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Chapter 7
Outlook

The main proposition of this thesis is that split rings scatter as magnetoelec-
tric dipoles. In this chapter we ask how can one either challenge and overturn,
or further confirm this view. We suggest that the validity of a dipole picture
can be directly tested by measuring radiation patterns of single and coupled
split rings. Therefore, we present a theoretical investigation of the radiation
patterns of single split rings, as well as stereodimers of split rings on a glass
substrate. We discuss problems such experiments will likely encounter. Fi-
nally, we outline prospective applications of metamaterial scatterers that go
beyond achieving negative refractive index.

7.1 Experiments to test the model

Throughout this thesis we have aimed to quantify the response of individual split
ring resonators. Based on our experiments that study coupling of split rings, we
have developed a fully electrodynamical model that assigns an electric, magnetic
and magnetoelectric polarizability to split rings. This model successfully pre-
dicts quantitative extinction cross sections, radiation patterns and optical activity
of metamaterial scatterers, as far as we have probed in array experiments shown in
Chapters 2, 4 and 5. In our model, the main premise is that electric, magnetic, and
magnetoelectric dipole moments, should have approximately equal strength that is
large compared to the ‘unitary limit’ of strongest scattering while simultaneously
ignoring all higher order multipole moments. Naturally, these should be assump-
tions of considerable debate. Firstly, as exemplary formulated by Merlin [1], many
researchers would expect e.g. electric quadrupole moments to dominate over the
magnetic dipole response of SRRs. Secondly, a particular problem with assigning
magnetic dipole moments is that its magnitude is not origin independent. Finally,
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Outlook

some researchers wish to avoid the magnetic dipole moment picture altogether,
stating simply that the LC resonator feels the gradient in E due to its size (which
H = ∇×E is arguably a part of). Hence, it is important to ask if we can devise
experiments that could further confirm or falsify the hypothesis of a dipolar de-
scription. One would expect a breakdown of any dipole moment picture as soon as
higher order multipole moments are excited, which happens in two circumstances.
First, if the object is single, but large compared to the wavelength, even a plane
wave excitation excites multipoles. Second, if strong gradients are applied over an
object due to the very nearby presence of a second scatterer, or due to highly local
excitation, multipoles could be excited even for small objects. Here we do not fo-
cus on this second, trivial case in which multipoles occur, since we are interested in
the intrinsic single building block description. As further tests beyond array mea-
surements, we can think of two tests in scattering experiments. Firstly, one could
attempt to measure the radiative linewidth of the extinction cross section as the
split ring is held in front of an interface. Buchler et al. [2] showed that that such an
experiment is indeed feasible. He demonstrated that for a single plasmon particle,
the linewidth varies with frequency due to an LDOS effect similar to the lifetime
modification of a fluorophore at an interface. In this experiment, one might test
if the assumed magnetic scatterer actually probes the magnetic dipole local den-
sity of states (LDOS) [3], or higher order multipolar LDOS generalizations [4].
As a second experiment, which is achievable with the tools offered in this thesis,
we propose that the radiation pattern of a single split ring could be measured. In
Chapter 6 we demonstrated that one can measure the radiation pattern of a single
scatterer, but only provided one manages to create a dark field set up. For isolated
metal scatterers, as opposed to e.g. holes in a metal screen, this means that one
cannot study the radiation pattern of a split ring in homogeneous space, but only
of split rings on a high-index interface, under TIR conditions. This geometry has
two disadvantages. First, one cannot choose the incident field and its polarization
freely. Second, a major part of the light goes into the substrate where one does not
measure.

7.1.1 Fourier microscopy of split rings

Let us calculate if measuring radiation patterns of split rings would yield inter-
esting results on the magnetoelectric dipolar behavior of split rings in a best case
TIR scenario. First we calculate the driving field by calculating the field at the
glass-air interface in absence of any scatterer, assuming incidence from glass under
TIR incidence, for various polarizations. Next, we calculate the complex induced
dipole moments (p, m) by multiplying the fields with the split ring polarizabil-
ity. Here, care should be taken that the polarizability is modified by the presence
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7.1. Experiments to test the model

