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We theoretically reveal that plasmonic nanocavities with 1 nm gaps between the nanosphere and gold film
support multiple resonances possessing ultrahigh-field confinement and enhancements for both the electric and
magnetic fields. Here, a circulated electric line supported by the plasmonic mode implies that a magnetic dipole
is introduced in the center of the gap region. A high magnetic enhancement factor of up to 100 is observed, and
multipolar expansion demonstrates that symmetry breaking suppresses the radiation of the dipole mode. The
surface charges accumulate in the gap area and form the electric-quadrupole (Qe) mode and magnetic-dipole
(m) modes in the gap region, and then the interference between the dominant Qe and m modes gives rise to
a pronounced magnetic-based Fano resonance in the scattering spectrum, thus boosting the magnetic response
in the scattering valley. Next, we introduce a magnetic dipole in the gap region, where a significant radiative
magnetic Purcell factor of up to 200 is observed, following the Fano valley of the scattering spectrum. Further-
more, the ultrasmall magnetic mode volume and high magnetic field at the Fano valley frequencies demonstrate
this phenomenon. This study unlocks new possibilities for single-photon emission from the magnetic-dipole
transition in the nanoparticle-on-mirror configuration.

DOI: 10.1103/PhysRevA.110.013516

I. INTRODUCTION

Light-matter interaction is the core issue of light research,
and in the past decade, the main focus of light-matter in-
teraction has been the interaction between matter and the
electric field of light; because the component of the mag-
netic field is several orders of magnitude weaker than the
electric field, the interaction of matter with a magnetic field
is not always considered. Only some electronic transitions
exhibit a significant “magnetic-dipole” character, imply-
ing that they couple to the magnetic field of light [1-6].
Similar to the Purcell effect on electric-dipole transitions,
magnetic-dipole transitions can be manipulated by the local
density of optical states (LDOS) (magnetic Purcell effect)
[5,6]. The modification of the LDOS and manipulation of
magnetic-dipole transitions has been studied in metallic mir-
rors and plasmonic arrays [5-8]. However, a low LDOS
limits the emission enhancement of magnetic-dipole emitters
[5-9]. According to the Purcell factor, the spontaneous emis-
sion of a magnetic dipole can be modified by a magnetic
near field [6]. The Mie-resonance-based dielectric nanos-
tructure exhibits magnetic multipolar resonance at optical
frequencies and has been suggested as a viable platform for
enhancing magnetic-dipole transitions [10—15]. The localized
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electromagnetic (EM) fields generated in the Mie resonator
are mostly concentrated in the particle interior [14—18], which
implies that they are difficult to access and interact with; thus a
low enhancement factor was observed (less than 100) [18,19].

Metallic nanoresonators can trap light in a subwavelength
volume via the collective excitation of localized surface plas-
mons [20]. As the most representative nanoresonator, the
metallic nanoparticle-on-mirror (NPOM) configuration can
enhance, confine, and manipulate light in the single-emitter or
molecule level [20,21]. Importantly, the possibility of tuning
the resonance wavelength by modifying the gap region makes
it possible to use NPOM over a broad optical frequency range.
Compared to the prototypical dimer system [22,23], the gap
region between the nanoparticle and substrate mirror is more
controllable, and gaps with nanometer or even subnanometer
precision can be easily achieved by the assembly of molecular
layers [22,24], atomic layer deposition [25], or shell-isolated
techniques [26]. The extreme limitations of EM fields in the
gap of (NPOM) resonators offer broad applications including
light-matter strong coupling [24], plasmon-enhanced spec-
troscopy [21-23,27,28], and nonlinear effects [26].

