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ABSTRACT

Dielectric nanoantennas have been suggested for manipulating spontaneous emission of a
magnetic dipole through the magnetic Purcell effect. However, the experimentally observed
enhancement of magnetic dipole emission has been marginal and much smaller than the theoretical
prediction. Here, we develop a composite system, that is, a Si nanosphere decorated with Eu®*
complexes, in which magnetic dipole emission of Eu®* is efficiently coupled to the magnetic Mie
modes of the nanosphere. By means of single particle spectroscopy, we systematically investigate
the light scattering and photoluminescence spectra of the coupled system with diameters of Si
nanospheres from 130 to 245 nm. We demonstrate that by tuning the magnetic quadrupole Mie
resonance to the °Do-'F1 magnetic dipole transition of Eu®*, the branching ratio between the
magnetic and electric dipole transitions is enhanced up to 7 times. We also show the magnetic

Purcell enhancement in an ensemble of Si nanospheres with size distribution.



Optical nanoantennas play a central role for enhanced light-matter interactions in modern
nanophotonics.™? Integration of a quantum emitter into a nanoantenna that is capable of increasing
local density of optical states (LDOS) results in the enhanced spontaneous emission rate through
the Purcell effect.38 In the past decade, the main focus of the Purcell enhancement has been placed
on the manipulation of an electric dipole transition, and less attention has been paid to that of the
magnetic dipole and higher order optical transitions. The exact expression of the light-matter
interaction Hamiltonian in photoexcitation and relaxation processes is written using a multipolar
expansion of the electric (E) and magnetic field (B) as,’
H=-p-E-m-B-[qV]E... : (@)

where p, m and g are electric dipole, magnetic dipole and electric quadrupole (a tensor) moments,
respectively. An optical transition due to the second term, that is the magnetic dipole transition, is
usually orders of magnitude weaker than that of the first term; only when electric dipole transitions
are forbidden, the second term dominates an emission process. Similar to the Purcell effect on the
electric dipole transitions, magnetic dipole transitions can also be manipulated by the local
photonic environments (i.e., magnetic Purcell effect). Optical cavities such as metallic mirrorst®!
and plasmonic nanostructures having magnetic resonances?** are proposed as a structure to
manipulate magnetic dipole transitions of rare earth ions (Eu* and Er®*). However, inherent
absorption losses of noble metals in the visible range lead to serious quenching of the emitters
nearby and thus the enhancement of the magnetic dipole transitions is limited.

As a new route to circumvent this issue, Mie-type dielectric nanoantennas have been attracting

much attention. It is well-known that high refractive index dielectric nanostructures with the size



~100 nm or larger exhibit electric and magnetic multipolar Mie resonances at the optical

frequency.t>*° They work not only as a low-loss resonator for the electric Purcell enhancement,?°-
22 put also for the magnetic Purcell enhancement.?>2 Several groups have been succeeded in
demonstrating manipulation of magnetic dipole transitions by silicon (Si)-based Mie resonators.
In a pioneering work by Sanz-Paz et al,?3 the branching ratio of the magnetic dipole transition (°Do-
"F1, ~590 nm) to the electric dipole transition (°Do-'F2, ~610 nm) of Eu** is modified by a Si
nanoantenna attached to a tip of a scanning probe microscope. However, the observed branching
ratio enhancement was marginal (~2). Wiecha et al.?® investigated Si nanorod dimers covered with
a Eu®* doped thin film and observed nearly twice enhancement of the magnetic dipole emission
intensity with respect to the electric dipole one. Vaskin et al.?* also studied the intensity ratio of
the magnetic to electric dipole transitions of Eu®* placed on a nanocylinder array made from
hydrogenated amorphous Si and observed the increase of ~10%. In all these previous works, the
observed magnetic Purcell enhancement is very small. A possible reason for the marginal
enhancement is low performance of a nanoantenna in terms of material losses.?* Furthermore,
magnetic dipole emitters are not placed at optimal positions and magnetic Purcell enhancement is
smeared through spatial averaging of emission from different positions.?®

