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ABSTRACT: The emission quenching of magnetic dipole
transitions due to electromagnetic coupling to a metal
nanoparticle is studied theoretically. We show that, at
nanometer distances to the nanoparticle surface, the quenching
is much weaker than that of electric dipole transitions, resulting
in far higher radiative quantum efficiencies. This difference is
explained by the fact that the electric field induced by an
oscillating magnetic dipole and responsible for the energy
transfer to the metal has a weaker distance dependence than
the electric field of an electric dipole. Our results imply that
magnetic dipole transitions may be superior to electric ones if
coupling to a metallic nanoantenna over sub-10 nm distances is used to enhance optical emission from a quantum emitter.

KEYWORDS: nanoplasmonics, light−matter interactions, magnetic dipole transitions, local and nonlocal response

In metal nanoparticles, collective electron excitations known
as particle-plasmon polaritons can be excited by light. They

show themselves as resonances in the optical response of the
nanoparticles.1 Particle-plasmon polaritons have been studied
extensively due to their versatile spectral behavior and the
intriguing optical near-field phenomena associated with the
resonances. In particular, they give rise to optical near-field
enhancement near the nanoparticle surface, a phenomenon that
is involved in a number of optical effects such as surface-
enhanced Raman scattering (SERS) and surface-enhanced
infrared absorption (SEIRA).2,3 In addition, the nanostructur-
ing of near-fields allows one to manipulate optical selection
rules.4

Another important near-field phenomenon associated with
particle-plasmon polaritons is the emission enhancement of
atomic, ionic, molecular, and quantum-dot emitters coupled to
a metallic nanoparticle. The optical near-field of the emitter
excites particle-plasmon polaritons in the nanoparticle. If the
excitation conditions are such that the combined dipole
moment of the coupled system is higher than that of the
emitter alone, the radiative lifetime of the emitter is shortened
and the emission rate is enhanced; the particle then acts as a
nanoantenna. If the emission process competes with non-
radiative loss processes in the emitter, this enhancement tends
to improve the radiative quantum efficiency of the emitter,
defined as the ratio of the number of photons emitted to the
number of photons absorbed.5 The improved radiative
quantum efficiency is applied, for example, in the surface-
enhanced fluorescence (SEF) technique.6 However, the near-
field of the emitter also drives electrical surface currents in the
nanoparticle so that a fraction of the oscillation energy is lost to
nonradiative relaxation processes in the metal. At small

distances between emitter and nanoparticle (on the order of
a few nanometers), this fraction even becomes dominant so
that the radiative quantum efficiency decreases substantially, an
effect known as emission quenching.7−11 A number of
theoretical and experimental studies have investigated emission
quenching and its dependence on the distance between emitter
and nanoparticle surface.7,10−22 Emission quenching plays a
useful role in photoluminescence quenching assays employing
bioconjugated metal nanoparticles as energy transfer acceptors
for applications in the life sciences (ref 23 and references
therein). In contrast, emission quenching detrimentally limits
the applicability of metallic nanoparticles when they are used as
nanoantennas for emitters placed in the direct vicinity of the
nanoparticle surface, for example, to enhance fluorescence.
Light emission processes and quenching near a metallic

nanostructure are typically studied within the electric dipole
(ED) approximation.24 However, there are important classes of
emitters such as quantum dots25,26 or rare earth ions27,28 for
which one has to go beyond the electric dipole approximation
in order to give adequate descriptions. In such cases, a finite
size of the emitter25,26 or higher order multipole transitions29

have to be taken into account. In particular, magnetic-dipole
(MD) transitions have recently attracted a lot of interest. For
example, many transitions in rare-earth ions, for example, the
4I13/2 → 4I15/2 transition in Er3+ ions, have considerable MD
contributions.27,28 The recent interest in MD transitions is
motivated by the realization that they can have appreciable
strengths and offer excellent probes into the magnetic part of

