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Chapter 3

Probing the electrodynamic
LDOS with magnetoelectric

point scatterers

In a scattering experiment, the induced dipole moments of a mag-
netoelectric point scatterer in response to driving fields are given
by its polarizability tensor α. Its linewidth will be dictated by
the local density of optical states (LDOS) at the scatterer’s posi-
tion. To retrieve the magnetoelectric cross-coupling components
of α for an archetypical magnetoelectric scatterer—a split ring
resonator—we study the frequency dependent extinction cross sec-
tion σext as a function of distance to an interface. Rather than
following a purely electric or purely magnetic LDOS, we find a de-
pendence which reflects the interplay of both dipole moments in
a ’mixed’ magnetoelectric LDOS. For a strongly magnetoelectric
cross-coupled microwave scatterer, we compare analytical point
dipole with finite element method calculations.
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3 Probing the electrodynamic LDOS with magnetoelectric point scatterers

3.1 Introduction

While electricity and magnetism are inextricably connected in optics, the
interaction of light with matter is generally considered to be almost en-
tirely mediated by the photon’s electric field and the electric polarizabil-
ity of matter [1]. In the last decade, this paradigm has shifted with the
emergence of the field of metamaterials [2, 3, 4]. In this field of research,
complete control over the flow of light is promised by transformation optics
[5], provided one can engineer arbitrary AC (optical frequency ω) permit-
tivity ε(ω) and permeability µ(ω) of the medium it passes through. To
reach this goal, many workers nanostructure materials that intrinsically
have µ = 1 and ε 6= 1 to create effective media that spoof a magnetic
response µ. The workhorse object in the field is the so called split ring
resonator [6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16], a metallic ring of an overall
size of around λ/10 with a single cut that provides a magnetic response
through a circulating charge mode that corresponds to an LC-resonance.
At telecom frequencies, experiments indicate that split rings, and similar
metamaterial building blocks, have a strong magnetic polarizability of sev-
eral times their physical volume [10, 13, 14]. Therefore, it is possible to
induce a strong magnetic dipole in such scatterers upon driving with the
incident magnetic field of light. At the same time, metamaterial scatterers
often feature a strong electric, and a so-called ’magnetoelectric’ polarizabil-
ity, whereby electric driving sets up a strong magnetic response and vice
versa [17].

Parallel to the development of metamaterials, interest has recently emerged
in engineering magnetic fluorescent transitions [18, 19, 20, 21]. Just as the
response of materials to light is dominated in nature by ε, the fluorescence
of deeply subwavelength objects like atoms, quantum dots and molecules,
is usually entirely dominated by electric dipole transitions [22]. Thus, re-
searchers in the field of spontaneous emission control conventionally take
the local density of optical states (LDOS), that quantifies how many photon
states are available for an emitter to decay into, as strictly meaning the local
density of electric field vacuum fluctuations. This electric field LDOS not
only governs spontaneous emission, but is also commonly associated to, e.g.,
light generation by cathodoluminescence [23, 24], or the radiative damping
of plasmonic, i.e., purely electrically polarizable, scatterers as measured by
Buchler et al. [25]. While in context of spontaneous emission, the magnetic
LDOS, i.e., the local density of magnetic field vacuum fluctuations, usually
plays a negligible role, it was already recognized to be equally important as
the electric LDOS in determining the local energy density of the thermal
field as reviewed by Joulain et al. [26, 27, 28]. Very recently Taminiau et al.
[21] demonstrated that in rare earth elements magnetic transition dipoles
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3.2 Magnetic LDOS near metallic and dielectric interfaces

can be sufficiently strong for magnetic LDOS to be cleanly observed.

In this chapter, the two developments described above come together
in a single question and its answer. If a scatterer such as a split ring is
indeed a magnetic, or even a magnetoelectric scatterer of mixed electric-
magnetic character, which LDOS actually sets the radiative linewidth? To
formalize this question, we ask how radiation damping affects a split ring if
we abstract it to a point scatterer with a formally 6×6 polarizability [29, 7]
of the form (

p
m

)
=

(
αE αC
−αTC αH

)(
E
H

)
. (3.1)

Here, the electric response to electric fields and magnetic response to mag-
netic fields are given by the 3 × 3 tensors αE and αH , respectively. The
off-diagonal quantifies how strongly a magnetic dipole can be set up by
an electric field and vice versa. A polarizability such as Eq. (3.1) con-
tains very nontrivial features, such as optical activity, pseudochirality, and
handed radiation patterns, depending on the amount of magnetoelectric
cross-coupling αC [30, 17, 31]. In how far this polarizability truly describes
experiments is a matter of debate. Matching of far-field transmission spectra
of periodic arrangements of such metamaterial scatterers to a lattice model
for point dipoles is excellent [32] but one may wonder if the dipole picture
stands up to scrutiny in a near-field experiment. A particular near-field ex-
periment would be to test if a split ring responds to the LDOS, a quantity
specific to dipole transitions and scattering. In this chapter, we first answer
the question how a split ring’s radiative linewidth is modified by the LDOS,
and show that in addition to the electric and magnetic LDOS, a third quan-
tity emerges in the form of a magnetoelectric LDOS. Secondly, we show
that controlled variations in LDOS should allow one to measure the magni-
tude and test the conceptual validity of the point scatterer’s polarizability.
Finally, we benchmark our proposal to finite element calculations.