Although NPOM provides a powerful platform for mod-
ifying the LDOS, it also enhances the decay rate of the
electric-dipole transitions of fluorescent emitters [21-23].
However, there have been few reports of Purcell enhancement
by manipulating magnetic-dipole transitions in NPOM; once
the effective magnetic Purcell enhancement happens in the
NPOM construct, the corresponding magnetic resonance “hot
spots” must be induced in the gap region [28]. Recently,
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FIG. 1. (a) Schematic of the studied nanoparticle on mirror (NPOM). The size of the nanosphere and the gap between the nanosphere and
the gold film are set at 120 and 1 nm, respectively. The polarization of light is along the z axis and the magnetic field is along the y axis. (b)
Simulated far-field scattering spectrum of the NPOM system corresponding to the structure of (a); the two scattering peaks and scattering valley
are labeled 1, 2, and 3, respectively. Electric displacement vectors superimposed with magnetic-field H distribution in the XZ plane [(c-1-i),
(c-2-1), (c-3-1)] and the pure electric-field E distribution [(d-1-ii), (d-2-ii), (d-3-ii)] corresponding to the labels 1, 2, and 3 in the scattering
spectrum of 1(b). Here, the magnetic nature of this mode is evident on inspection of the calculated circulating electric-field distribution. (e)
Three-dimensional charge distribution corresponding to the two peak wavelengths and valley wavelength, marked as 1 (584 nm), 2 (618 nm),

and 3 (647 nm), of the NPOM system in (a).

several investigations have theoretically demonstrated that
the magnetic hot spot resonance can be induced in different
plasmon nanoparticle platforms including multiple nanopar-
ticle systems and NPOM constructs [28-36]. This research
shows significant potential for the study of magnetic Purcell
enhancement in NPOM configurations.

In this study, we first demonstrate that a magnetic-dipolar
mode can be induced in the gap of a NPOM system due to the
interference between the dominant Qe and m modes, which
give rise to a pronounced magnetic-based Fano resonance
in the scattering spectrum. Further, we introduce magnetic
dipoles and systematically investigate the radiative magnetic
Purcell enhancement under magnetic-dipolar resonance in the
NPOM system. We find that the radiative magnetic Purcell
enhancement is a function of the nanosphere radius, and is
inversely proportional to the mode volume, reaching a maxi-
mum enhancement factor of up to 255, which is comparable to
the radiative magnetic Purcell factor of the isotropic magnetic
dipole in a Si nanocavity [37].

II. RESULTS AND DISCUSSION

Figure 1 shows a typical example of a magnetic-resonance-
supported NPOM configuration, which can be experimentally
constructed by simply assembling gold nanospheres on a gold
substrate; the gap between the nanosphere and the gold film is
1 nm, which can be achieved by depositing a molecular layer.
Nanospheres with diameters of 70-200 nm can be prepared
by wet chemistry synthesis in actual experiments [28]. When
this nanostructure is illuminated by the z-polarized light with
magnetic field H in the y direction, a strong scattering band
with two peaks at 584 and 647 nm and a scattering valley at
618 nm is observed in Fig. 1(b). Here, the valley between two
peaks is actually Fano resonance caused by mode interference
between the subradiative magnetic-dipole moment and the
superradiative electric multipole moment [28,32,38—40].

To verify the essence of magnetic-based Fano resonance,
we present near-field distributions that include magnetic
field H superimposed with the electric-field lines [Fig. 1(c)],
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electric fields [Fig. 1(d)], and surface charges [Fig. 1(e)] at
three selected wavelengths marked “1” (scattering peak 584
nm) and “3” (scattering peak 647 nm), and the scattering
valley marked “2” (618 nm).

First, we focus on the near field in Fig. 1(c-2-i) at the
scattering valley of 618 nm. Apparently, the circulating
electric-field line distribution (white arrows) forms a loop
that is correlated with the magnetic field concentrated in its
center, which implies the generation of the magnetic-dipole
resonance in the center of the gap region. Here, this excited
magnetic-dipolar moment is parallel with the incident mag-
netic field. It should be noted that the physical nature of
the magnetic mode is the plasmon-induced magnetic mode
(PIMR). A further examination of the corresponding electric
field and the electric charge distribution reveals the cou-
pling nature of the magnetic-dipole mode. In Fig. 1(d-2-ii),
the electric field is mainly concentrated at the gap edges of
the magnetic region, so the three-dimensional (3D) surface-
charge distributions in Fig. 1(e-2) show most of the surface
charge is induced within the small gap region. Meanwhile
the antiphase charge distribution characteristic on the bottom
of the real sphere and imaging mirror is induced, indicating
this excited electric quadrupole may be responsible for the
magnetic-based Fano resonance features in Fig. 1(c-2-1).