of the interface according to 1/α = 1/[1/αvacuum − Gscattered], where αvacuum is
the electrodynamic polarizability in vacuum, and Gscattered is the scattered part of
the Green function Gscattered = Ginterface − Gfree (as shown in Ref. [5], Chapter 10
and pages 494-495). This correction takes into account that both the resonance
frequency and the radiative linewidth of the scatterer is modified at the interface.
Intuitively this can be understood as resonance hybridization of the split ring reso-
nance with its own mirror image in the interface. We use values for αvacuum based
on ω0 =1.26×1015 s−1, αE = 3.4V , αH = 1.5V , and αC = 1.9V , close to max-
imally cross coupled as argued in Chapter 5, where V =0.0012 µm2 is the particle
volume, and where Ohmic damping γ = 1.25 × 1012 s−1 is set to be negligibly
small for this best-case scenario calculation [6]. As a final calculation step we
calculate the radiation pattern by superimposing the electric and magnetic fields
radiated by the induced electric and the magnetic dipole, far field expansions for
which were first derived in [7–10].

For a single SRR 80% of the emission is directed into two lobes that point into
the substrate, as shown in Fig. 7.1 (a). These lobes are close to the critical angle
associated with the air-glass interface, as is well appreciated in the field of single
molecule microscopy [5], where similar phenomena occur in emission. The re-
maining 20% is emitted into the air side, and is emitted over a broad angular range.
The plots in Fig. 7.1 (b)-(f) show polar diagrams of air-side radiation converted into
intensity distributions patterns as expected to be seen by our objective (NA=0.95),
polarization-analyzed in the back aperture. On the air side, we expect to collect
< 20% of the emission as a rather homogeneous pattern extending over the full ob-
jective, much like the pattern simply expected from a horizontal electric dipole, as
shown in Fig. 7.1 (b). Note that the minute left-right asymmetry in the un-polarized
and linearly polarized graphs is not an artefact, but due to asymmetric excitation in
an TIR geometry. An interesting observation is that circular polarization analysis
of scattered light is expected to show a handedness-dependent asymmetry in the ra-
diation pattern. This asymmetry seen in Fig. 7.1(e) and (f) is related to the expected
off-angle pseudochiral extinction and the fact that the magnetoelectric response is
maximally cross coupled.

We have also studied calculated radiation patterns of stereodimer structures
made of a pair of SRRs, previously reported in [11], in order to decide if stere-
odimers would provide sharper features that would allow for easier determination
in experiments than the broad features of single split rings. Coupling in such struc-
tures results in a complex resonant behavior as a function of twist angle, where
frequency splitting and the anti-crossing carry interesting physics, as shown in Fig.
3.3 that could be observed in radiation patterns. We would hope to find large dif-
ferences in radiation pattern or in optical activity therein for 0◦/90◦/180◦ twist an-
gle, and for the different resonances. We calculated the eigenfrequencies of the
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Figure 7.1: (a) Calculated radiation pattern of a single split ring on a glass-air interface.
(b) Calculated radiation pattern of an individual split ring collected by a high NA objective
(NA=0.95) on the air side. The patterns in (c) and (d) are analyzed with a linear polarizer,
while in (e) and (f) they are analyzed with a circular polarizer.
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Figure 7.2: Radiation patterns of split ring stereodimers with 0◦, 90◦ and 180◦ twist angle.
The radiation patterns in the second and third row are polarization analyzed with circular
polarizer of handedness that is depicted by the black arrows on the left hand side.

two anticrossing bands in presence of the dielectric interface, by obtaining normal-
incidence extinction versus twist angle and versus frequency for dimers resonant at
1500 nm, buried just inside a n = 1.5 dielectric, and with 150 nm vertical center-
to-center spacing. Next, we calculated the radiation patterns on the air side for
0◦/90◦/180◦ twist, assuming TIR incidence (45◦ incidence angle in glass, linearly
polarized), as shown in Fig. 7.2. The extinction at this angle is very similar to
normal-incidence results, as shown in Fig. 3.3. For all cases, circular analyzers
again bring out handedness-dependent asymmetry in the angular radiation pattern,
very much as in the single SRR case. When comparing the different resonances
at set twist, or patterns at different twists for a given resonance branch, it can be
noted that there are subtle differences only. Indeed, the asymmetries don’t change
in sign, or orientation, or magnitude significantly.