In order to achieve substantial magnetic Purcell enhancement, in this work, we propose a
composite system in which Eu3*-based emitters are integrated in a Si nanosphere (NS) antenna
(Figure 1). In 2012 Schmidt et al.?” and Rolly et al.?® predicted that a Si NS can be an excellent
nanoantenna for magnetic Purcell enhancement. However, the experimental proof has not been
reported. In this paper, we first study the radiative rate of a magnetic dipole moment longitudinally
or transversely coupled to a Si NS antenna by analytical calculations, and demonstrate a large

radiative rate enhancement at the magnetic dipole (MD) and magnetic quadrupole (MQ) resonance



frequencies. In order to harness the full potential of a Si NS nanoantenna for magnetic Purcell
enhancement, a high-quality crystalline Si NS and a technology to place magnetic dipole emitters
at optimal positions near a NS are indispensable. Recently, several methods have been developed
to produced crystalline Si NSs.2%3° In this work, we employ colloidal Si NSs with high crystallinity
and sphericity recently developed in our group as a starting material .3 By taking advantage of
colloidal dispersion, we decorate the surface of Si NSs by a monolayer of Eu** complex molecules
(Si NS:Eu) by a wet chemical process. From single particle scattering and photoluminescence (PL)
spectroscopy, we show that the PL intensity ratio of the magnetic dipole transition (°Do-'F1, ~590
nm) to the electric dipole transition (°Do-"F2,~610 nm) of Eu®* is an order of magnitude enhanced
when the MQ resonance of a Si NS is tuned to the magnetic dipole transition wavelength. We also
show that the magnetic Purcell enhancement is clearly visible in an ensemble of Si NSs with size

distribution.

Si nanosphere
antenna

Figure 1. Schematic illustration of magnetic dipole emission of Eu* coupled to a Si NS antenna.

We first study the radiative decay rate of a magnetic dipole coupled to a Si NS antenna by using
analytical formula presented in literature.?” Figure 2a shows the scattering spectrum of a Si NS

(208 nm in diameter) placed in vacuum (n = 1) under plan wave illumination. We see the MD, ED



and MQ resonances in the spectral range. The diameter of a Si NS is chosen so that the MQ
resonance overlaps with the magnetic dipole transition (°Do-'F1) of Eu®* at 590 nm. Figure 2b

shows the radiative (I" | rad/I'0) and nonradiative decay rates (I" | nonrad/I'0) Of @ magnetic dipole

longitudinally-coupled to a Si NS normalized by the decay rate in vacuum (I'o). The distance from
the surface of a Si NS is 5 nm which mimics the experiments shown later. We can see significant
enhancement of the radiative rate at the MD (795 nm) and MQ (590 nm) resonances. At the MQ
resonance wavelength, the enhancement factor reaches 50. At the wavelength, the nonradiative
rate is also strongly enhanced due to the non-negligible losses of crystalline Si in the visible range.

This decreases the antenna efficiency defined by I | rag/T'o/(I" i rad/I'o + I  nonrad/T'0) t0 approximately

50%. Note that this antenna efficiency is still higher than those of NSs of previously studied
materials such as Ag, Au and amorphous Si (see Figure S1 in the Supporting Information). Figure
2d shows a simulated 3D far-field radiation pattern of a magnetic dipole longitudinally-coupled to
a Si NS at the MQ wavelength in Fig. 2b. The associated two-lobe radiation pattern is a
characteristic feature of a longitudinal quadrupole mode.®?

Figure 2c shows the normalized radiative (I'/raa/T'0) and nonradiative (I'/mnonrad/I'0) decay rates in
the case of transverse coupling. Although weaker than the case of longitudinal coupling, the
radiative rate is enhanced at the MD and MQ resonances. The corresponding far-field pattern at
the MQ wavelength is shown in Fig. 2e, demonstrating the excitation of a transverse MQ mode.*?
One notices that, in the transverse coupling case, the magnetic dipole moment couples not only to
the magnetic resonances but also to the ED resonance of a Si NS. This is due to the presence of
the electric field component perpendicular to the Si NS surface. In fact, Mie coefficients
corresponding to both the electric and magnetic modes are involved in the analytical formula in

the transverse coupling.?’



