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6
Designing Antennas with the Aid of the
Polarizability Retrieval Method

Based on the retrieval of the polarizability tensor discussed in chapter 5 we can
understand the basic response of antennas in a more complete way than is possible by
analyzing snapshots of near fields or surface currents. In order to demonstrate the ease
with which this method can be used we report the polarizability tensor of split rings,
and show that split rings will strongly influence emission of dipolar single emitters. We
find that in the context of plasmon enhanced emission, split rings can impart their large
magnetic dipole moment to the emission of simple electric dipole emitters. Finally, we
present a split ring antenna array design that is capable of converting the emission of
a single linear dipole emitter in forward and backward beams of directional emission
of opposite handedness. This design can for instance find application in spin angular
momentum encoding of quantum information.

6.1 Introduction
Metamaterials and ‘metasurfaces’ are engineered structures with properties that cannot
be found in nature. These ‘materials’ and ‘surfaces’ have been designed to have
extraordinary responses to incident fields e.g. negative refraction [1], pseudochi-
rality [2] or in general an arbitrary phase and amplitude response to incident light.
For all these structures their extraordinary response to incident light originates from
the magnetoelectric polarizability of their constitutive elements, which essentially
are optical nano antennas. In literature we find many examples for such scatterers,
ranging from single metallic rod nano antennas, to V-shaped metal particles [3, 4],
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6 Designing Antennas with the Aid of the Polarizability Retrieval Method

large dielectric objects [5], and split ring resonators [6]. Split rings have drawn
a considerable amount of attention due to their strong magneto electric response,
and their possible application for cloaking [7] and enantiomeric discrimination of
molecules [2, 8]. Several workers have argued that split rings should be viewed either
as an electric plus a magnetic dipole each with a polarizability [9], or as a cross-coupled
object that also has a magneto-electric response [10]. By applying the polarizability
retrieval method developed in chapter 5 to, among other objects, split rings, we retrieve
exciting insights regarding the electric and magnetic response of split rings. We show
that split rings are strongly magneto-electric, implying that a large magnetic dipole
moment is most easily induced by electric driving. The particular phase relation
between the electric, magnetic and magneto-electric polarizability further implies
record-high per-building block optical activity in extinction and scattering. We show
that the insights gained from the polarizability tensor can be used to construct new types
of plasmonic array antennas that have the directivity of Yagi-Uda antennas [11, 12], but
with unique polarization properties. In particular we show how metamaterial antennas
allow control over the magnetic dipole content of emission, and over the handedness of
emitted light. On basis of this type of control over emission we envision applications in
control of magnetic dipole emitters [13], directionality of single dipole emission [14],
photon spin angular momentum encoding in single photon sources, and enantioselective
spectroscopies that employ near-field enhancement of chirality.

This chapter is organized as follows. In section 6.2 we discuss the polarizability
of split rings. In section 6.4 and 6.5 we demonstrate how, on basis of the extracted
polarizability, split rings can be used for rational design of antennas for emission
control.

6.2 LC model for split rings
In the metamaterial community the performance of a material is usually quantified
through effective responses ε and µ. However the fundamental parameter underlying
the effective ε and µ is the α-tensor of the metamaterial building block, which is
much less frequently studied. Here we use the benchmarked code of chapter 5 to
understand split rings. Extensive literature has been devoted to explain the response
of this structure [2, 6, 15] in terms of LC resonators. Fig. 6.1 a shows a sketch of an
LC resonator circuit. The basic ideas behind the split ring are that it can be driven by
an incident magnetic field H that points through the loop, that circulating current in
the ring will correspond to a magnetic dipole, and finally that the current is strongly
enhanced by generating an LC resonance using the split as capacitor. Thus it should
have the basic property that it has a magnetic dipole polarizability in response to
magnetic fields. However, note that a circulating current will pile up as charge at
the capacitor, meaning that an electric dipole response is inextricably linked to the
magnetic response. The equation of motion for the current in this type of circuit with
external driving is:

L
d I (t )

d t
+ q(t )

C
= Edrvd+ A

d Hdrv

d t
, (6.1)
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6.2 LC model for split rings
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Figure 6.1: Figures a) and b) show a comparison between an LC circuit and a split
ring resonator. c) shows a SEM picture of an array of split ring resonators which work
at near infrared frequencies. Picture courtesy of Ivana Seršic

where L is the inductance, I (t ) is the time dependent current, q(t ) is the time dependent
charge, C is the capacitance, Edrv is the magnitude of the driving electric field along
the capacitor gap, d is the distance of the gap between the capacitor plates, A is the
effective area of the inductor and Hdrv is the driving magnetic field which flux drives a
current along the inductor.