From the above analysis, it is tempting to conclude that measuring radiation
patterns of single SRRs can be used to demonstrate the presence of electric and
magnetic dipoles especially in the case when they are analyzed for circularly polar-
ized light. In the case of linear analysis, the signal reaching our detector does not
show large differences between a single in-plane electric dipole and a magnetoelec-
tric scatterer such as a SRR. Circular polarization analysis, however, shows a clear
handedness-dependent left-right asymmetry due to the magnetoelectric coupling
that is at its maximum, as presented in Chapter 5. Such a set of measurements could
therefore conceivably confirm or reject the hypothesis that a split ring is in fact a
magnetoelectric scatterer consistent with our point dipole model. However, we note
that the overall problem in the above mentioned measurements is the signal strength
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especially at infrared frequencies, where the set up proposed in Chapter 6 has worse
performance due to the poorer characteristics of IR detectors, and the fact that no
feature in the radiation pattern stands out as particularly sharply defined. Therefore,
we must conclude that the possibilities for quantifying SRR response and its dipo-
lar nature via radiation patterns are slim. The essential problem is the modification
of the radiation pattern by the air-glass interface. Collection into air means only
a fraction of the light is collected, which gives a comparatively featureless signal.
The situation is exacerbated by the fact that in our experiments (Chapter 6 and our
initial attempts on split rings), either signal is too low when trying to measure from
single objects, or grating diffraction patterns sample single object radiation pat-
tern only sparsely, as demonstrated in Fig. 6.3. Pilot experiments of structures in
Fig. 7.3 (a) indeed show no clear signature discriminating Fig. 7.1 against different
models. One could argue that the dominating interface asymmetry could be avoided
by embedding a split ring in a homogeneous medium, e.g. immersion oil. However,
this would remove the dark field conditions required for Fourier microscopy. The
air-glass interface could be avoided altogether if one places confidence in Babinet
principle to do the reverse experiment, using air split rings in a metal film, instead
of metal split rings in a dielectric [12, 13]. We have used focused ion beam milling
to generate such split rings in Au, as shown in Fig. 7.3 (b). Here, both sides of the
structure could be index-matched while keeping a dark-field microscopy approach.
By way of pilot experiment, we have extended the Fourier microscope described in
Chapter 6 to the IR regime where metamaterial scatterers have the strongest elec-
tric and magnetic responses. The IR branch of our set up is the same as the VIS
branche described in Chapter 6. The addition is the illumination in the infra-red
wavelength regime, where the frequency selection is performed by the IR AOTF
with a range from 1100 - 1800 nm and the signal is detected by an InGaAs CCD
(Vosskühler NIR-300 PGE). We show signal collected from complementary split
rings (c-SRRs) in the gold film immersed in oil (Sigma 56822, n =1.516) with a
high NA objective (NA=1.4). Fig. 7.3 (c) shows a Fourier space image of an ar-
ray of c-SRRs with lattice spacing of 10 µm illuminated at 1550 nm with linearly
polarized light along the x axis and analyzed with a circular polarizer for one hand-
edness. Initial results indeed show that we can obtain a clear signal and asymmetry
reversal under circular illumination. However, interpretation of the results is diffi-
cult due to the fact that according to simulations, the index matching liquid shifts
the resonance towards the infra-red regime even beyond 1700 nm, i.e., outside the
range of our Fourier microscope. Data on resonance can hence not be obtained.
The asymmetry in the signal has been verified to not be an artefact, but come from
the combined asymmetry of illumination and split ring orientation (52◦). Upon
reversing the illumination angle, the asymmetry in the signal in Fig. 7.3 (c) also
reverses. In conclusion, we suggest that experiments involving c-SRRs would be a
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Figure 7.3: (a) SEM image of a 200 × 200 × 30 nm Au split ring on a glass substrate.
Scale bar is 500 nm. (b) SEM image of a 210× 210× 30 complementary split rings milled
in a Au film. Scale bar is 250 nm. (c) Radiation pattern of an array of complementary split
rings with a lattice spacing of 10 µm illuminated with x-polarized linear light and analyzed
with a circular polarizer for one handedness. The bright spot on the left hand side of the
back aperture image originates from the incident illumination k-vector at TIR angle. The
dashed white line represents the vacuum light line, while the full white line is the NA of our
objective (NA=1.4).

good approach to measure radiation patterns, providing one can build a Fourier mi-
croscope that works in the range 1700 nm - 2500 nm wavelength. Due to hardware
restrictions this is a daunting task, yet the only clear route to perform experiments
with full control over the incident wavevector and polarization. These experiments
could also be used to verify wether or not Babinet principle can be used at all to
describe the response of complementary structures with the same magnetoelectric
response formalism we developed for split rings, or whether e.g. plasmonic effects
in the film spoil Babinet’s principle.