Received: July 21, 2015
Published: December 3, 2015

Article

pubs.acs.org/journal/apchd5

© 2015 American Chemical Society 27 DOI: 10.1021/acsphotonics.5b00397
ACS Photonics 2016, 3, 27−34

pubs.acs.org/journal/apchd5
http://dx.doi.org/10.1021/acsphotonics.5b00397


the local optical density of states, which can be of particular
importance in the field of metamaterials.
Recent studies of the MD emission modification near

metallic nanoparticles have mainly focused on relatively large
emitter-nanoparticle separations,30−34 where the inevitable
ohmic losses originating from nonradiative relaxation processes
in the metal do not dominate the near-field response of the
nanoparticle. For MD transitions, little is known about
emission quenching caused by coupling to metal nanoparticles
over very small distances. In the present paper, we analyze this
effect by calculating the optical emission from MD and ED
emitters coupled to a metal nanoparticle. We demonstrate that
the reduction in radiative quantum efficiency that is caused by
nonradiative relaxation in the metal is, near the nanoparticle
surface, much smaller for MD than for ED transitions. This
difference is explained by the fact that the distance dependence
of the electric field induced by the magnetic dipole is weaker
than that of the electric near-field of the electric dipole. Our
results imply that MD transitions may be superior to ED ones
when coupling to a metallic nanoantenna over sub-10 nm
distances is used to enhance optical emission from a quantum
emitter.
In what follows, we consider a point dipole emitter (electric

or magnetic) placed at a distance d from the surface of a metal
sphere of radius a (Figure 1). The metal chosen here is silver,

but may also be another material with good plasmonic
properties, for example, doped Cu2−xS.

35,36 The dielectric
function of silver, ε, is described using the local37 and
nonlocal38 Lorentz−Drude models (see Supporting Informa-
tion (SI) for more details). The refractive index of the host
medium, nb, is set to that of glass ( ε= =n 1.5b b ) to
represent an experimentally valid situation. Here εb is the
dielectric constant of the host medium. Emission from a point
dipole in the presence of a metallic sphere is described within
the Mie formalism.39 In this formalism, the radiative decay rate
is determined by the total radiated power calculated as an
integral of the Poynting vector over a full solid angle in the far-
field.40 The nonradiative decay rate is given by the energy
dissipation rate associated with the current induced in the
particle by the electric field of the dipole.40 The radiative (γe,∥

R ,
γe,⊥
R ) and nonradiative (γe,∥

NR, γe,⊥
NR) decay rates of the point

electric dipole in the presence of a nanoparticle have been
presented in ref 40 and are summarized in the SI. Here the
index e(m) is for electric(magnetic) transitions. We distinguish
between parallel (∥) and perpendicular (⊥) orientations of the
dipole with respect to the sphere surface. For the MD
transitions, expressions for the total (γm,∥, γm,⊥) and radiative
(γm,∥

R , γm,⊥
R ) decay rates have recently been reported in refs

31,41, and 42. Here we derive explicit expressions for the
nonradiative (γm,∥

NR, γm,⊥
NR ) decay rate of the MD transition

following an approach presented in ref 43; see SI for details.
Each decay rate is normalized with respect to the radiative
decay rate in the absence of the nanoparticle. With this
normalization, classical approaches such as that presented here
deliver equivalent results to those of a quantum optical
description.44 To describe the emission modification for an
ensemble of atoms or ions, whose transitions dipole moments
are randomly oriented, the decay rates need to be averaged over
all possible dipole orientations. This can be done by averaging
the rates for the parallel and perpendicular dipole orientations
with weight factors of two and one, respectively, γe(m)

R(NR) =
(2γe(m),∥

R(NR) + γe(m),⊥
R(NR))/3.9

As an example of results obtained from the calculations, the
black solid lines in Figure 2a and b, respectively, show the

orientation-averaged radiative decay rates, γe
R and γm

R , of electric
and magnetic dipoles placed at a distance d = 10 nm from the
surface of a silver nanosphere with radius a = 50 nm. All rates
have been normalized to the radiative decay rate of the dipole
in the nanoparticle-free host medium. Both in the case of ED
and MD transitions, the dependence of the radiative decay rate
on the photon energy of the emission exhibits several
resonances. The spectral positions of these resonances
correspond to poles of the Mie coefficients (vertical gray
lines) and are associated with excitations of particle-plasmon-
polaritons (PPPs) of different electric multipole orders in the
silver nanosphere.40 Contributions from individual multipole
orders (l = 1, 2, 3, ...) to the total rate are depicted as thin blue
lines. Only low-order multipoles contribute considerably to the
radiative decay rate. Higher-order multipoles do not contribute
appreciably to the radiative decay due to their predominantly
dissipative nature.9 Their frequencies converge to the surface
plasma frequency of the flat silver surface, ℏω = 3.31 eV.