Second, we also investigate near-field properties cor-
responding to two scattering peaks at 584 and 647 nm
wavelengths (marked 1 and 2). For the second peak
(647 nm), electric [Fig. 1(d-3-ii)] and magnetic responses
[Fig. 1(c-3-1)] similar to the result of the scattering valley
(618 nm). However, the (3D) surface-charge distributions in
Fig. 1(e-3) demonstrate more surface-charge distributions on
the left and right nanosphere surfaces, instead of near the
nanogap, intensifying and behaving like an electric dipole.
Meanwhile, these features that are confirmed by the magnetic
and electric near field of the scattering valley are more local-
ized than that of the scattering peak. Because of the stronger
electric response, this mode corresponds to an intermediate
state between the electric and magnetic-dipole modes.

For the first peak (584 nm), as evidenced by (a) electric-
field lines filling magnetic-field [Fig. 1(c-1-1)], (b) electric-
field distribution [Fig. 1(d-1-ii)], and (c) surface-charge
distributions [Fig. 1(e-1)], this new mode can be regarded as
belonging to a higher gap-plasmon mode.

It is worth noting that the effective magnetic-based op-
tical Fano resonance strongly depends on the geometric
symmetry of the nanocavity. Usually, to induce unnatural
magnetic-dipole (MD) resonances in plasmonic structures,
more than three nanoparticles need to be closely clustered
with a nanometer gap [30,36,38—40], which requires the ex-
citation of a dipole moment in a single nanoparticle, and then
multiple dipole moments on each individual nanosphere are
connected end to end to form a closed electric-field loop,
resulting in the manifestation of a magnetic dipole [30,38—
41] (Appendix E). Furthermore, the introduction of the struc-
ture symmetry breaking will cause the radiation suppression
of the total electric-dipole moment and boost the magnetic
dipole; then the interference between the electric-dipole (p)
and magnetic-dipole (m) modes gives rise to a pronounced
a magnetic-based Fano resonance in the scattering spectrum
[38,39]. Obviously, the above statement cannot support the

generation mechanism of magnetic-based Fano resonance in
the NPOM structure.

And as we all know, the nanoparticle-on-a-mirror (NPOM)
construct can be considered as an analog of a real nanoparticle
dimer consisting of two identical nanospheres [42]. Therefore,
in order to gain a deeper understanding the magnetic-based
Fano response in the scattering spectrum caused by symme-
try breaking, we employ the multipolar expansion method to
quantitatively analyze the far-field contribution of different
electromagnetic modes in nanosphere dimers with different
symmetries, composed of Au nanospheres of different sizes.

The different moments in the multipole decomposi-
tion were computed from the calculated distribution of
polarization current inside the nanoparticle J = —iwP =
—iweg(e, — 1)E(r), where P is the polarization vector, w is
the angular frequency, & is the permittivity of vacuum and
&, the relative permittivity of nanoparticle, and E(r) is the
electric field induced by the incident light wave inside the
nanoparticle [38,43,44].

For a nonmagnetic medium, the multipole moment contri-
butions to the far-field radiation including the electric dipole
P, magnetic dipole my, and the electric quadrupole Qg5 and
magnetic quadrupole Qs can be derived as [38,43-46]
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where py, m,, QF e and le,s are the spherical multipole mo-
ments expressed in the Cartesian coordinates, o, 8 = x, y, z.