7.1.2 Cathodoluminescence measurements

Radiation patterns might also be accessed by measuring the cathodoluminescence
(CL) of split rings [14, 15]. CL spectroscopy has been used to demonstrate cou-
pling and directivity of radiation of plasmonic structures such as ridge antennas,
plasmonic whispering gallery cavities, ultrathin strip antennas and Yagi-Uda anten-
nas [14, 16–20]. Recently, complementary measurements to CL based on electron
energy loss spectroscopy (EELS) [21, 22] were demonstrated for single SRRs. We
have attempted to measure radiation patterns of very small SRRs by utilizing CL.
Since the CL system available at AMOLF is operational in the VIS, this requires
very fine fabrication of 100× 100 nm SRRs in Au layer. Therefore, we have fabri-
cated arrays of 100×100×30 nm SRRs on a silica-on-silicon substrate by e-beam
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lithography as described in Chapter 2. The substrate choice is directly limited by
the fact that only very few substrates provide background-free CL measurement
capabilities. The SRRs are fabricated in an array with lattice spacing of 1200 nm
as to ensure single SRR measurements. CL excitation maps are obtained by raster
scanning the electron beam across the SRR, where the CL signal is spectrally ana-
lyzed on a silicon CCD camera [17]. In order to improve the signal to noise ratio,
we have binned the data into 40 nm wavelength slices. Fig. 7.4 (a) shows a CL in-
tensity map collected from a SRR at the wavelength range from 718 nm to 759 nm.
As reported in transmission experiments, the fundamental mode of SRRs with such
small dimensions (100× 100× 30 nm) on a dielectric substrate is found at λ =850
nm, while higher order resonances appear at shorter wavelengths [23]. Fig. 7.4 (a)
shows a distinct field distribution across the split ring, which we attribute to the
second SRR mode [21, 22, 24]. The LC resonance is found at wavelengths where
our detector reaches the end of its range.

Based on the above experiment, we extract the following recommendations for
further experiments. Firstly, as regard detection, the current set up is equipped with
a spectrometer operating in the VIS, that requires state-of-the art structure fabrica-
tion in order to shift the resonances to the VIS. Expanding the set up to the near-IR
regime would benefit measurements on structures that are not easily scalable and
are resonant in the IR. Secondly, as regards choice of material system, during the
measurements subtle asymmetries arise when examining multiple SRRs, due to
the presence of ‘hot spots’. Evaporated Au is highly polycrystaline which is not
suitable for fine structure fabrication where the fine features of the structure are
of the same order as the crystal grain size of the Au layer. Therefore, we pro-
pose that a significant improvement could come from using Au SRRs fabricated
from monocrystalline gold. Fig. 7.4 (c) shows such SRRs milled with a focused
ion beam from monocrystalline gold flakes [25, 26], deposited on a 15 nm Si4N3

membrane (Norcada Inc.), as shown in Fig. 7.4 (b). Thirdly, the substrate choice
should be carefully considered. CL measurements are extremely sensitive to back-
ground, for which reason, SiO2 on Si, or just bare Si is always used as substrates.
Unfortunately, this choice directly implies that the split ring would be right at a
highly asymmetric dielectric interface that strongly changes the radiation pattern.
An alternative would be to use ultrathin Si4N3 membranes, which are commercially
available as substrate. The advantage is that for 50 nm membranes no background
is generated, as electrons are simply transmitted. Unfortunatelly, initial measure-
ments and calculations [27] indicate that even thin slabs of Si4N3 act as waveguides
that capture most of the light radiated by the SRRs. While this poses a restriction
on quantifying SRR physics per se, it at the same time could be highly interest-
ing to study waveguide-coupled magnetoelectric antenna systems [28]. As a fourth
recommendation, we anticipate that it is possible to avoid luminescence from a
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Figure 7.4: (a) CL excitation map of split rings as a function of electron beam position.
(b) SEM image of a monocrystaline Au flake on a Si3N4 membrane. Scale bar is 5 µm. (c)
SEM image of a 100 × 100 × 30 nm split ring milled with a focused ion beam from a Au
flake deposited on a Si4N3 membrane [25, 26]. Scale bar is 200 nm.