Figure 1. Sketches of point electric (a) and magnetic (b) dipoles
placed at a distance d from the surface of a silver sphere with radius a.
Both the silver sphere and dipoles are placed in a host medium with a
refractive index nb = 1.5. The dipoles can have an arbitrary orientation
with respect to the surface. The dipoles are shown not to scale.

Figure 2. Radiative rate (black solid line) of electric (a) and magnetic
(b) dipoles placed 10 nm from the surface of a silver sphere with
radius a = 50 nm vs photon energy of the dipole transition. The
contributions of individual multipole orders (l = 1, 2, 3, ...) to the total
rate are depicted as thin blue lines. In the bottom panel (b), the
radiative rate of an electric dipole (black dashed like) is duplicated to
facilitate comparison. All rates have been normalized to those of the
nanoparticle-free ones and are averaged over the dipole orientation
with respect to the sphere surface. Vertical gray lines correspond to
PPP resonance frequencies.
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Resonances associated with the magnetic multipoles of the
nanosphere are known to exist in the spectral range where the
permittivity of silver is positive,45 that is, ℏω > 5.4 eV. In the
spectral range where silver demonstrates a metallic behavior
(ℏω < 3.83 eV), the contribution of the magnetic multipoles is
negligible45 and the emission decay of the magnetic transition is
predominantly caused by the coupling of the electric field
induced by the magnetic dipole to the electric multipoles of the
nanosphere. For this reason, the radiative decay rate of the
magnetic transition essentially follows the spectral profile of
that of the electric one. The absolute value of the magnetic
radiative decay rates, however, is two to three times smaller.
The difference is larger in the case of the nonradiative

processes. In this case, all higher-order PPPs contribute to the
energy dissipation.9,43 In Figure 3, the nonradiative decay rates,

γe
NR and γm

NR, (black solid lines) are shown for electric (a) and
magnetic (b) dipole transitions of a dipole placed at the
distance d = 10 nm from the surface of the nanosphere with
radius a = 50 nm. Contributions of individual multipole orders
to the total rate are depicted as thin blue lines. All rates have
been normalized to the radiative decay rate of the dipole in the
nanoparticle-free host medium. One can see that both for the
electric and magnetic dipoles a contribution from the higher-
order multipoles is not negligible even at the frequency of the
first (l = 1) PPP resonance. Because the resonance frequencies
of the higher-order PPPs converge to the surface plasma
frequency of the flat silver surface, the nonradiative decay rate
shows a peak near this frequency. Similar to the case of the
radiative processes, the normalized nonradiative rate spectrum
of the magnetic transition follows the spectrum of the electric
one, remaining at the same time up to ten times smaller in
absolute value.
While Figures 2 and 3 compare the spectral dependencies of

the decay rates for ED and MD transitions, the following

section studies the quantitative differences between the decay
rates at selected frequencies. These differences depend on the
distance of the emitter to the nanoparticle surface. In Figure 4,

the radiative and nonradiative decay rates at the frequency of
the first (l = 1) PPP resonance of the silver sphere with radius a
= 50 nm are shown as functions of the distance to the
nanoparticle surface. The solid lines have been calculated using
the rigorous Mie formalism. A comparison between Figure 4a
and b shows that the nonradiative decay rate of the MD
transition is much lower than that of the electric one in the
distance range studied here. This difference is a factor of 10 at a
distance of 10 nm (as already shown in Figure 3) and becomes
much larger at smaller distances. In contrast, the radiative decay
rate of the MD transition lies only a factor of approximately 2
below that of the electric one over the whole distance range
shown in Figure 4.
To understand why the nonradiative decay rates of ED and