Next, the relative radiated powers from each multipole are
[47]
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FIG. 2. (a)—(d) Simulated scattering cross sections and the multipole expansion of the symmetric nanosphere dimer with uniform diameter
(D1 = D2) and asymmetric nanosphere dimer (D1+D2). The size of the nanosphere is shown inside and the gap size was set constant at 1 nm
for all cases. (e,f) Electric displacement vector superimposed with electric-field distribution in the XZ plane calculated at the peak wavelength
of Cqum curves corresponding to 530 nm (e) and 548 nm (f), and (g), (h) the Fano dip wavelength (marked with red line) corresponding to 557
nm (g) and 567 nm (h), respectively. (i)—(1) Three-dimensional charge distribution map corresponding to (e)—(h).

Finally, the scattering cross-section contribution from each
multipole (c?, ¢”, ¢, ¢Q™) is obtained by normalizing to the
incident power density. Then the total scattering cross section
of the nanoparticle system can be obtained by summing the
scattering cross section from each multipole [43,44]:

Ctotal =CP. +C" 4+ CQe + CQ‘“
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where |Ey| is the electric-field amplitude of the incident light,
k is the wave number, and c is the speed of light.

We started multipole decomposition with the symmetric
nanosphere dimer. Figures 2(a) and 2(b) show the calculated
scattering power for all multipole modes of the symmetric
nanosphere dimer with uniform diameter (D1 = D2) 80 and
120 nm; here the gap size is set to 1 nm. When illuminated
with the same plane wave in Fig. 1, for the smaller symmetric
nanosphere dimer (D = 80nm), only the electric-dipole (p)
mode was excited at 530 nm [Figs. 2(e) and 2(i)]; the magnetic

dipole (m) and the electric quadrupole (Qe) were not excited.
For the symmetric geometry with a diameter of 120 nm, we
observed that the p mode still dominates in the scattering
power, and also the m mode is excited in the scattering peak;
although both the electric and magnetic responses are excited
simultaneously, they are completely uncoupled [38,41], and
the corresponding electric-field line distribution [Fig. 2(f)]
and the 3D charge distribution [Fig. 2(j)] in the scattering peak
also demonstrate this feature. Next, the asymmetric condition
is introduced. Figure 2(c) shows the scattering spectrum of
the asymmetric nanosphere dimer (D1 = 120nm and D2 =
150 nm); despite the relatively small differences in the diam-
eter of D2, the simulated scattering spectrum is remarkably
different. Here, two main features can be clearly seen: (i) a
small Fano dip at 557 nm (marked with red line) is observed
in the total field scattering spectrum (Cgym) and a considerable
suppression of the electric-dipole mode (p) also appears at the
same wavelength. Notably, the magnetic-dipole and electric-
quadrupole contribution dominate at the resonance frequency,
which can be explained in the induced surface-charge dis-
tribution results in Fig. 2(k); compared to the symmetric
configuration in Fig. 2(j), the corresponding dipole electric
charge at the left and right ends of the nanosphere is reduced in
Fig. 2(k), and more induced surface charge is concentrated in
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the gap region. Meanwhile, the induced electric dipole in the
bottom of the nanosphere will couple to its image charge in
the D2 sphere; this coupling then generates a quadrupolelike
charge distribution, and the induced circulating displacement
current supports a magnetic resonance in the same frequency
range [28]. The electric-field line distribution in Figs. 2(g)
and 2(h) also demonstrates that a pure magnetic-dipolar mode
was formed in the gap region with the introduction of the
asymmetry condition. (ii) As the diameter of D2 increases
to 200 nm, the degree of symmetry destruction increases; as
shown in Fig. 2(d), the Fano dip of the total scattering cross
section is vivid at a wavelength of 567 nm [Fig. 2(d)]. At
this wavelength, the dominant magnetic (C™) and quadrupole
C component still occurs, but the C% experiences a drop,
and at the wavelength of the Fano dip (567 nm), the scat-
tering contribution of the electric-dipole mode is almost
zero. So we deduce the symmetry breaking induces inter-
ference between Qe and the magnetic-dipole modes, which
give rise to a pronounced Fano resonance in the scattering
spectrum of the dimer. Moreover, as the diameter increases
to 250 nm, this feature is more pronounced, as depicted in
Fig. 7 in Appendix D. Furthermore, we found the wave-
length of the Fano dip redshift with the degree of symmetry
destruction increased. Once the diameter D2 becomes infi-
nite, the dimer configuration becomes the NPOM structure;
the corresponding spectrum response is shown in Fig. 1(b),
which creates a pronounced Fano dip (618 nm) in the to-
tal scattering cross section. Thus multipolar decomposition
demonstrates symmetry destruction, effectively boosting its
magnetic Fano response in the scattering spectrum of Fig. 1(b)
[38—40].