substrate and material choice by studying complementary SRRs in a gold film on
top of a silica substrate. In this way, the Au film quenches the luminescence from
the silica substrate.

7.2 Applications

Understanding the nature of the magnetoelectric response of metamaterial scatter-
ers is essential for creating functional structures for future applications that rely
on manipulating metamaterial responses. We strongly believe that the potential of
metamaterial building blocks is not only limited to achieving negative refractive
index. In this section we outline some applications which are inspired by coupling
in arrays and optical activity of split ring resonators, by analogy with plasmonics.

The great appeal of plasmonic and metamaterial scatterers is the possibility
of manipulating and controlling light propagation on a subwavelength scale due
to strong photonic interaction in small physical volumes. For example, hallmark
plasmonic structures exhibit localized field enhancement, such as in bow-tie an-
tennas [29], or energy transfer via electric dipole-dipole far-field coupling in finite
plasmonic antennas, for instance in dimer antennas, Yagi-Uda antennas, and Fano
structures [30–35]. Arranging subwavelength plasmonic particles in linear arrays
leads to enhancement and directivity of light emission from single molecules and
quantum emitters that couple to such arrays [17, 29, 30, 32–34, 36]. Furthermore,
periodic arrays of metallic nanostructures give rise to surface lattice resonances due
to diffraction in the plane of the array [37]. It has been shown that by tuning lo-
calized plasmon resonances to overlap spectrally with diffractive resonances, one
can create structures that enhance light emission brightness, rates and directivity
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from single emitters and ensembles of emitters, such as semiconductor nanocrys-
tals [38, 39]. Thereby, dipole-dipole and dark-bright mode coupling in plasmonic
arrays is of importance for increasing the efficiency of light emitting devices, as
well as in sensing.

In the proceedings of this thesis we have seen that metamaterial building blocks
are, just like plasmonic structures, strong scatterers with large scattering cross sec-
tions that couple strongly in arrays. In analogy to plasmonics, one hence expects
that functional structures can arise from coupling of induced electric and magnetic
dipoles in split ring dimers, arrays or gratings. On the basis of their characteristics,
we propose that metamaterial scatterers can add new features especially through
their pseudochirality to many applications, including light sources, sensors, detec-
tors, single-photon devices and thin optical components.

Sources Optical antennas provide an excellent way to couple photons in and out
of nanoscale emitters [40]. Recently, Curto et al. have experimentally demon-
strated directional emission from a single quantum emitter coupled to an optical
Yagi-Uda antenna consisting of plasmonic particles [34]. In analogy to plasmonic
structures, we propose that antennas made of split rings will result in directional
light sources for photonic applications. Coupling in linear SRR arrays has been ex-
tensively studied for the microwave regime by Shamonina et al. [41], who have
identified the existence of so-called magneto-inductive waves that arise due to
dipole-dipole coupling of split rings, where the inter-ring spacing can be tuned to
enable energy transfer along the antenna. Through magnetic, electric and magneto-
electric dipole coupling, arrays of differently oriented split rings will exhibit bound
guided modes with a complicated dispersion, that could furthermore be different
for forward and backward modes [42, 43]. In addition to plasmonic structures,
split rings exhibit optical activity that, combined with the prospect of directionality
can result in directional sources of circularly polarized beams. Such an optically
active antenna can be realized by arranging SRRs in an axial linear array with each
SRR inclined at approximately 45 degrees to the axis. Due to alignment with the
eigen-illumination directions, the directional lobe of the antenna is circularly polar-
ized. Fig. 7.5 shows a schematic of the optically active photonic source driven by
a molecule placed in the middle of the antenna. According to a simple calculation
with our point dipole model, the radiation pattern shows equal emission distribution
in the forward and backward directions with a 100:1 handedness contrast in each
output beam. These types of antennas offer full polarization control of the outcom-
ing beam that might serve to create sources in which directionality and handedness
are coupled, and that spoof or selectively enhance magnetic transitions [3, 44]. An
exciting prospect is to combine this control over photon spin with metamaterial an-
tennas, with control over photon orbital angular momentum [45], which can be pos-
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Optically active Yagi-Uda antenna