MD transitions show such different distance dependencies, we
compare them in the quasi-static regime, that is, for the dipole
positioned in close proximity to the nanosphere surface and kba
≪ 1. Here kb is the wavenumber in the host medium. In the
near-field regime, the following form of the nonradiative rate of
the electric dipole placed at a distance d from the nanosphere
surface is obtained43

γ
ε ε
ε ε

∼
−
+

⎡
⎣⎢

⎤
⎦⎥ k d

1
4

Im
( )
( )

1 1b

b b
e
NR

3 3
(1)

where d is the distance between the dipole and the sphere
surface. This asymptotic expression is plotted as a dashed red

Figure 3. Nonradiative rate (black solid line) of electric (a) and
magnetic (b) dipoles placed 10 nm away from the surface of a silver
sphere with radius a = 50 nm. The contributions of individual
multipole orders (l = 1, 2, 3, ...) to the total rate are depicted as thin
blue lines. In the bottom panel (b) the nonradiative rate of an electric
dipole (black dashed like) is duplicated to simplify comparison. All
rates have been normalized to those of the nanoparticle-free ones and
are averaged over the dipole orientation with respect to the sphere
surface. Vertical gray lines correspond to PPP resonance frequencies.

Figure 4. Normalized orientation averaged radiative (black lines) and
nonradiative (red lines) decay rates versus distance to the nanoparticle
surface in the near-field regime for electric (a) and magnetic (b)
dipoles at the first (l = 1) PPP resonance frequency. Solid lines
correspond to rigorous Mie calculations. Dashed lines depict quasi-
static approximations eqs 1−4.
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line in Figure 4a. It shows an excellent agreement with the
result of the rigorous Mie calculation (red solid line). Equation
1 reproduces the 1/d3 distance dependence of the nonradiative
decay rate near a flat metal surface.29,46,47 In the case of a flat
surface, the usual 1/d3 distance dependence of the electric field
produced by an electric dipole results in an energy dissipated in
the metal that is proportional to 1/d6, which after integration
over the metallic half space yields the 1/d3 behavior.46 The
agreement of the asymptotic eq 1 with the distance dependence
for the flat metal surface means that the precise curvature of the
metal has little effect on the distance dependence if the electric
dipole is close enough to the surface. For the MD transition
coupled to a nanosphere, we obtain in the quasi-static limit,
following a similar approach as ref 43 (see SI for more details):

γ
ε ε
ε ε

ε ε
ε

∼
−
+

+
−⎡

⎣⎢
⎤
⎦⎥ k d

1
4

Im
( )
( )

( )
2

1 1b

b

b

b b
m
NR

(2)

This expression is plotted as a dashed red line in Figure 4b.
Again, it shows an excellent agreement with the result of a
rigorous Mie calculation (red solid line). Note that in eq 2, the
first term coincides with the quasi-static expression for the
nonradiative decay rate of a magnetic dipole near a flat metal
surface;29,46,47 the second term in eq 2 is a residual contribution
from coupling to the magnetic multipoles of the nanosphere
and, in contrast to the first term, has a nonresonant character.
In the case of the flat surface, the asymptotic 1/d distance
dependence is a result of the 1/d2 distance dependence of the
electric field induced by the oscillating magnetic dipole; the
energy dissipated in the metal is then proportional to 1/d4,
resulting, after integration over the metallic half space, in the 1/
d behavior known from the literature.46 The similarity of the
first term in eq 2 to the quasi-static expression for the
nonradiative decay rate near a flat surface suggests that the
same explanation for the 1/d dependence holds in the case of
the spherical surface. We conclude that the vast difference
between the distance dependencies of the nonradiative decay
rates of ED and MD transitions can be traced back to the
difference between the 1/d3 distance dependence of the electric
field produced by an electric dipole and the 1/d2 distance
dependence of the electric field induced by the oscillating
magnetic dipole.
As shown by the black solid lines in Figure 4, the radiative

decay rates appear to exhibit much more gradual distance
dependencies than the nonradiative ones. The reason for this
difference becomes obvious when we consider again the quasi-
static limit of the rigorous Mie treatment. In this limit, we
obtain for the orientation-averaged radiative decay rate of the
ED transition43