Meanwhile, our multipolar expansion analysis in Fig. 2
shows that the electric quadrupole scattering intensity con-
tribution is crucial in both the symmetric and asymmetric
configurations. This feature is related to our approach to re-
alize the magnetic-dipole mode in the NPOM or the dimer
configurations; it is necessary to form a closed electric-field
loop in the gap area of the dual nanoparticles, so that the
electric quadrupole moment must be excited in the gap region
(Appendix E).

We also notice that compared to the magnetic modes in
dimers or NPOM construct (Appendix E), the volume of the
magnetic hot spot modes in polymers is relatively larger and
the magnetic-field intensity is smaller |H/Hy| = 16, which
is not conducive to conducting research on the interaction
between the magnetic part of light and matter [30,31,33—
36,38]. The normalized magnitude of magnetic-field dis-
tributions in Figs. 1(c-2-i) and 1(c-3-i) indicates that the
strongest magnetic-field enhancement reaches as high as 68-
and 79-fold of Hy for the scattering valley and second peak
wavelength, respectively. Therefore, the present NPOM con-
figuration may open up new possibilities for the single-photon
emission enhancement of magnetic-dipole transitions.

Here, we study spontaneous emission from a magnetic
emitter characterized by a given magnetic-dipole moment
with magnetic-field polarization along the y axis, which mod-
els the magnetic-dipolar transition moment of a fluorescent
molecule in vacuum [19,48]. The emitter without intrinsic
losses was set at the center of the gap region (0.5 nm above the
substrate), which is the position of the magnetic local density

of optical states (MLDOS) maxima. Figure 3(a) shows the far-
field radiative decay rate (I';oq) of @ magnetic-dipole emitter in
the presence of the PIMR resonator normalized by the decay
rate in vacuum (I"p) (details are in Appendix F). Near the Fano
dip wavelength (618 nm), the significant enhancement factor
reaches 180 at the center of the gap, which is better than the
reported result for the magnetic Mie mode of the dielectric
nanosphere. Figure 3(b) shows the electric field and electric-
field line distributions excited by the magnetic-dipole emitters
at this wavelength. Notably, the circulating electric line in the
gap region is excited, which implies that the magnetic-dipole
moment emitter couples with the magnetic-dipole resonance
of the NPOM. Here, we also present the spectra of the radia-
tive decay rate enhancement (I";,q/T"o) for the magnetic-dipole
emitter with gap distance of 1, 1.5, 2, 2.5, and 3 nm in
Fig. 3(c). The emitters are positioned in the gap center of
the NPOM system, and we observe that the magnetic Purcell
factor decreases as the gap distance increases because the
smallest gap distance is maintained at high magnetic LDOS
and the smallest magnetic mode volume.

The black line in Fig. 3(d) shows the far-field radiation
pattern at the wavelength of the magnetic resonance scattering
valley of the bare NPOM system, and its radiating main lobe
is confined mainly within the angle of —30° to 30° along the Z
direction. The red line in Fig. 3(d) shows the emission pattern
of the magnetic emitters corresponding to the emission peak in
Fig. 3(a) (black line). Notably, the radiation lobes (black and
red lines) are almost overlapped, which implies the emission
from the magnetic emitter within the nanoscale plasmonic
gaps depends on the PIMR mode, and the contributions from
other plasmonic modes is negligible.