The LC-circuit has often been used to describe the scattering of split rings. The
main important predictions for polarizability that it represents are the following. First,
the LC circuit is expected to have a Lorentzian resonance line shared among all tensor
elements. Second, the LC circuit will respond only to electric fields along the gap
direction x, and magnetic fields oriented through the ring (z) . Third, the response
will involve an induced electric dipole moment p = qd solely along x and a magnetic
moment m = AI solely along z. Fourth, the fact that I = q̇ imposes a relation between p
and m, which means that it is not trivial to independently control either the magnitude,
or the phase between p and m. Fifth, the driving side of the LC equation shows that
both p and m will be driven by both E and H. That means there must be cross coupling,
known in the field as "bi-anisotropy" or "magneto-electric coupling". Finally, it should
be noted that the off-diagonal polarizabilities will be a quarter cycle out of phase with
the diagonal elements, as embodied in the d/d t in Faraday’s law, and in the relation
m ∼ I = q̇ ∼ ṗ.

To summarize these findings from the LC circuit, we would expect the polarizability
tensor to have the following form[

p
m

]
=L (ω)

[
αE αE H

αHE αH

]
·
[

E
H

]
. (6.2)

Note that this form satisfies a set of general constraints known as Onsager constraints.
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6 Designing Antennas with the Aid of the Polarizability Retrieval Method

The Onsager constraints require that αE = αT
E , αH = αT

H and αHE = −αT
E H (See

Ref. [10]). Any violation of these constraints would mean that the scatterer violates
reciprocity. A further observation is that if you evaluate Eq. 6.1 for polarizability
then αE and αH turn out to be real and αE H and αHE turn out to be imaginary, with
values given by geometry. In other words there is a quarter wave phase offset for the
off-diagonal elements. This is also a fundamental requirement, as otherwise energy
conservation would be violated.

6.3 Retrieved polarizability tensor of split rings
Here we report the full polarizability tensor of split rings resonant at 1.5 µm as retrieved
from full wave SIE calculations using the methods of chapter 5. We consider a gold
split ring with dimensions of 30 nm height, 200 nm length and 200 nm width with a
central hole of 140 nm by 80 nm. A SEM picture of a fabricated array of such split
rings is shown in Fig. 6.1c. In our simulation the split ring is placed in a homogeneous
environment with ε= 1 and µ= 1 and the surface discretization used consists of 774
nodes. Fig. 6.2a reports the total scattering cross section upon excitation by a plane
wave with polarization of the electrical field in the x direction and k vector directed
in the negative z direction. The response of the split ring presents two resonant peaks
in the wavelength range studied i.e. from 400 nm to 1700 nm. The first resonance is
centered around 1544 nm with a width of 124 nm and the second resonance is centered
at 689 nm with a width of 44 nm, in excellent agreement with experiment and FDTD
simulations [16]. The first resonant peak is also called the LC resonance as described
in Ref. [16]. This resonance has a calculated maximum total scattering cross section
of 0.13 µm3 very well in agreement with measured data, that show an extinction
cross section of 0.3 µm3 at an albedo of 30% [16, 17]. We focus on this fundamental
resonance and its scattering characteristics, choosing the wavelength of 1544 nm for
the retrieval of the polarizability tensor. At the split ring resonance, the quadrupolar
terms contribute less than 2% to the total extinction. Therefore, here we disregard
any higher multipolar terms. The center used for the retrieval was found at the point
where magnetic moments created by electric fields and the electric moments created
by magnetic fields are the negative of each other. This condition arises from Onsager
relations [2]. This center is -25 nm from the geometrical center in the y direction. i.e.
closer to the base of the split ring. The SIE dipole polarizability retrieval procedure
allows us to quantify both the diagonal values in the polarizability tensor as well as
the cross-coupling between the magnetic and electric moments. We find the following
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6.3 Retrieved polarizability tensor of split rings

values for the VSH and effective current retrieval procedures

Elements of α VSH Eff. Currents
αEx /(4πV ε0) −1.38+10.47i 0.32+10.87i
αEy /(4πV ε0) 1.52+0.10i 1.53+0.10i
αEz /(4πV ε0) 0.11i 0.12