γ
ε ε
ε ε ρ

α
ρ

≈
−
+

∼ | |
⎛
⎝⎜

⎞
⎠⎟a2

2
1 1b

b
e
R 3

2

6 1
2

6
(3)

and for that of the MD transition (see SI for details)

γ ρ
ε ε
ε ε ρ

α
ρ

≈ +
−
+

+ ∼ | |
⎛
⎝⎜

⎞
⎠⎟k a a

1
4

2
2

1
1

1
b

b

b
m
R 2 2 3

2

4 1
2

4
(4)

where ρ = a + d is the distance between the dipole and the
sphere center, and α1 = a3(ε − εb)/(ε + 2εb) is the quasi-static
dipole polarizability of a sphere.1,24 Equations 3 and 4 are
plotted as dashed black lines in Figure 4. They show an
excellent agreement with the results of the rigorous Mie

calculation (black solid lines). The asymptotic power depend-
encies in eqs 3 and 4 can be understood within the dipole
approximation. In this approximation, the radiative decay rate
of a point dipole, γe(m)

R , is proportional to the absolute square of
the dipole moment, μ ⃗, induced in the nanoparticle by the
external electric field, E.24 In the quasi-static limit, the induced
dipole moment is given by μ ⃗ = α1E, where α1 is the quasi-static
dipole polarizability of the nanoparticle. Here, a radiative
correction to the polarizability is neglected for simplicity. In the
near-field zone, where the emission quenching phenomena
become important, the electric fields generated by the electric
and magnetic dipoles scale with distance between the radiating
dipole and the center of the nanoparticle, ρ, as |E| ∼ 1/ρ3 and
|E| ∼ 1/ρ2, respectively.24 As a result, the normalized radiative
decay rates of ED and MD transitions are asymptotically
proportional to γe

R ∼ |α1|
2/ρ6 and γm

R ∼ |α1|
2/ρ4, respectively.

Thus, the dependencies of γe
R and γm

R on ρ are steeper than
those of γe

NR and γm
NR on d. However, since even a small value of

the distance d between emitter and nanoparticle surface means
a relatively large value of ρ = a + d, the dependencies of the
radiative decay rates on d appear much more gradual in the
double-logarithmic plots of Figure 4 than those of the
nonradiative decay rates.
The differences between the decay rates of electric and

magnetic transitions near a metal nanoparticle lead to dramatic
differences between their radiative quantum efficiencies. The
radiative quantum efficiency of a transition is defined as the
number of emitted photons per absorbed photon. In the
following, the terms “extrinsic/intrinsic quantum efficiency”
refer to the radiative quantum efficiency of the transition in the
presence/absence of a metal nanoparticle, respectively. The
extrinsic quantum efficiency, η, is related to the intrinsic one, η0,
through8

η γ
γ γ η η

=
+ + −(1 )/

R

R NR
0 0 (5)

Here the radiative γR and nonradiative γNR rates are normalized
to the radiative decay rate in the absence of the nanoparticle.
The intrinsic quantum efficiency η0 accounts for all intrinsic
nonradiative transitions in the emitter in the absence of the
nanoparticle. Figure 5 shows η as a function of the distance to
the nanoparticle surface at the frequency of the first (l = 1) PPP
resonance. Here the intrinsic quantum efficiency η0 is assumed
to be 100%. Far away from the nanosphere surface, the