Furthermore, when we move the magnetic dipole to the
locations of X =0, 2, 4, 6.5, 8, 10, 20 nm for y = 0 nm,
we find that the effective radiative magnetic Purcell factor is
also excited, indicating that our approach is more conducive
to practical applications and does not depend on the precise
position of the molecules in the gap.

We now return to the PIMR structure and investigate the
spectral shifts caused by variations in the nanosphere radius.
The color map in Fig. 4(a) shows the scattering spectrum
redshifts and the corresponding scattering section increases
with the diameter; the dashed white, black, and red lines
indicate the positions of the first peak, scattering valley, and
second peak, respectively, which demonstrates the tuning abil-
ity of the PIMR mode based on the NPOM configuration.
Therefore, finally, we explore the relationship between the
magnetic Purcell factor and the size of the nanoparticle on a
mirror. Figure 4(b) shows the magnetic radiative Purcell factor
for a magnetic dipole in the center gap region as a function
of the diameter of the nanosphere. The maximum magnetic
Purcell factor follows the evolution trend of the scattering
valley corresponding to the black dashed line in Fig. 4(a) and
increases with the nanosphere diameter.

In this paper, for an emitter that is in the EM environ-
ment, the modified far-field radiation rate is proportional to
the electromagnetic local photon density of states (EMLDOS)
and inversely proportional to the mode volume V: I'yq/Tg
p/V. Specifically, the magnetic LDOS inside the nanocavity
is approximately proportional to the magnetic-field intensities
in Fig. 4(b) and is written as py o |H,|. The H-field mode
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FIG. 3. Spontaneous emission of a magnetic-dipole emitter at the NPOM gap region. (a) The normalized far-field radiative decay rate
(Traa/To) of a magnetic-dipole emitter in the PIMR resonator varies with the relative position X of the magnetic dipole along the x direction.
X = 0 denotes the center of the gap region. (b) Electric displacement vector representing electric-field distribution in the XZ plane excited at
the peak wavelength (618 nm) in (a) X = 0 nm black line. (c) Normalized radiative decay rate (I';,q/I"0) spectra of the magnetic-dipole emitter
at the center of the gap in the NPOM system varies with gap distance. (d) The normalized far-field radiation pattern in the XZ plane at the
wavelength of PIMR mode (618 nm) with or without magnetic dipoles in the gap center of the NPOM system.

volume V of NPOM is calculated as follows:
[ H?dV*? "
- [H4V ()
Figure 4(c) shows the corresponding H-field intensity in
the center of the NPOM gap region. As expected, the max-
imum magnetic-field intensity follows the evolution trend of
the scattering valley corresponding to the black solid line in
Fig. 4(a). However, the increasing trend of the magnetic-field
intensity is not sufficient to guarantee the enhancement of
the magnetic factor; therefore, the corresponding magnetic
mode volume in the scattering valley is calculated as Fig. 4(d).
The magnetic mode volume is even smaller than the reported
electric-field mode volume in Refs. [24,49]. Furthermore, as
the diameter of the sphere increases, the mode volume of the
magnetic dipole decreases, which explains why the volume
of the nanosphere increases and the corresponding magnetic
Purcell factor increases.

III. CONCLUSION

We demonstrate that the NPOM nanocavites between the
nanosphere and mirror substrate support magnetic-based Fano
resonance that possess ultrahigh magnetic-field enhancement.
We perform multipole decomposition on the dimer resonator
to highlight the interference between the dominant mag-
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netic dipole and the Qe mode caused by symmetry-breaking
conditions, which result in significant magnetic-based Fano
resonance in the scattering spectrum.