By averaging over the dipole orientations, i.e.,(I" | rad + 2I/rad)/300, the radiative rate for an

isotropic dipole is obtained. Figure 2f compares the radiative rate between an isotropic magnetic
dipole and an isotropic electric dipole coupled to a 208 nm Si NS. The radiative rate of an isotropic
magnetic dipole is enhanced by a factor of 16 and 23 at MD (795 nm) and MQ (590 nm) resonances,
respectively. These values are much larger than those of an isotropic electric dipole, i.e., 8.5 and
5 at MD (795 nm) and MQ (590 nm) resonances, respectively. Therefore, strong enhancement of
the magnetic dipole emission at 590 nm and strong modification of the branching ratio between

the magnetic dipole and electric dipole transitions are expected in a Si-NS:Eu system.
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Figure 2. (a) Calculated scattering spectrum of a 208 nm Si NS under plane wave illumination.
Contributions of the MD, ED and MQ resonances are also shown. (b,c) Calculated radiative (black
curves) and nonradiative (red curves) rate enhancement factors for a magnetic dipole placed 5 nm

from the surface of a 208 nm Si NS. (b) longitudinal and (c) transverse coupling geometries. (d, €)



Radiation patterns of (d) longitudinal and (e) transverse coupling geometries at the wavelength of
MQ resonance. (f) Radiative rate enhancement factors for an isotropic magnetic dipole (black

curve) and an isotropic electric dipole (red curve).

We now move on to the experimental demonstration of the magnetic Purcell enhancement. We
prepare crystalline Si NSs with almost perfectly spherical shape by a method reported previously.!
Figure 3a shows a TEM image of Si NSs. Highly spherical nanoparticles (sphericity >0.95) are
obtained. The polydispersity of the diameter distribution is ~35%. As will be shown later and in
previous papers,®>® the distribution can be reduced to less than 10% by a post-process. A high-
resolution image in the inset shows lattice fringes of {111} planes of crystalline Si. Figure 3b
shows a measured dark field scattering spectrum (red solid line) of a single Si NS (diameter (Dsi)=
210 nm). The spectral shape agrees well with the calculated one (black dashed line), evidencing
the high sphericity and crystallinity of a Si NS. A slight difference between experiment and
calculation is due to the presence of a silica substrate; the ED resonance shifts to longer wavelength
and is broadened.%343%

As a Eu® emitter, we employ Eu® complex (Tris(dibenzoylmethane) mono(1,10-
phenanthroline)europium(lll)) known as Eu(DBM)sphen. Figure 3c shows a photograph of a
Eu(DBM)sphen solution under UV irradiation and the PL spectrum. The emission line at 610 nm
is the electric dipole transition (°Do—F2) and that at 590 nm is the magnetic dipole transition
(°Do—'F1). The branching ratio defined by Sm = Iseo/(Isso+l610), Where Isgo and lg10 are emission
intensities at 590 nm and 610 nm, respectively, is 0.04. As schematically shown in Figure 3d,
Eu(DBM)sphen is attached on the surface of a Si NS via 3-Aminopropyl)trimethoxysilane

(APTMS) in a solution (see the Method section). The distance between Si NS surface and a Eu®*



emitter is a sum of the thicknesses of native oxide on Si NS surface (1-2 nm) and a APTMS layer
(1-2 nm), and the size of Eu(DBM)3phen molecule (~1 nm). Therefore, the distance may be
distributed in a 2-5 nm range. The Si-NS:Eu composites are sparsely deposited on a SiO- substrate

for single particle spectroscopy.
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Figure 3. (a) TEM image of colloidal Si NSs. Inset shows a high-resolution TEM image of a Si
NS. (b) Measured (red solid line) and calculated (black dashed line) scattering spectra of a 210 nm
Si NS. (c) PL spectrum of Eu(DBM)sphen in cyclopentanone. Inset shows a photograph of
Eu(DBM)sphen solution under UV irradiation. (d) Schematic of preparation procedure of Si-

NS:Eu.