αE Hxz /(4πV /c) −2.83−0.41i −2.92+0.04i
αHEzx /(4πV /Z ) 2.85+0.48i 2.92−0.00i

αHx /(4πV ) −0.01i −0.01
αHy /(4πV ) 0 0
αHz /(4πV ) −0.15+0.78i −0.02+0.79i

(6.3)

where V denotes the geometrical volume of the split ring V = 6.33×10−4µm3. All the
other values in the polarizability tensor are 10−3 below αEx . Both the VSH and the
effective currents retrieval procedures indicate that the scatterer has a magneto electric
nature given the values of the magnetic and cross polarizabilities. The difference
in magnitude between both retrieval procedures is maximally 16%. Based on Mie
calculations (Chapter 5) we already saw that the VSH retrieval procedure is accurate,
whereas the common current-based definition is fundamentally limited and only valid
for small objects of size r<λ/2π. This condition is not met for the split ring. Therefore
we will focus now on the values retrieved with the VSH procedure. The electric
polarizability for the px oriented dipoleαEx is the largest polarizability in this structure,
and is well in excess of the physical particle volume. Thereby the split ring is very
much like a strongly plasmonic particle. That the retrieved αEx is mostly imaginary
confirms that λ=1544 nm corresponds to resonant driving. The magnetic polarizability
for the mz oriented dipole αHz is 13 times smaller than the electric polarizability. The
off-diagonal values αE Hxz and αHEzx significantly exceed the magnetic polarizability.
We note that the retrieval very well confirms fundamental constraints on the cross
polarizabilities. In particular, the cross polarizabilities are the negative of each other to
within 2%, as fundamentally expected from Onsager relations. Also the phase relations
arg(αE Hxz /αEx ) = π/2 and arg(αHz /αEx ) = 0 are satisfied to within 0.06 rad. These
phase relations are consistent with the LC-circuit intuition that if a magnetic response
arises through electric driving, i.e., through cross polarizability, it must lag by a quarter
wave, as it is due to relaxation of the charge that accumulates in response to E across
the capacitor. Finally, we note that αHEzx =i

p
αHzαEx to within 0.4%. The numerical

values that we retrieve are in reasonable accordance with experimentally retrieved
values [2], which were reported to be approximately |αEx | = 6.4V , |αHz | = 0.9V and
αHEzx = 2.1V . That the split ring in our model is comparatively even less magnetic
than extracted in experiment is likely due to either one of two causes. First, the split
ring resonator (SRR) response depend sensitively on geometrical details such as the
exact gap size and the rounding assumed for approximating the SRR shape. The SRR
that we model is comparatively thin and rounded compared to the SRRs in experiment.
Secondly, in the experiments the polarizability was retrieved rather indirectly, from
comparison of SRR array transmission to a lattice summation model. The fact that
SRRs were located at an air-glass interface was disregarded. At a dielectric interface,
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Figure 6.2: a) Total Scattering cross section of a split ring with width=200 nm,
length=200 nm, height=30 nm and an inner hole of 80×140 nm. The inset shows a
model of the split ring used. b) Total Scattering cross section of a split ring for different
angles of incidence of circularly polarized light with right-handed polarization σ+ and
left-handed polarization σ−.

polarizabilities can be significantly renormalized [18].

Optical activity
As mentioned earlier optical activity or pseudo-chirality is expected to exist in every
antenna with a cross-coupled term in the polarizability tensor [2]. This can be seen
from the following example. Suppose we have a structure with a polarizability tensor
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6.3 Retrieved polarizability tensor of split rings

α which defines the response of the particle as in:[
px

mz

]
=L (ω)

[
αE iαC

−iαC αH

]
·
[

Ex

Hz

]
(6.4)

The eigenvectors of this tensor are:[
E1

H1

]
=

[
−i (αH −αE +

√
4α2

C + (αE −αH )2)/(2αC )

1

]
(6.5)

and [
E2

H2

]
=

[
i (αE −αH +

√
4α2

C + (αE −αH )2)/(2αC )