3.2 Magnetic LDOS near metallic and dielectric
interfaces

The effect of the LDOS on a point scatterer is well understood by first
considering a polarizable dipole in front of a perfect mirror. As first demon-
strated in a groundbreaking experiment by Buchler et al. [25], the scattering
resonance of a plasmon particle can be modified in width by mechanically
approaching a planar reflective substrate. This effect can be interpreted in
exactly the same manner as the explanation usually given to Drexhage’s
experiment on the radiative transition rate of a fluorophore near a mir-
ror [33, 34, 35, 36, 37]. The scattering resonance carries an electric dipole
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3 Probing the electrodynamic LDOS with magnetoelectric point scatterers

Figure 3.1: Split ring resonators with two distinct orientations are placed
above a perfect mirror. In the point dipole picture each split ring is described
by an electric dipole p along the split ring gap (blue) and a magnetic dipole
m pointing out of the split ring plane (red). The mirror images for both split
ring orientations are depicted together with their respective image dipoles
p′ and m′.

that hybridizes with its mirror image, which for a dipole moment parallel
(perpendicular) to a perfect mirror interface has reverse (identical) orienta-
tion according to image charge analysis (Fig. 3.1). The two electric dipoles
together correspond to either a subradiant or superradiant configuration,
depending on dipole orientation and distance. Consequently, the radiative
linewidth oscillates with distance to the mirror in proportion to the electric
LDOS. It is not immediately obvious that this method can be useful to also
probe linewidth changes in objects such as split rings, with both an electric
and magnetic dipole moment. While the rule for choosing the image dipole
orientation reverses in the magnetic case, compared to the electric case, one
should also consider that in a split ring the electric and magnetic dipole
are at 90◦ relative orientation. In most experiments, the magnetic dipole is
perpendicular to the substrate (labelled z-oriented from hereon), while the
electric dipole is in-plane (x-oriented). An image dipole analysis assuming
a perfect mirror predicts essentially no discernible difference between the
linewidth of an in-plane electric dipole and an out-of-plane magnetic dipole.
That electric and magnetic LDOS have essentially the same dependence for
the perpendicular dipole orientations in a mirror charge analysis was also
noted by Karaveli et al. [18]. Discerning magnetic and electric LDOS effects
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3.3 Green function

hence either implies that one rotates the scatterer (Fig. 3.1, right) to have
both electric and magnetic dipoles in plane, or requires that one finds an
LDOS with distinct electric and magnetic spatial dependence for the desired
polarizations.

3.3 Green function

To calculate LDOS, we require the 6 × 6 dyadic Green function near a
planar interface where source r′ and observation point r are in the same
halfspace.We separate the Green function in a free part (in absence of an
interface) and a reflected part

G(r, r′) = Gfree(r, r
′) + Greflected(r, r′)

with

Gfree(r, r
′) =

(
Ik2 +∇∇ −ik∇×
ik∇× Ik2 +∇∇

)
G(r, r′) (3.2)

where k = ωn/c is the wave number in the medium of index n that contains
both r and r′, c is the speed of light, and G(r, r′) is the scalar Green function.
The reflected part of the Green function reads

Greflected(r, r′) =
ik2

2

∫ ∞
0

k||dk||[j0(k||R)M0 +

j1(k||R)M1 + j2(k||R)M2]eikzz

(3.3)

where if r = (x, y, z) and r′ = (x′, y′, z′) we define cylindrical coordinates
through (R cosφ,R sinφ,Z) = (x − x′, y − y′, z + z′). With kz we denote√
k2 − ||k||||2, while jn(x) is the Bessel function of order n. The 6 × 6

matrices Mi contain the k|| dependent Fresnel reflection coefficients rs and
rp for s and p polarization. In detail:

M0 =



rs/kz − rpkz 0 0

0 rs/kz − rpkz 0
0 0 2rpk

2
||/kz

0 rp − rs 0
rs − rp 0 0

0 0 0
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3 Probing the electrodynamic LDOS with magnetoelectric point scatterers