Figure 4a-c shows single particle scattering and PL spectra of Si NS:Eu composites composed
of different diameter Si NSs (Dsi = 200, 208 and 221 nm). On the measured scattering spectra

(upper panel), calculated spectra are overlapped (gray shade). We can see overall agreement



between the measured and calculated spectra. The slight difference arises from the presence of a
silica substrate in experiments.>* The vertical broken lines represent the resonance wavelength
of a MQ mode. In the lower graphs, PL spectra of Si NS:Eu composites (red line) are shown
together with that of Eu(DBM)zphen adsorbed on an APTMS-coated silica substrate (reference,
pink shade). The reference PL spectrum is used to estimate the PL enhancement factor in a Si
NS:Eu system. We can see that the PL spectral shape is strongly modified by the formation of Si
NS:Eu and is very sensitive to the size of a Si NS; small difference of the size results in significant
difference in the intensity ratio of the 590 nm to 610 nm peaks. By comparing the PL and scattering
spectra, it is obvious that the magnetic dipole transition at 590 nm is strongly enhanced when the
MQ resonance of a Si NS approaches the wavelength. To our knowledge, this is the first direct
observation of clear spectral modification by the magnetic Purcell effect in dielectric nanoantennas.
The difference in the spectral shape is large enough to be recognized as an emission color change
in a chromaticity diagram (see Figure S2 in the Supporting Information).

We perform the same experiments for 16 single Si NS:Eu composites and record the PL intensity
of the magnetic dipole (Ise0) and electric dipole (ls10) transitions. Some of the PL spectra are shown
in the Supporting Information (Figure S3). We then estimate the enhancement factors (Gsgo =
Isgo/1500_ref and Ge1o = le10/l610_ref) With respect to the PL intensities of the reference (Isgo_rer and
le10_ref). The ratio of the enhancement factors (Gsoo/Ge10) is often used as a figure of merit to
represent the magnetic Purcell enhancement.?* Figure 4d shows Gsgo/Gea1o as a function of a Si NS
diameter. The Gseo/Ge10 has a clear peak at Dsi~208 nm. In the same figure, a calculated radiative
rate enhancement factor of an isotropic magnetic dipole placed 5 nm from NS surface is shown
(right axis). Radiative rate enhancement factors for different NS surface-dipole distances (2-5 nm)

are shown in the Supporting Information (Figure S4). The radiative rate enhancement at Dsi~208



nm is due to the MQ resonance and that at Dsi~140 nm due to the MD resonance. We can see that
Gs90/Ge10 is significantly enhanced at the MQ resonance, while the enhancement at the MD
resonance is marginal. The enhancement factor is determined by the interplay between the
effective mode volume and the Q-factor of resonance modes and the absorption loss of Si. In
Figure S5 in the Supporting Information, we show the radiative rate enhancement factors for Si
NSs 120-400 nm in diameters. The data indicate that at 590 nm, the MQ mode is the optimal mode
for the magnetic Purcell enhancement in a Si NS antenna. In Figure 4d, a remarkable fact is that
Gs90/Ge10 reaches around 11 for 208 nm Si NS, which is an order of magnitude larger than the
previously reported value (~1.1) in amorphous Si nanocylinder metasurfaces.?*

Another important figure of merit of the magnetic Purcell enhancement is the branching ratio
between the 610 and 590 nm emissions, since both of them stem from the same excited state of
Eud* (°Do). If we consider only the *Do-"F1 magnetic dipole transition (590 nm) and the °Do-'F2
electric dipole transition (610 nm) and ignore other weak °Do-'Fn (n = 0, 3-6) transitions, the
experimental branching ratio of the magnetic dipole transition (Bm_exp) is defined as Bm_exp =
Is90/(Is90+1610). Figure 4e plots Sm_exp as a function of a Si NS diameter. The horizontal dashed line
is the branching ratio obtained for a reference sample. We can see a clear peak of the branching
ratio at Dsi~208 nm. The gain is at maximum ~7. Again, this gain is much larger than the reported
highest value in dielectric nanostructures (~2).2>2