Figure 5. Orientation averaged extrinsic quantum efficiency of electric
(solid black line) and magnetic (solid blue line) dipole at the first (l =
1) PPP resonance frequency. The intrinsic quantum efficiency is
assumed to be 100% for both electric and magnetic dipole transitions.
Dashed lines depict the asymptotic quasi-static limit of the extrinsic
quantum efficiency.
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influence of the particle can be neglected and the extrinsic
quantum efficiency η approaches 1. Near the nanoparticle
surface, the nonradiative processes in the metal become
dominant, resulting in a strong reduction of η. It is important
to note that the extrinsic quantum efficiency of the MD
transition remains relatively large even very close to the particle
surface. For example, at a distance of d = 1 nm between dipole
and nanosphere surface, the extrinsic quantum efficiency of the
MD transition is 58%, while the extrinsic quantum efficiency of
the ED transition is effectively zero (0.5%). In other words, the
MD transitions experience strong emission quenching only in a
much narrower zone around the nanoparticle than the ED
transitions. This striking difference is a main result of the
present Letter. It is a consequence of the distance dependencies
of the decay rates discussed in the context of eqs 1−4 and
Figure 4: (i) with decreasing distance d, the nonradiative decay
rate of the MD transitions grows much more slowly (∼1/d)
than the nonradiative rate of the ED transitions (∼1/d3),
resulting in much smaller absolute values of the nonradiative
decay rate at the same distance, for example, d = 1 nm; and (ii)
the radiative decay rates of magnetic and electric transitions are
both almost independent of d at distances below 10 nm. For
comparison, Figure 5 also shows the asymptotic quasi-static
limits of the extrinsic quantum efficiency, which have been
calculated from eqs 1−4 (dashed lines).
In contrast to the case η0 = 1 shown in Figure 5, a transition

with poor intrinsic quantum efficiency can experience an
enhancement of the radiative quantum efficiency when coupled
to a metal nanoparticle. It is interesting to ask what effects the
differences between ED and MD transitions discussed above
have on this radiative enhancement. In Figure 6, the

enhancement of the extrinsic quantum efficiency of electric
(a) and magnetic (b) dipole transitions is shown in a two-
dimensional map for the case of an intrinsic quantum efficiency
of 10%, which is a reasonable value for a transition in
embedded rare-earth ions with poor η0.

48 The radius of the
silver sphere is a = 50 nm. The yellow dashed line corresponds
to the case of the extrinsic quantum efficiency matching the
intrinsic one and separates regions of reduced and enhanced
quantum efficiency. Emission is enhanced near the first and
second PPP resonances of the nanosphere. The maximal
enhancement is comparable for the ED and MD transitions,
being 3.3 and 3.1 times, respectively. Near the nanosphere
surface, however, the ED and MD transitions behave very
differently. The emission from electric dipoles placed closer
than 3 nm to the sphere surface is strongly suppressed
(quenched). In contrast, the emission from the magnetic dipole
remains enhanced as close as 1 nm to the nanosphere surface.
Thus, our earlier observation from Figure 4 that the emission
quenching of MD transitions is restricted to a much narrower
zone around the nanoparticle than that of ED transitions
applies also to the case of poor intrinsic quantum efficiency. In
addition to the short-distance quenching at the first and second
PPP resonances, emission is also suppressed above 2.9 eV at all
distances for both ED and MD transitions. This is a
consequence of the low radiative and high nonradiative decay
rates of the higher order PPP resonances beyond l = 2 (cf.
Figures 2 and 3).
At a few nanometers distance between emitting dipole and

the nanoparticle surface, the induced currents are strongly
localized in space and show large gradients on the length scale
of a fraction of nanometer. In this situation, the nonlocality of
the electromagnetic response of the metal may become
important in the correct description of the light-matter
interaction.10,38,49−52 We have assessed the influence of the
nonlocality on the emission quenching in this distance regime
and shown (see SI for details) that at short distances to the
particle surface the nonlocality leads to slightly lower extrinsic
quantum efficiencies. The reduction of η is caused by the
additional electronic dissipation known to occur in finite-size
metal nanoparticles.38 The main effect of the reduction is that
the zone in which quenching dominates the ED transition at
the l = 1 resonance frequency of the nanosphere widens by ∼1
nm, while the extrinsic quantum efficiencies of both ED and
MD transition remains almost unchanged at frequencies of the
higher order resonances of the nanosphere. At the same time,
MD transitions stay superior to ED ones over the entire range
of distances.
Above we have treated the emitter as a point dipole. This

approximation is no longer valid when d approaches the
dimension of the emitter, that is, ∼0.1 nm in the case of rare-
earth ions. Then the finite dimension of the emitter has to be
considered. Moreover, our approach ceases to apply at
distances below ∼0.2 nm also because in this distance range
the Mie formalism begins to break down due to the failure of
the classical boundary conditions between two homogeneous
media.50 The corresponding spatial variation of the electric field
takes place on length scales smaller than 0.1 nm, which is
smaller than the interatomic distance of silver (about 0.29 nm).
Furthermore, quantum effects begin to become important at
such distances.53−55 Spill-out of electron density outside the
metal surface, electron tunneling from the emitter into a
metallic nanoparticle and other effects could further modify the
distance dependence of the emission quenching. To treat these