molecule

Opposite arms,

opposite handedness

Figure 7.5: Variation of a Yagi-Uda antenna based on coupling between split rings. Stack-
ing split rings under an angle in which split rings exhibit optical activity can be used to
generate handed sources driven by e.g. single molecules. Strong directivity of such anten-
nas is seen in the radiation pattern.

sibly obtained via nanoscale antenna versions of spiral phase plates. Creating such
antennas could be an interesting route to obtain control over both spin-selection
and orbital angular momentum selection rules in III-V quantum dots [46].

Sensor for enantiomers Split ring antennas may offer a new way to enhance cir-
cular dichroism detection of single enantiomers. A chiral molecule has a selective
absorption for different handedness of circularly polarized light. Measuring circu-
lar dichroism, or a circular absorption contrast, via fluorescence detection of chiral
molecule is difficult because of very low absorption cross section differences for
different handedness of circularly polarized light. The difference has been reported
to be less than one part per thousand [47]. Enhancing detection of molecular chi-
rality via photonically induced chirality in the excitation field is expected to be of
importance for e.g. spectroscopic discrimination of enantiomers that are known to
have very different biological or pharmaceutical activity. This endeavour requires
not only to optimize, but also to rethink the concept of handedness of the pump
field, since in the near field the pump field will not be a transverse wave. We refer
to Tang et al. [48] for a generalization of chirality in near fields.

Lasing spaser Recently, several groups have studied resonances of plasmonic
and metamaterial scatterers in presence of gain as means to achieve lasing [49–53],
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where feedback is not provided by mirrors, but by strong confinement in localized
resonances. In order to reach lasing, one needs the gain to overcome the radia-
tive and absorptive losses arising in the metallic structures. Zheludev et al. [54]
suggested that spontaneously formed coherent current oscillations in metamaterial
arrays coupled to a sufficiently strongly amplifying medium will lead to laser emis-
sion perpendicular to the metamaterial array. In Chapters 2 and 4 we have shown
that lattice modes of magnetoelectric dipoles are in fact so strongly coupled to the
forward direction, i.e., the k|| = 0 direction, that they show high radiative losses
and superradiant broadening. Therefore, the key question is which modes, as clas-
sified by their parallel wavevector k||, actually have the lowest loss. In Chapter 4
we presented a theory based on lattice sums that allows to classify the resonance
frequency and damping of all the modes, taking all electromagnetic coupling mech-
anisms into account. We propose that calculating the complex dispersion relation
using this theory would help to calculate both the radiative and the guided array
modes [55] in search for the lowest loss mode.

Thin film filters and optical components As already proposed by Gansel et
al. [56], thin films of 3D helices can be used as an analog of Hertz’s linear po-
larizer, but for circular polarization generation. Our findings on optical activity of
split rings have important consequences for such applications, where a circular po-
larizer can be realized by potentially simpler, 2D structures, due to the extinction
dependence on the light handedness and incidence angle, at any wavelength. As
previously suggested, the angular dependence means one can selectively transmit
or block light of a certain handedness into specific angles, which could be used to
make circular polarization beam splitters. Another exciting application of split ring
arrays is as diffractive beam splitters, where arranging split rings in arrays with
carefully engineered lattice spacings could be used to engineer all aspects of the
polarization state of diffracted orders, both on the reflected and transmitted side of
the grating. Such 2D arrays of SRRs could furthermore be directly imprinted on
top of light emitting diodes (LEDs) to control emission polarization and directivity,
similar to the application of diffractive plasmonic gratings [57]. Also, new forms
of polarization control in integrated photonic platforms could be obtained, for in-
stance by direct application of metamaterial lattices on top of vertical cavity surface
emitting lasers (VCLSs), as well as on top of integrated photodetectors.
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