The branching ratio can be calculated as,°

ref
B = o 2)

N ﬁgffpm+ﬁgefpe '
where Bref and préfare the branching ratios of electric and magnetic dipole transitions,
respectively, of a reference sample, and pe and pm are radiative rate enhancement factors (I'rad/T o)

for isotropic electric (610 nm) and magnetic (590 nm) dipoles, respectively, discussed in Fig. 2.
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The calculated branching ratio is shown in Figure 4e by a red curve. We can see very good
agreement between the experimental and calculated branching ratios. Interestingly, the
experimental branching ratio at 208 nm is larger than the calculated one. The slight discrepancy
may arise from the presence of a silica substrate in experiments; a silica substrate shifts the electric

dipole mode to longer wavelength, which reduces pe at 610 nm, and makes S slightly larger.
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dots) and calculated (red curve) branching ratios of the magnetic dipole transition at 590 nm as a

function of a Si NS diameter.

Following the single NS study, we extend the work to an ensemble of Si NSs. As shown in Figure
4a-c, the magnetic Purcell enhancement is very sensitive to the size of a Si NS. Therefore, small
size distribution easily smears the effect, and thus the size purification is crucial to obtain magnetic
Purcell enhancement in a macroscopic scale. Figure 5a shows extinction spectra of as-prepared
and size-purified Si NSs before conjugation with Eu(DBM)sphen. Distinctive peaks similar to a
single particle scattering spectrum appears after the size purification even in the solution with a
higher refractive index than air. The TEM image of a size-purified sample in the inset shows very
uniform size NSs. The average diameter and the standard deviation (o) obtained from TEM images
are 208 nm and 7.6%, respectively (see Figure S5 in the Supporting Information). Figure 5b and ¢
show dark field scattering images of as-prepared and size-purified NSs deposited on a silica
substrate, demonstrating that NSs with blue and green scattering colors are removed by the
purification process. Figure 5d shows a PL spectrum of size-purified Si NS:Eu particles on a
substrate. The PL is obtained for ~1 mm diameter excitation spot, which contains >70,000 Si
NS:Eu particles. We can see the enhancement of the branching ratio compared to the reference;
the branching ratio (fm) is 0.10+ 0.01, which is enhanced by a factor of 1.9 with respect to the
reference. Although this value is smaller than that obtained in single NS spectroscopy in Fig. 4, it
is larger than that of previous work.?* In the ensemble, we also measure the PL lifetime (Figure
S7 and Table S1 in the Supporting Information) and observe the reduction by the formation of Si

NS:Eu.
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In order to see the validity of the branching ratio obtained for the Si NS:Eu composite ensemble,
we calculate the radiative rate enhancement factors for isolated electric (pe) and magnetic (pm)
dipoles by taking into account the size distribution. The results are shown in Figure 5e as a function
of wavelength. Compared to the data obtained for a single NS in Figure 2f, the peaks are broadened
and the enhancement factors are largely reduced. However, we still see that pm at 590 nm (°Do-
"F1) is larger than pe at 610 nm (°Do-F2), and thus the increase of the branching ratio (Bm in eq.(2))

is expected. The calculated branching ratio is 0.09, which is close to that obtained in the experiment.
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radiative rate enhancement factors of electric and magnetic dipoles when size distribution is taken

into account. The average diameter is 208 nm and the standard deviation is 7.6%.