Next, we introduce a magnetic dipole in the gap region
and observe a significant radiative magnetic Purcell factor
following the Fano valley of the scattering spectrum. Further-
more, we demonstrate that the ability of the PIMR resonator
to confine the magnetic field of light to ultracompressed di-
mensions is pivotal for the strong magnetic Purcell effect in
metallic nanoparticles. The PIMR of the NPOM configura-
tion overlaps with the magnetic-dipole transition (°Dy—"F))
of the rare earth ion Eut at 590 nm [8,9]; we believe
that our research has enormous potential for single-photon
emission from emitters of magnetic-dipole transition. This
may also result in entirely new applications of the NPOM
configuration.
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dipole in the central gap region of the NPOM system as a function of the nanosphere diameter. (c) The corresponding H-field intensity evolution
of (a) at the center of the NPOM gap region. (d) The magnetic model volume at the wavelength of the PIMR scattering valley for different

diameters of nanosphere.
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FIG. 5. Scattering spectrum of a single nanosphere.

APPENDIX A: NUMERICAL SIMULATIONS

We used LUMERICAL FDTD (finite difference time domain)
SIMULATION to calculate the far-field and near-field optical
magnetic response of the NPOM and dimer construct. The
permittivity of gold was taken from the empirical data given
by Johnson and Christy [50]. In simulations, a total-field
scattered-field source acts as a linearly polarized light nor-
mally incident on the nanosphere or the substrate, and a
closed monitor consisting of six discrete Fourier transform
(DFT) monitors was added in the scattered-field region to
measure total scattering cross sections in simulation. For the
purpose of estimating the influence of oblique incidence on
focused plasmonic modes, we theoretically compared devi-
ations of scattering spectra under different incident angles
of 0°, 10°, 20°, and 33°. Perfectly matched layer boundary
conditions were adopted in order to avoid unphysical re-
flections around structures. The simulation time was set to
1000 fs, which sufficiently warranted the convergence. For
computation-time saving, a nonuniform mesh method was
generated. For the narrow gap region, 0.25nm x 0.25nm X
0.25nm Yee cell size was set, whereas 1 nm x 1 nm x 1 nm
was used in other regions. The surface-charge density is cal-
culated from the Gauss’s law p = ¢y V - E. For the multipole
decomposition of a dimer, a 3D DFT monitor was utilized
together with a 3D index monitor that has the same dimension
to capture the electric-field distributions.

APPENDIX B: SCATTERING SPECTRA OF
A SINGLE NANOSPHERE

For an independent gold nanosphere with diameter 80 or
120 nm, a broad resonant peak of the simulated scattering
spectrum is centered at 526 and 543 nm, respectively. This
scattering peak originates from the electric-dipole mode gen-
erated on the left and right nanosphere surfaces (see the inset
in Fig. 5).

APPENDIX C: SCATTERING SPECTRA OF NPOM UNDER
DIFFERENT INCIDENT ANGLES

To further verify the simulation results, we also calculated
the scattering spectrum under different incident angles of 10°,
20°, and 30°, and the electric field is not parallel to the
substrate, as shown in Fig. 6. We obtained similar scattering
spectrum results, and the E-field line distribution at the valley
at 30° also demonstrates the excitation of the magnetic mode;

x10-14

91 ’\‘

Intensity (arb. units)

600 700 800 900 1000
Wavelength (nm)

FIG. 6. Scattering spectrum of NPOM in Fig. 1 under different
incident angles.

the broad peak at 900 nm is the vertical dipole moment. In all
cases, two resonance peaks and a Fano valley was observed;
deviations on focused electric and magnetic modes at the
nanogap can be neglected.

APPENDIX D: MULTIPOLE DECOMPOSITION OF A
MORE ASYMMETRIC DIMER

See Fig. 7. At the wavelength of the Fano dip (577 nm),
the scattering contribution of the electric-dipole mode is com-
pletely zero; the dominant magnetic (C™) and quadrupole
(C%) components still occurred. Therefore the symmetry
breaking induces interference between Qe and magnetic-
dipole modes, which give rise to a pronounced Fano resonance
in the scattering spectrum of the dimer.