1

]
(6.6)

which define a minimum and a maximum strength of the structure’s response given by
the eigenvalues

α1 = (1/2)L (ω)(αE +αH −
√

4α2
C + (αE −αH )2) and (6.7a)

α2 = (1/2)L (ω)(αE +αH +
√

4α2
C + (αE −αH )2). (6.7b)

For a non vanishing αC we see that the right eigenvectors present a phase delay between
E and H, evident from the fact that the arguments of E and H are different. This phase
delay can be approximately met by using circularly polarized light under an oblique
incident condition. A change in the handedness in the circular polarization, even under
the same incident angle, would change the response of the structure, as seen in the right
eigenvalues and eigenvectors. This is a form of optical activity, specifically circular
dichroism in extinction. Note that in this formulation there also evidently is a degree
of maximum cross coupling. If αC > p

αHαE , the extinction corresponding to the
smallest eigenvalue will flip sign, meaning an unphysical negative cross section. This
would only be possible if there would be gain in the system and is hence unphysical.

Now we turn to the full wave SIE calculations for split rings. Fig. 6.2b shows the
extinction cross section for left-handed and right-handed illumination as a function
of incident angle, for a wavelength of 1544 nm (i.e., on resonance). Fig. 6.2b indeed
shows a strong optical activity for the split ring, as evidenced from the change of
scattering cross section for right- and left-handed circularly polarized excitations at
different incident angles. In order to compare the split-ring to other antennas with
reported magnetic responses, we show in Fig. 6.3 the calculated optical activity for
different metamaterial antennas. The data used to compare them comes from our VSH
retrieval method and from measurements performed by Ivana Seršic and Marie Anne
van de Haar in Ref. [2]. This retrieval is applied on archetypical metamaterial scatterers
as shown in Fig. 6.3a, which are essentially split rings, Omega particles, and nested split
rings. Given that the Omega particles have a very clearly defined symmetry center, we
use the polarizability retrieval on these structures to verify that the Onsager constraints
are satisfied. We calculate scattering cross sections and polarizability tensors in the
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Figure 6.3: Master diagrams summarizing optical activity and bi-anisotropy mapped
as a function of ξ= (αE −αH )/((αE +αH ) and η= (αC )/((αE +αH ) . All structures
we tested, numbered as in panel a), are close to the locus of maximum cross coupling
(ellipse), except (8). The color scale shows optical activity contrast Ψ, in the
dipole approximation (color scale) and for tested structures (dots). Panel c) is a
3D representation of b).

same way as we did for the split ring which in this case is represented by the structure
number 7 in Fig. 6.3.

In order to allow a comparison of scatterers independent of their size we summarize
the results for the retrieved polarizabilities and scattering cross sections in a ‘master
plot’. The scatterers are shown in Fig. 6.3a. As a first variable we use ξ = (αE −
αH )/(αE +αH ), which is dimensionless and equals +1 for purely electric scatterers,
−1 for purely magnetic scatterers, and 0 for equal electric and magnetic polarizability.
As a second variable we use the cross coupling and normalize it to the electric and
magnetic polarizabilities i.e. η = αC /(αE +αH ) . The location of maximum cross
coupling is the ellipse η=

√
1−ξ2/2. Almost all metamaterial scatterers we analyzed

have ξ far from 1 as shown in Fig. 6.3, indicating significant magnetic polarizability.
Furthermore all particles lie essentially on the boundary of the ellipse, demonstrating
that all the scatterers present maximum cross coupling. This is a strong indication that
bianisotropy is ubiquitous as claimed in Ref. [2]. If one considers the LC model, it is in
fact evident that since p and m derive from the same circulating charge, there is little
room to independently engineer αE , αH and αC by variation of geometrical parameters.
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6.4 Single split ring as a magnetic dipole converter