0 rp − rs 0
rs − rp 0 0

0 0 0
rp/kz − rskz 0 0

0 rp/kz − rskz 0
0 0 2rsk

2
||/kz

 (3.4)

and

M1 = 2ik||



0 0 −rp cosφ

0 0 −rp sinφ
rp cosφ rp sinφ 0

0 0 rp/kz sinφ
0 0 −rp/kz cosφ

−rs/kz sinφ rs/kz cosφ 0

0 0 −rs/kz sinφ
0 0 rs/kz cosφ

rp/kz sinφ −rp/kz cosφ 0
0 0 −rs cosφ
0 0 −rs sinφ

rs cosφ rs sinφ 0

 (3.5)

and finally also

M2 =



(rs/kz + rpkz) cos 2φ (rs/kz + rpkz) sin 2φ 0

(rs/kz + rpkz) sin 2φ −(rs/kz + rpkz) cos 2φ 0
0 0 0

−(rs + rp) sin 2φ (rs + rp) cos 2φ 0
(rs + rp) cos 2φ (rs + rp) sin 2φ 0

0 0 0

(rs + rp) sin 2φ −(rs + rp) cos 2φ 0
−(rs + rp) cos 2φ −(rs + rp) sin 2φ 0

0 0 0
(rskz + rp/kz) cos 2φ (rskz + rp/kz) sin 2φ 0
(rskz + rp/kz) sin 2φ −(rskz + rp/kz) cos 2φ 0

0 0 0

 . (3.6)

Throughout we have used the units of Ref. [17].

To specify the calculation method for the LDOS at a position r above the
interface, we calculated the imaginary part of the Green function G(r, r),
as described in the textbook by Novotny and Hecht [22], using the com-
plex wave vector integration contour of Paulus et al. [38]. From hereon we
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3.4 Radiative linewidth near an interface

suppress the argument of the Green function. We generalize the calcula-
tion to encompass the electric LDOS ImGEE , the magnetic LDOS ImGHH

and the crossed Green dyadic ImGEH . Notably, the calculation of magnetic
and electric LDOS is comparable in methodology to the report by Joulain et
al. [27], with the distinction that we do not average over dipole orientation,
specify how to implement the full Green function G(r′, r) at arbitrary dis-
tinct source and detector coordinate, and include the magnetoelectric cross
term.

In Fig. 3.2, we plot the electric and magnetic LDOS for vacuum/Si
and vacuum/Ag interfaces for both parallel and perpendicular dipole ori-
entations with the aim of obtaining a large difference between the LDOS
for x-oriented electric dipoles and z-oriented magnetic dipoles. We take
ε = 12.11 for silicon and ε = −121.53 + 3.10i for silver, as tabulated for
the resonant wavelength of 1.5µm [39, 40], typical for 200 nm×200 nm split
rings, and plot LDOS normalized to the LDOS in vacuum (Fig. 3.2). For
the vacuum/Ag interface we observe that the magnetic z-oriented and elec-
tric x-oriented LDOS are quite similar in magnitude, except within 50 nm of
the interface. As anticipated from the perfect mirror intuition, a dielectric
interface is advantageous in providing a higher contrast of magnetic electric
LDOS contrast compared to a metal. Continuity conditions on E‖ and H‖
ensure that the electric and magnetic LDOS are highly distinct. The range
over which a large distinction remains away from the interface extends well
into the regime beyond the first oscillations in LDOS at 200 nm, as shown
in Fig. 3.2. Therefore, scanning the separation distance between split ring
and interface allows to independently vary the electric and magnetic LDOS
over a substantial range.

3.4 Radiative linewidth near an interface

Now we proceed to examine the radiative linewidth of a point scatterer
described by a magnetoelectric polarizability, as proposed by Sersic et al.
[17], which is based on the static polarizability introduced by Garcia-Garcia
et al. [7] generalized to include radiation damping. The induced dipole
moments of a scatterer in vacuum are entirely set by its full 6 × 6 dy-
namic polarizability tensor αdyn

free that is of the form Eq. (3.1). In a qua-
sistatic description of the scatterer, one starts from an LC circuit to obtain
a static polarizability αstat

free that consists of a Lorentzian frequency depen-

dence L(ω) =
ω2
0V

ω2
0−ω2−iωγ . (resonant at the LC frequency ω0 , damping rate

γ set by the Ohmic resistance R) multiplying a frequency independent 2×2
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3 Probing the electrodynamic LDOS with magnetoelectric point scatterers
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Figure 3.2: Relative electric (x-oriented dipole p, blue) and magnetic (z-
oriented dipole m, red) LDOS for distance d from a vacuum/Ag (dashed
lines) and vacuum/Si (solid lines) interface at a vacuum wavelength of
1.5µm. Especially at close distances d < 0.2µm, a vacuum/Si interface pro-
vides a higher LDOS contrast of x-oriented electric dipoles and z-oriented
magnetic dipoles than a vacuum/Ag interface.

matrix

αstat
free = L(ω)

(
ηE,xx iηC,xz
−iηC,zx ηH,zz

)
(3.7)

where ηE , ηH , ηC are real parameters simply set by geometry. For an ideal,
infinitely thin SRR all other elements of the 6 × 6 polarizability are zero.
To end up with an energy conserving scatterer, a radiation damping term
must be added:

αdyn
free

−1
= αstat

free
−1 − iImG. (3.8)

where G is shorthand for the 6×6 Green function G(r, r′) evaluated with
both r and r′ equal to the position of the scatterer. In vacuum the cor-
rection amounts to the usual radiation damping term iImG = 2/3ik3I,
where k = ω/c, and I the identity matrix, that is standard in the field
of plasmonics. In front of the interface, however, the Green function is
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3.4 Radiative linewidth near an interface

modified according to Fig. 3.2. For the effectively 2×2 polarizability of the
split ring, the relevant ImG tensor is also only 2 × 2, containing on the
diagonal only the electric LDOS for x-oriented dipoles ImGEE,xx, and the
magnetic LDOS for z-oriented dipoles ImGHH,zz, while the off-diagonal con-
tains ImGEH,xz. The off-diagonal term, but at distinct spatial coordinates,
i.e., ImGEH(r, r′), was already recognized to be relevant by Agarwal [26]
in the context of fluctuating electromagnetic fields. In that context, the
term quantifies coherence in blackbody fluctuations, i.e., as cross-spectral
correlation function between electric field at position r and magnetic field
measured at position r′. In the thermal energy density near simple inter-
faces as treated by Joulain et al. [27], this cross term does not appear, owing
to the fact that it does not contribute to thermal energy density if the fluctu-
ating electric and magnetic currents from which the thermal energy density
arises are independent. In this case only the trace of the Green function
enters, i.e., the sum of the dipole-orientation averaged electric and magnetic
LDOS. However, as soon as bi-(an)isotropy (evident as optical activity) is
at play this assumption breaks down and the ImGEH term will enter in
transition rates of emitters, radiative linewidths of scatterers and thermal
energy density. Indeed, bianisotropy is the hallmark of the LC model for
a split ring, in which electric and magnetic dipole derive from the same
charge motion, at fixed quarter wave phase difference. We refer to Ref. [41]
for a recent treatment of fluctuational electrodynamics in chiral bi-isotropic
media.

We obtain the radiative linewidth as one would measure it in an extinc-
tion experiment, by calculating the extinction cross section in the following
manner. The scatterer is driven by a plane wave impinging from above,
plus its Fresnel reflection due to the interface. We take the incident beam
as normal to the interface with the electric field polarized along the gap.
We calculate the work done per unit cycle on the scatterer via

W =

〈
ReE · Re

dp

dt
+ ReH · Re

dm

dt

〉
. (3.9)

Plots of the work show an oscillatory dependence with distance of the split
ring to the interface, due to two effects. Firstly, the driving field forms
a standing wave. Secondly, the polarizability varies with the oscillating
LDOS. To obtain a true extinction cross section we divide out the local
field strength of the driving

σext =
2Z

|E|2
W, (3.10)

with Z the impedance of the host medium, in this case vacuum. As Fig. 3.3(a,
inset) shows, the retrieved extinction cross section is of Lorentzian spectral
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3 Probing the electrodynamic LDOS with magnetoelectric point scatterers

shape, and varies in width and central frequency as the scatterer is ap-
proached to the interface. We extract the resonance width, which is the
sum of the radiative and absorptive damping rate of the scatterer.

As a benchmark, Fig. 3.3 shows the linewidth of the extinction cross
section of a purely electric scattering sphere, i.e., taking ηE = 1, ηH = 0 and
ηC = 0, resonant at 1.5 µm wavelength, with Ohmic damping rate γ = 8.3×
1013 s−1 and a particle volume of V = 100 nm3 . As the scatterer approaches
the interface, its extinction linewidth oscillates, and almost doubles when
the scatterer is close to the interface. We find that the linewidth Γ follows
the dependence Γ = Γabs +Γrad×LDOSEE,xx. Analogous to the calibration
of quantum efficiencies of fluorophores [35, 36, 37], this dependence allows to
extract the radiative and Ohmic damping rate of the particle, and thereby
also the LDOS dependent albedo of the scatterer. For the sphere studied
here, the albedo in absence of the interface is a = 0.41. This benchmark
calculation shows that our model reproduces the experimental observation
by Buchler et al.[25]. Similarly, a calculation for a purely magnetic scatterer
verifies that the damping rate of a magnetic scatterer traces the magnetic
LDOS [calculation not shown].

In Fig. 3.3, as a measure for Γ, we examine the extinction linewidth for
objects that have both an electric and a magnetic character. For demonstra-
tion purposes, we take the electric and magnetic polarizability equally large
at ηE = ηH = 1. If no cross-coupling, i.e., no bianisotropy is present in the
object (ηC = 0), the extinction linewidth simply traces the electric LDOS,
provided excitation is normal to the sample so that the magnetic dipole is
not directly driven at all [curve not shown]. As cross-coupling is introduced,
and increased to its maximum value, the extinction linewidth shifts away
from the purely electric LDOS, and towards the magnetic LDOS curves. At
maximum cross-coupling (ηC = 1), the extinction linewidth exactly traces
the mean of electric and magnetic LDOS consistent with the fact that the
induced electric and magnetic dipole are equal in size. Generally, for this
geometry and excitation, the averaging is weighted by the magnitudes of the
dipole moments, i.e., |p|2 and |m|2. We conclude that an experiment such
as performed by Buchler et al.[25], but applied to a split ring can indeed
provide a quantitative test of the magnetic and bianisotropic dipole response
of a single object, and a calibration of the magnitude of polarizability tensor
elements.

