph,(11)(p)|p=k1(a+d), Ny =

1 ' 1 1 ’ )
[P hgl )(P)] lp=ko(atd), M3 =P hgl )(p)|p=k0(a+d)r N4 = [.0 hgl )(P)] lp=k,(a+a)- For a fixed
distance between the dipole and the SiNS, these modifications are constants. Therefore, the

scattering efficiency is:
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As can be seen in the equation above, the scattering efficiency of multipoles can be modified by
the dipole compared to the case of plane wave scattering. These modified scattering efficiencies
also has a distance-dependence introduced by the coefficients n; (i = 1,2,3,4) with the spherical
Hankel function of dipole radiation. Therefore, the distance d between the dipole and the surface
of the SiNS is also a critical parameter to minimize the contribution of electric dipole resonance,
leading to pure magnetic dipole radiation. It should be noted that the constant coefficient differs
from those in other works3#is due to the fact that we have employed the modified Mie coefficients
containing the coefficients 7; (i = 1,2,3,4). When the dipole is far enough away from the SiNS,

the coefficients n; can be cancelled because the spherical Hankel function is asymptotically given
—_i\Npikr
by hfll)(kr)~%, kr > n?. Therefore, the scattering property of dipole radiation by the SiNS

approaches the case of plane wave illumination.

5. The evolution of different emission multipoles with varying particle-emitter
distances

To distance between the Si nanoparticle and a nearby ED emitter could affect the coupling
strengths of the different particle multipoles and the emitter. To investigate this effect, we vary
the particle-emitter distance (d), as illustrated in Fig. S4f, and inspect the evolutions of the
different emission multipoles. Fig S4 show the multipole expansion of the total emission of an
EDCcSINS with varying d. We see that the total emission is dominated by the MD and MQ modes,
both of which exhibit weak dependence on d in the range of 1 — 10 nm. Particularly, the mode-
purity factor of the MD resonance (§,,4) demonstrates low sensitivity to d, showing a §,,4 > 0.99

even at relatively large distance (Fig. S4f), say, d = 10 nm.
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Figure S4. (a) The emission spectrum of an EDcSINS with varying particle-emitter distance d. (b-e)
The multipole expansion of the total emission shown in (a), mainly including the ED (b), MD (c), EQ
(d) and MQ (e) components. (f) The evolution of the mode-purity-factor of the MD mode ( §;,4) of
an EDcSINS with varying particle-emitter distance (d).

6. The modification of the dielectric substrate of the multipolar scattering and
emission responses of a silicon nanoparticle

In experiment, silicon nanoparticles are usually placed on a dielectric substrate, which could
modify the nanoparticle resonances. As shown in Fig. S5a, the silica substrate induces significant
magnetoelectric coupling at the MD resonance wavelength®, manifesting as a weak peak in the ED
spectrum. However, this magnetoelectric coupling is marginal for the emission multipoles excited
by a near-surface electric dipole (Fig. S5b), and the total emission character is not significantly

modified by the dielectric substrate with respect to the EDcSINS in air (Fig. 1d).
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Figure S5. The scattering (a) and emission (b) multipoles of a silica-supported silicon nanoparticle
(diameter 190 nm) illuminated by a plane wave and an electric dipole (transversely polarized) near
the surface, respectively. The nanoparticle-substrate distance is 2 nm and the electric dipole

source is located in the middle of the gap.

7. Experimental setup
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Figure S6. Experimental setup. BFP: back focal plane , DM: dichroic mirror, LPF: long-pass filter,

LO0-L12: lens and EMCCD: electron multiplying charge-coupled device (image sensor or camera).
The multi-mode fiber is connected to a spectrometer and delivers the photoluminescence signal
for spectral analysis.

Recording the back focal images of individual emitting nanostructures usually requires highly

sensitive, low dark-current CCD cameras. Here we used an electron-multiplied CCD camera (iXon3)



from Andor, Inc. It features extremely low dark noises and high quantum efficiency at the
detection wavelength range. Besides, we set longer exposure time (0.5s) for measuring the BFI
images of etched EDCSINS (Fig. 4d) with respect to their unetched counterparts (0.1s, Fig.4e),
because the emission from etched sample contains only the WSe, emission coupled to the Si
nanoparticles, much weaker than that of the etched one containing both coupled and uncoupled

WSe, emission.

8. The emission of monolayered WSe2 off-resonantly coupled to a silicon
nanoparticle

When the structural MD resonance of a hybrid SiNS-WSe, structure doesn’t match the exciton
wavelength of the WSe,, the emission character of the WSe, will be modified and tuned to the
same wavelength of the MD resonance, as shown in Fig S7a, b. Besides, the emission patterns of
such off-resonantly coupling structures exhibit clear MD characters as for their resonantly coupled
counterparts (Fig. S7c, d), i.e., the two-lobes-shaped emission profiles orienting along the
transmission axis of the analyzer (T,). These observations agree well with the simulation results
shown in Fig.S8, in which the electric dipole emission at wavelength far from the MD resonance
peak of the Si nanoparticle (see the insets in Fig. S8 showing the case for 650 and 850 nm) still

preserves dominant MD characters in their radiation profiles.
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Figure S7. The emission characters of the WSe, monolayer off-resonantly coupled to a Si



nanoparticle. (a, b) The emission spectra (red) of two hybrid SiNS-WSe; structures which show MD
resonances significantly deviate from the excitonic wavelength of monolayered WSe,.The
scattering spectra (black) of the hybrid structures, as well as the emission spectra of bare WSe,
monolayers (shadowed blue) are also shown for reference. (c, d) The corresponding emission

patterns of the structures in (a, b).
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Figure S8. Multipole expansion of the emission of an EDcSINS and simulated emission patterns at

different wavelengths. The particle diameter is 190 nm, and the emitter-surface distance is 1 nm.
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