APPENDIX E: COMPARISON OF MAGNETIC MODES
FORMED BY MULTIMERS AND DIMER
OR NPOM CONSTRUCT

See Fig. 8. Usually, to induce unnatural magnetic-dipole
(MD) resonances in plasmonic structure, more than three
nanoparticles need to be closely clustered with a nanome-
ter gap [30,36,38—40], which requires the excitation of a
dipole moment in a single nanoparticle, and then multiple
dipole moments on each individual nanosphere are connected

14
25210

120 nm

250 nm

Scattering cross section (nm?)
=

500 600 700 800
Wavelength (nm)

FIG. 7. Multipole decomposition of the asymmetric dimer with
D1 = 150 nm and D2 = 250 nm.
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FIG. 8. The comparison of formation mechanisms of magnetic
mode by multimer and dimer or NPOM construct.

end-to-end to form a closed electric-field loop, resulting in
the manifestation of a magnetic dipole in the common gaps
of multiple nanoparticles. However, compared to the mag-
netic modes in dimers or NPOM construct, the volume of
the magnetic hot spot modes in polymers is larger and the
magnetic-field intensity is smaller.

APPENDIX F: RADIATIVE MAGNETIC PURCELL EFFECT

The first proposal to modify spontaneous emission came in
1946 by Purcell, who suggested that nuclear magnetic tran-
sition rates could be increased by coupling the system to an
electrical circuit resonator [51].

Usually, for an emitter that is not in free space, its modified

emission rate is described by Fermi’s “golden rule” as below
[52],

2
r,= h—f S IH) (@ — o), (F1)
f

with the initial state |i), and the final state |f). The interaction
Hamiltonian H; can be described as

H=-p-E—m-B, (F2)

TTwW _
Py =3[0 IPPpe(n @) + polmop(r )] (F3)

p is the electric and m is the magnetic-dipole moment of the
emitter. In this paper, we focus on the problem of magnetic-
dipole emission. Thus, the electric part can be neglected and

s

l)rad

FIG. 9. Illustration of the surfaces used to calculate the power
radiated to the far field P,.q.

it is convenient to rewrite as [52,53]
Tw 5
Iy = 3—h[uo|ml pp(1, )], (F4)

where pp(r, w) is the magnetic LDOS, which is proportional
to the magnetic intensity at the position of the magnetic
dipole.

The original Purcell factor always is defined as Fp = L =

To
3013 . . .
4nQ_2v0; Iy is the spontaneous emission rate of magnetic mo-

ment transitions in free space. A is the wavelength associated
with the transition, Q is the quality factor of the cavity mode,
and V) is its volume.

The Purcell factor correctly includes radiative as well as
nonradiative decay channels; our paper focuses only on the
radiative Purcell factor, the radiative part of the total Purcell
effect Fp, and we call the radiative (I";,q) rate enhancement
as the radiative Purcell factor Fi,q. Usually in simulation, the
radiative Purcell factor is described by the equations

M_ Prad _ E_Pabs

rh P P P’
where Py and Py are the total powers emitted by the magnetic
dipole with and without the optical nanostructures, respec-
tively. Pr,q is the power radiated in the far field in the presence
of the optical cavity. P, is the power absorbed by the cavity.
See Fig. 9.

In FDTD simulation, a localized magnetic emitter can
be modeled as an oscillating current source with Py =
w*|)?/12mepc®. To compute Prq with FDTD, one closed
surface monitor consisting of six DFT monitors was added
around the entire system (nanoparticle and emitter), as illus-
trated in Fig. 9, where Ppyq = f Zs-na’ s can then be determined
by integrating the calculated Poynting vector s over the sur-
face monitor; 7 is the normal to the surface Y . These popular
computational methods are also used and recommended in
Refs. [19,21,23,37,54].

Fa = (F35)
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