3.5 Magnetoelectric LDOS

That a weighted average of electric and magnetic LDOS is obtained for a
scatterer with both electric and magnetic dipole moment, may seem a likely
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Figure 3.3: (a) Analytical calculation of the FWHM-linewidth of the ex-
tinction cross section normalized to driving field intensity as a function of
distance d to a vacuum/Si interface for a purely electric (ηE = 1, ηH =
ηC = 0) sphere resonant at 1.5 µm wavelength, with Ohmic damping rate
γ = 8.3 · 1013 s−1 and a particle volume of V = 100 nm3 (dots) in com-
parison to the purely electric LDOS lineshape for this interface. (b) The
dots represent the same quantitity as before, but for realistic split ring
resonator (ηH = 0.7, ηE = 0.3, ηC = 0.4)[14] that is oriented with the
SRR plane parallel to the surface. Electric, magnetic and magnetoelectric
LDOS are shown as lines. (c) Maximally cross-coupled split ring resonator
(ηE = ηH = ηC = 1) parallel to and with the gap pointing away and pointing
towards the interface, respectively.
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general description of the physics describing radiative linewidths. However,
we note that in a split ring the electric and magnetic dipole are coherently
coupled through the magnetoelectric coupling, and hence may also probe
the off-diagonal term in ImG. Moreover, in a split ring the electric and
magnetic response have a fixed phase relation, necessarily being a quarter
cycle out of phase since the current inducing m and the charge separation
inducing p are related by charge conservation. This coherence for instance
results in a strongly handed response of split rings under certain viewing
angles [17, 31]. We predict that the coherence also affects the strength of
interaction between the split ring and its mirror image in the substrate,
i.e., the radiative linewidth. In the example we examined in Fig. 3.3, this
effect was fortuitously obscured due to the fact that the cross term GEH,xz
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3.5 Magnetoelectric LDOS

by symmetry happens to be exactly zero. Microscopically, the radiation
emitted by an x-oriented electric dipole in front of a planar surface does
not cause any magnetic field along z to be reflected to the split ring to
provide back action. If we rotate the split ring to stand with arms up, or
point with arms down, cross-coupling becomes important as GEH,xy 6= 0.
Microscopically, this indicates that an x-oriented electric dipole will receive
a y-oriented magnetic field as parts of its reflection in the interface, which
in turn will drive the object if it has a y-oriented magnetic polarizability.
In Fig. 3.3 we report the radiative linewidth for a point scatterer oriented
to exactly represent this case, i.e., that of a split ring that stands up with
its legs normal to the plane. The radiative linewidth in this case does not
trace a weighted combination of magnetic and electric LDOS. It will depend
on GEH,xy instead. Remarkably, this dependence is different for the split
ring pointing upwards to the split ring pointing downwards although the
object has the same electric and magnetic polarizability. A recent paper
by Andersen et al. [42] reports a similar effect, but for the radiative rate
of self-assembled III-V quantum dots. Depending on the orientation of the
trapezoidally shaped dots relative to a plasmonic interface their decay rate
is different, although the transition electric dipole moment strength and
orientation is invariant. In the quantum dot case, this difference is due to
the fact that the highly extended wave functions also introduce an electric
quadrupole character to the transition. While quadrupole effects are lim-
ited to strong field gradients and hence short distances (< 100 nm) from
the interface, for the split rings we expect the orientation asymmetry to
persist over longer distances as it is set by dipolar contributions only. As
in the experiment reported by Andersen, the key to the asymmetry is that
while the electric and magnetic polarizability are invariant upon reversal of
the split ring, coherence between the electric and magnetic contributions is
important. Indeed, when reversing the split ring orientation, the only differ-
ence is the sign of the cross-coupling polarizability, i.e., whether the quarter
cycle phase difference between magnetic and electric response is a lag or an
advance. Thus the fact that radiation reaction is a coherent effect means
that the linewidth provides a direct way to measure phase relations be-
tween polarizabilities, and not only absolute values. For instance, one could
measure if the quarter wave phase difference between αE ,αH on the one
hand and αC on the other hand, that is generally surmised from quasistatic
ciruit theory for split rings, in fact carries over to real scatterers that are
not negligibly small compared to the wavelength and that are not composed
of ideal conductors. To our knowledge, this is the first proposition that a
new property of the structure that can potentially be engineered indepen-
dently of the well-known electric LDOS and the recently evidenced magnetic
LDOS, may enter radiative linewidth modifications for dipole objects. We
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term this a magnetoelectric LDOS effect. Generally, as soon as multiple
multipole moments are relevant, not only the separate multipole LDOS’s,
but also coherences between the different terms will be key to control the
overall radiative rates and linewidths for emitters and scatterers.