In summary, we have achieved a large enhancement of the magnetic dipole emission of Eu®*
emitters by the magnetic Purcell effect induced by a spherical Si nanoantenna. The enhancement
factor of the branching ratio between the magnetic and electric dipole transitions reaches ~7 when
the MQ resonance of a Si NS is overlapped on the magnetic dipole transition of Eu*. The
enhancement results in strong modification of the Eu®" emission spectrum, which can be
recognized as a color change. Observed size dependence of the branching ratio agrees very well
with calculated ones. The size dependence provided clear evidence that observed spectral
modification arises from the magnetic Purcell effect. We also demonstrated that the magnetic
Purcell enhancement is observable in ensemble of Si NS:Eu composites even if there is size
distribution. The observed magnetic Purcell enhancement driven by colloidal Mie resonators offers
an opportunity not only to develop novel fluorophores with enhanced magnetic dipole emission,

but also to control the excited state of the matter in photochemistry.

Methods

Calculation of decay rates of electric and magnetic dipoles near Si nanospheres: The analytical
expressions for the calculation of radiative and total decay rate enhancement factors of electric and
magnetic dipoles in the vicinity of a sphere are obtained from literatures.?”-* Briefly, the dipolar
electromagnetic field written as a series of vector spherical harmonics and the scattered field by a
sphere were calculated by Mie theory.®” By integrating the Poynting vector over the full solid
angles in the far-field, total radiated power (i.e., radiative rate) was calculated. Nonradiative loss

was calculated by integrating the energy inflow over all the absorbing region (i. e., inside a sphere).

14



For the calculations, the complex dielectric permittivity of crystalline Si taken from a literature®
was used. The 3D radiation patterns in Fig. 2d and e were calculated using a finite-difference time-

domain method using a commercial software (Ansys Lumerical FDTD).

Preparation of colloidal dispersion of size-separated Si nanospheres: Si NSs were prepared by
thermal disproportionation of SiO. SiO lumps (several mm in size) (Wako, 99.9%) were crushed
to powder and annealed at 1475°C in a N2 gas atmosphere for 30 min to grow crystalline Si NSs
in SiO2 matrices. Si NSs were liberated from SiO> matrices by etching in HF solution (46 wt.%)
for 1 h. Liberated NSs were then transferred to methanol and subsequently subjected to a minute
sonication with an ultrasonic homogenizer (Violamo SONICSTAR 85). Size separation of Si NSs
was made by a density gradient centrifugation method. Briefly, sucrose density gradient solutions
were prepared by carefully adding sucrose solutions at three different concentrations (45, 42.5,
and 40 wt.%) to a centrifugal tube in order. Colloidal dispersion of Si NSs was added to the top of
the tube, and it was the subject of centrifugation at 4000 rpm for 25 min to form layers of size-
separated Si NSs. The layers were retrieved from the top and transferred to different vials. The
solutions of size-separated Si NSs were washed with water several times to remove sucrose.

To prepare Si-NS:Eu, the surface of Si NSs was first functionalized with 3-
Aminopropyl)trimethoxysilane (APTMS) in methanol. After removing excess APTMS by
centrifugation, NSs were mixed with Eu(DBM)sphen solution and stirred. During stirring,
Eu(DBM)sphen was unspecifically bound to APTMS-functionalized Si NSs. The Si NS:Eu
composites were washed more than 3 times to completely remove unbound Eu(DBM)sphen and

were deposited on a SiO; substrate for the spectroscopic study.

15



Optical microspectroscopy of single Si nanospheres: A custom-built inverted optical microscope
was used for dark-field backward scattering and PL measurements of single Si NS:Eu particles.
For the scattering measurement, a sample was placed facedown onto the stage and illuminated by
a halogen lamp through a dark-field objective lens (100x, NA = 0.9), and the scattered light was
collected by the same objective lens. To measure the spectra, the scattered light was transferred to
the entrance slit of a monochromator (SpectraPro-300i, Acton Research Corp.) and detected by a
liquid-N2 cooled CCD (Princeton Instruments). For the PL measurement, a Si NS:Eu was excited
by 405 nm light via the objective lens. The power density at the sample was reduce to <1 W/cm?

to avoid local heating and degradation of Eu(DBM)sphen.

ASSOCIATED CONTENT

This material is available free of charge via the internet at http://pubs.acs.org.
Additional experimental data including emission spectra, chromaticity diagram and PL decay
curves, additional calculation data of decay rate enhancement for different materials and
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