Figure 6. Enhancement of extrinsic quantum efficiency of electric (a)
and magnetic (b) dipole transitions averaged over dipole orientation.
The intrinsic quantum efficiency is assumed to be 10% for both
electric and magnetic dipoles. The yellow dashed lines correspond to
the case of the extrinsic quantum efficiency matching the intrinsic one
and separate regions of suppressed and enhanced quantum efficiency.
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effects, a first-principles quantum-mechanical description would
be necessary. However, the development of such a description
for the large nanoparticles considered here would go beyond
the scope of the present work.
While no statement is possible below ∼0.2 nm, our results

demonstrate that in the distance range beyond ∼0.2 nm, the
reduced quenching of MD transitions predicted here should be
large enough as to be experimentally demonstrable. As shown
in Figures 5 and 6, the spatial range in which quenching is
dominant is expected to have an extension of less than 1 nm for
MD transitions, while it is several nanometers for ED
transitions. Further calculations (see SI for further details)
have demonstrated that this drastic difference also appears for
oblate spheroids; we therefore expect it to apply also to other
nanoparticle shapes and sizes. For an experimental demon-
stration, photoluminescence measurements with controlled
emitter-particle surface distances would be necessary. Such a
distance control has been successfully performed in recent
works on the emission from purely electric dipole emit-
ters.7,11,20 Furthermore, it is essential to select a suitable
emitter. The optical transition in question needs to have a
sufficiently large magnetic component to demonstrate the
effects that are predicted here for a purely magnetic dipole
transition. This goal is achievable; for example, the magnetic
component accounts for 77% of the intrinsic emission at 1548
nm in erbium-doped yttrium oxide.56 Moreover, the emitter
should be small enough as to serve as a probe with a sufficient
spatial resolution. For example, Er3+ ions (size ∼ 0.1 nm)
appear more suited than semiconductor quantum dots, whose
size usually exceeds 1 nm.
The reduced emission quenching of MD transitions studied

here may find promising applications in photoluminescence
techniques: We expect that MD emitters can be positioned
closer to metal surfaces than ED emitters without quenching
the photoluminescence. For example, MD emitters could be
adsorbed directly on metal surfaces and still radiate, if only their
radiative centers are a minimum of ∼0.5 nm away from the
surface; no spacer layers between emitters and metal surface
would be necessary to prevent photoluminescence quenching.
Similarly, surface-enhanced fluorescence from emitters in
optical hot spots on nanostructured metal surfaces57,58 might
profit from the reduced quenching associated with MD
emitters. Furthermore, the selective quenching of ED
transitions in the sub-10 nm distance range might be usable
to eliminate the ED contributions from the radiation emitted by
mixed electric-magnetic dipole transitions such as those present
in many transition-metal ions; this might lead to emission-
modulation schemes similar in spirit to that demonstrated in ref
59. Moreover, the reduced quenching of MD transitions might
also be useful for increasing the resolution of apertureless
fluorescence microscopy using metallic scanning tips.60

In conclusion, we have demonstrated that the emission
quenching of magnetic dipole transitions begins to dominate at
substantially shorter distances to the surface of a metal
nanoparticle than that of electric dipole transitions. We have
explained this behavior in terms of the weaker distance
dependence of the electric field induced by the magnetic
dipole as compared to the electric field of an electric dipole.
Our results imply that magnetic dipole transitions may be
superior to electric ones whenever coupling to a metallic
nanoantenna over sub-10 nm distances is used to enhance
optical emission from a quantum emitter.
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