3.6 Finite element modelling example

Our predictions for the effect of the magnetic and magnetoelectric LDOS on
the linewidth of metamaterial scatterers are all subject to the assumption
that the scatterers can actually be described in a point dipole picture. An
important question that is yet to be tested in experiment and simulations
is if this assumption holds at all for metamaterial scatterers, and if so for
what classes of optical experiments. Therefore, we perform a numerical ex-
periment and compare the radiative linewidth found from a finite element
method calculation with the point dipole predictions. To optimally discrim-
inate for magnetic LDOS effects, we choose an omega-shaped particle that
earlier surface integral equation simulations [31, 43] predict to have a very
large magnetic and magnetoelectric response. In Ref. [31], the polarizabil-
ity was quantitatively retrieved by projecting calculated scattered fields for
the scatterer held in free space on vector spherical harmonics. We have
performed full-field finite element calculations of the omega-shaped scat-
terer, which is resonant in the microwave regime, again above a high-index
substrate (n = 3.5). The scatterer geometry is that of a 60 nm thin flat
loop of inner radius 0.74 µm and outer radius 1.19 µm radius. Before the
loop closes, the arms smoothly curve to be parallel over a length of 390 nm,
leaving a gap of 520 nm across. As material we use a Drude model for
gold (ε(ω) = εb − ω2

p/(ω(ω + iγ)) with εb = 9.54, ωp = 2.148 · 1015 s−1

and γ = 0.0092ωp. We employ the commercial COMSOL 3D FEM solver
with elements of quadratic order and a grid finesse down to 5 nm. Per-
fectly matched layers enclose a cylindrical simulation domain (cylinder axis
normal to the substrate) that extends 10 µm around the scatterer. We per-
form a total field-scattered field simulation where, as in the point dipole
model, the scatterer is excited by the superposition of a plane wave and its
Fresnel reflection. We extract extinct power as the sum of scattered power
(obtained from a near-field flux integral over a surface enclosing the parti-
cle) and absorbed power, and normalize extinct power to the local driving
strength. This procedure was tested on Mie scatterers to give cross sections
to better than 1%.

Extinction spectra show a Lorentzian linewidth at all separations, with
a varying width and a slightly varying center frequency around a wavelength
of 13.5 µm. The center frequency varies because Eq. 3.8 in its most gen-
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eral form also contains ReG, corresponding to a real frequency shift due to
the hybridization of the scatterer with its mirror image. We focus on the
linewidth, plotted in Fig. 3.4. Evidently, the linewidth shows oscillations in-
creasing in amplitude when approaching the interface, and is twofold larger
close to the interface than away from it. To move beyond this qualitative re-
semblance with the point dipole prediction, we also plot the linewidth found
from point dipole calculations. No adjustable parameters are used for the
comparison, as we insert the polarizability values extracted from SIE cal-
culations in Ref. [31], which are characterized through |αH/αE | = 0.3511
and |αC/αE | = 0.596. We note that the object has an on-resonance electric
polarizability |αE | = 3.9 µm3, approximately 30 times the particle volume.
The point dipole model is seen to satisfactorily agree with the linewidth in
simulations. Thereby, we establish that the point dipole approach not only
describes far-field measurements on arrays of split rings, but is also directly
applicable for split rings in the near-field of structures that modify LDOS.
We propose that the residual deviations contain interesting physics to pur-
sue. Firstly, whether a metamaterial scatterer actually traces the magnetic
and magnetoelectric LDOS can be seen as a fundamental test in the dis-
cussion in how far a spoof magnetic scatterer is actually a true magnetic
scatterer. Secondly, if one accepts that a scatterer that largely radiates ac-
cording to the magnetic and magnetoelectric LDOS is a bona fide magnetic
dipole, one can assess on basis of the residual deviations between simulation
and analytical model in how far multipolar corrections are important.

3.7 Conclusion

To conclude we have examined the dependence of the radiative linewith
of split ring scatterers on their distance to an interface that modifies the
electric LDOS, the magnetic LDOS and a new quantity that we term mag-
netoelectric LDOS. We propose that this linewidth, i.e., the backaction of
the field radiated by the scatterer on itself, can serve as a calibration probe
of the complex polarizability tensor and as a fundamental test of the pro-
posed dipolar nature of metamaterial scatterers. Of particular note is the
concept of magnetoelectric LDOS, whereby the electric dipole of an object
radiates magnetic field that back-acts on the magnetic dipole. It is an inter-
esting question to explore whether such a magnetoelectric LDOS will also
affect quantum mechanical transitions. While in the recent breakthroughs
by Taminiau et al. and Karaveli et al. magnetic-only transitions in rare
earth ions are enhanced [18, 19, 21], it is an open question if transitions
with a clear simultaneous electric and magnetic character can be found.
Conversely, we propose that coupling single emitters with a purely electric
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response to magnetoelectric scatterers may allow to spoof quantum me-
chanical transitions with a magnetoelectric character, as antennas tend to
imbue their polarization characteristics on emitters. Such emitters would
likely have interesting chiral properties, since magnetoelectric cross-coupling
implies optical activity [44, 45].

60



References

3.8 References

[1] L. Landau, E. Lifshitz, and L. Pitaevskii, Electrodynamics of Continuous
Media, 2nd edition, Elsevier, Amsterdam, 1984.

[2] J. B. Pendry, Negative refraction makes a perfect lens, Phys. Rev. Lett. 85,
3966 (2000).

[3] V. M. Shalaev, Optical negative-index metamaterials, Nat. Photon. 1, 41
(2007).

[4] C. M. Soukoulis and M. Wegener, Past achievements and future challenges in
the development of three-dimensional photonic metamaterials, Nat. Photon.
5, 523 (2011).

[5] J. B. Pendry, A. Aubry, D. R. Smith, and S. A. Maier, Transformation optics
and subwavelength control of light, Science 337, 549 (2012).

[6] N. Katsarakis, T. Koschny, M. Kafesaki, E. N. Economou, and C. M. Souk-
oulis, Electric coupling to the magnetic resonance of split ring resonators,
Appl. Phys. Lett. 84, 2943 (2004).

[7] J. Garcia-Garcia, F. Martin, J. D. Baena, R. Marques, and L. Jelinek, On
the resonances and polarizabilities of split ring resonators, J. App. Phys. 98,
033103 (2005).

[8] C. Rockstuhl, T. Zentgraf, H. Guo, N. Liu, C. Etrich, I. Loa, K. Syassen,
J. Kuhl, F. Lederer, and H. Giessen, Resonances of split-ring resonator meta-
materials in the near infrared, Appl. Phys. B 84, 219 (2006).

[9] C. Rockstuhl, T. Zentgraf, H. Guo, N. Liu, C. Etrich, I. Loa, K. Syassen,
J. Kuhl, F. Lederer, and H. Giessen, Resonances of split-ring resonator meta-
materials in the near infrared, Appl. Phys. B 84, 219 (2006).

[10] C. Enkrich, M. Wegener, S. Linden, S. Burger, L. Zschiedrich, F. Schmidt,
J. F. Zhou, T. Koschny, and C. M. Soukoulis, Magnetic metamaterials at
telecommunication and visible frequencies, Phys. Rev. Lett. 95, 203901 (2005).

[11] M. W. Klein, C. Enkrich, M. Wegener, C. M. Soukoulis, and S. Linden, Single-
slit split-ring resonators at optical frequencies: limits of size scaling, Opt. Lett.
31, 1259 (2006).

[12] C. Rockstuhl, T. Zentgraf, E. Pshenay-Severin, J. Petschulat, A. Chipouline,
J. Kuhl, T. Pertsch, H. Giessen, and F. Lederer, The origin of magnetic polar-
izability in metamaterials at optical frequencies - an electrodynamic approach,
Opt. Express 15, 8871 (2007).

[13] M. Husnik, M. W. Klein, N. Feth, M. Koenig, J. Niegemann, K. Busch, S. Lin-
den, and M. Wegener, Absolute extinction cross-section of individual magnetic
split-ring resonators, Nat. Photon. 2, 614 (2008).

61



References

[14] I. Sersic, M. Frimmer, E. Verhagen, and A. F. Koenderink, Electric and mag-
netic dipole coupling in near-infrared split-ring metamaterial arrays, Phys.
Rev. Lett. 103, 213902 (2009).

[15] N. Liu, H. Liu, S. Zhu, and H. Giessen, Stereometamaterials, Nat. Photon. 3,
157 (2009).

[16] C. M. Soukoulis, S. Linden, and M. Wegener, Negative refractive index at
optical wavelengths, Science 315, 47 (2007).

[17] I. Sersic, C. Tuambilangana, T. Kampfrath, and A. F. Koenderink, Magneto-
electric point scattering theory for metamaterial scatterers, Phys. Rev. B 83,
245102 (2011).

[18] S. Karaveli and R. Zia, Strong enhancement of magnetic dipole emission in a
multilevel electronic system, Opt. Lett. 35, 3318 (2010).

[19] S. Karaveli and R. Zia, Spectral tuning by selective enhancement of electric
and magnetic dipole emission, Phys. Rev. Lett. 106, 193004 (2011).

[20] C. M. Dodson and R. Zia, Magnetic dipole and electric quadrupole transitions
in the trivalent lanthanide series: Calculated emission rates and oscillator
strengths, Phys. Rev. B 86, 125102 (2012).

[21] T. H. Taminiau, S. Karaveli, N. F. van Hulst, and R. Zia, Quantifying the
magnetic nature of light emission, Nature Comm. 3, 979 (2012).

[22] L. Novotny and B. Hecht, Principles of Nano-Optics, Cambridge University
Press, Cambridge, 2006.

[23] F. J. Garćıa de Abajo, Optical excitations in electron microscopy, Rev. Mod.
Phys. 82, 209 (2010).

[24] R. Sapienza, T. Coenen, J. Renger, M. Kuttge, N. F. van Hulst, and A. Pol-
man, Deep-subwavelength imaging of the modal dispersion of light, Nat. Ma-
terials 11, 781 (2012).

[25] B. C. Buchler, T. Kalkbrenner, C. Hettich, and V. Sandoghdar, Measuring
the quantum efficiency of the optical emission of single radiating dipoles using
a scanning mirror, Phys. Rev. Lett. 95, 063003 (2005).

[26] G. S. Agarwal, Quantum electrodynamics in the presence of dielectirc and con-
ductors. i. electromagnetic-field response functions and blackbody fluctuations
in finite geometries, Phys. Rev. A 11, 230 (1975).

[27] K. Joulain, R. Carminati, J.-P. Mulet, and J.-J. Greffet, Definition and mea-
surement of the local density of electromagnetic states close to an interface,
Phys. Rev. B 68, 245405 (2003).

[28] K. Joulain, J.-P. Mulet, F. Marquier, R. Carminati, and J.-J. Greffet, Surface
electromagnetic waves thermally excited: Radiative heat transfer, coherence
properties and casimir forces revisited in the near field, Surf. Sci. Rep. 57, 59
(2005).

62



3.8 References

[29] I. V. Lindell, A. H. Sihvola, S. A. Tretyakov, and A. J. Viitanen, Electromag-
netic Waves in Chiral and Bi-Isotropic Media, Artech House, Norwood, MA,
1994.

[30] E. Plum, X. . X. Liu, V. A. Fedotov, Y. Chen, D. P. Tsai, and N. I. Zheludev,
Metamaterials: Optical activity without chirality, Phys. Rev. Lett. 102, 113902
(2009).

[31] I. Sersic, M. A. van de Haar, F. Bernal Arango, and A. F. Koenderink, Ubiquity
of optical activity in planar metamaterial scatterers, Phys. Rev. Lett. 108,
223903 (2012).

[32] I. Sersic, Magnetoelectric Resonant Metamaterial Scatterers, PhD thesis,
Universiteit van Amsterdam, 2012.

[33] K. Drexhage, Influence of a dielectric interface on fluorescence decay time, J.
Lumin. 1 & 2, 693 (1970).

[34] R. M. Amos and W. L. Barnes, Modification of the spontaneous emission rate
of Eu3+ ions close to a thin metal mirror, Phys. Rev. B 55, 7249 (1997).

[35] E. Snoeks, A. Lagendijk, and A. Polman, Measuring and modifying the spon-
taneous emission rate of erbium near an interface, Phys. Rev. Lett. 74, 2459
(1995).

[36] M. D. Leistikow, J. Johansen, A. J. Kettelarij, P. Lodahl, and W. L. Vos,
Size-dependent oscillator strength and quantum efficiency of CdSe quantum
dots controlled via the local density of states, Phys. Rev. B 79, 045301 (2009).

[37] A. Kwadrin and A. F. Koenderink, Gray-tone lithography implementation of
drexhage’s method for calibrating radiative and nonradiative decay constants
of fluorophores, J. Phys. Chem. C 116, 16666 (2012).

[38] M. Paulus, P. Gay-Balmaz, and O. J. F. Martin, Accurate and efficient com-
putation of the Green’s tensor for stratified media, Phys. Rev. E 62, 5797
(2000).

[39] P. B. Johnson and R. W. Christy, Optical constants of the noble metals, Phys.
Rev. B 6, 4370 (1972).

[40] D. E. Aspnes and A. A. Studna, Dielectric functions and optical parameters
of Si, Ge, GaP, GaAs, GaSb, InP, InAs, and InSb from 1.5 to 6.0 eV, Phys.
Rev. B 27, 985 (1983).

[41] J. Cui, Y. Huang, and J. Wang, Near-field radiative heat transfer between
chiral metamaterials, J. Appl. Phys. 112, 084309 (2012).

[42] M. L. Andersen, S. Stobbe, A. S. Sørensen, and P. Lodahl, Strongly modified
plasmonmatter interaction with mesoscopic quantum emitters, Nature Phys.
7, 215 (2011).

63



References

[43] A. M. Kern and O. J. F. Martin, Surface integral formulation for 3d simula-
tions of plasmonic and high permittivity nanostructures, J. Opt. Soc. Am. A
26, 732 (2009).

[44] L. D. Barron, Molecular light scattering and optical activity (2nd edition),
Cambridge University Press, UK, 2004.

[45] Y. Q. Tang and A. E. Cohen, Optical chirality and its interaction with matter,
Phys. Rev. Lett. 104, 163901 (2010).

64