Explicitly, calculation shows that the LC model always results in αC =p
αEαH , i.e.,

maximum cross coupling.
The measure of optical activity for these scatterers is presented as a third axis for

the master plot. In order to quantify the optical activity we use the scattering cross
section for right σR (θ) and left σL(θ) handed polarized light. The parameter that we use
for this quantification is Ψ= |σR (θ)−σL(θ)|/(σR (θ)+σL(θ))) evaluated at incidence
angle θ = 45◦. This parameter has the merit of allowing us to quantify the maximum
attained difference in extinction which is always maximal at 45◦ and also of being
dimensionless so that we can compare all the scatterers regardless of their size. The
colored surface in Fig. 6.3b shows Ψ versus ξ and η as predicted by point scattering
theory. Optical activity is expected to be absent for zero cross coupling, and to increase
monotonically as cross coupling increases. From point dipole theory we expect a very
strong contrast in extinction for right and left polarized light along most of the ellipse
that defines maximum cross coupling. This contrast should vanish only for purely
electric (ξ = 1), and purely magnetic (ξ = −1)dipole scatterers. Our simulations in
SIE show that all the calculated metamaterial scatterers exhibit strong optical activity
in very good agreement with the dipole model. The only object that does not show
maximum cross coupling is the nested split ring that has two resonances, formed by
hybridization of the resonance in each ring. The fact that this object has a resonance
with bi-anisotropy smaller than the maximum cross coupling value is due to the fact
that it cannot be described as a single LC resonator. When multiple resonances are
combined, partial cancelation of bi-anisotropy is possible.

6.4 Single split ring as a magnetic dipole converter
One of the most exciting features of plasmonic antennas is that since the plasmons
are a combined oscillation of the optical fields and the free electrons in the metal, its
resonances can be confined to very small modal volumes [19]. These small modal
volumes make plasmonic antennas perfect candidates for coupling to single emitters
since near fields and LDOS are enhanced [20]. Some of the functionalities that have
been already experimentally proven for single emitters coupled to these antennas are
change of polarization of the emitted field by using rod antennas [21] and directionality
in the emission of the emitter through the use of Yagi-Uda antennas [22]. We present
calculations of the interaction between a single emitter and a split ring resonator.

A technical issue is that the field of a dipolar source driving the scatterer is singular
at the position of the emitter. Therefore unless a very fine discretization is used
simulations are prone to big numerical errors. This holds for virtually any brute force
method. In the case of SIE this problem occurs when calculating the values of the
projection of the electric and magnetic fields over the discretized surface of our scatterer
as is done for calculating q (see Eq. (5.10)) for fields stemming from a dipole in close
vicinity to the scatterer. However since the field of the dipole source is given by the
Green’s function of the environment, we can follow a similar procedure to Eq. (5.11
and 5.12), in which the integral over G(r,r0) is separated into a smooth G(r,r0)S and
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6 Designing Antennas with the Aid of the Polarizability Retrieval Method

singular part G(r,r0)N S , leading to the following equation for q:

q =
{∫

Sm
dS(ω2µµ0)(G(r0,r)S +G(r0,r)N S ) · fm(r) ·p : m = 1....N∫

Sm−N
dS(iω)(∇(G(r0,r)S +G(r0,r)N S ))× fm−N (r)) ·p : m = N +1....2N

(6.8)
where we used Eq. (5.10) and the facts that G(r,r′)T = G(r′,r) and (∇×G(r,r′))T =
−∇×G(r′,r) for the free space Green’s function [23], and the identity ∇×G(r0,r) =
∇G(r0,r)×1 (Eq. (28) in Ref. [24]). The smooth part can be calculated with a normal
quadrature routine. The singular part can be calculated by using the integration of the
RWG function found in Ref. [25], i.e. by

qN S =



∫
Sm

dS(ω2µµ0)(( 3Ln

8πk2
i

[ 1
A+

n
(

k2
i

2 K1
3(T +

n )−K−1
3 (T +

n ))...

− 1
A−

n
(

k2
i

2 K1
3(T −

n )−K−1
3 (T −

n ))])...

+( 1
4π [K−1

2 (Sn)− k2
i

2 K1
2(Sn)])) ·p : m = 1....N∫

Sm−N
dS(iω)( 1

4π [K−1
4 (Sm−N )− k2

i
2 K1

4(Sm−N )]) ·p : m = N +1....2N ,
(6.9)

where Kl
j (Tn) are the integrals defined in Ref. [25] which are performed over the

triangle Tn or over the surface Sn linked to the triangle with the same index. After
having found q , we find the strength of the current densities J and M by finding αn and
βn as already explained in chapter 5. It is important to notice that this same procedure
can be used to find the scattered field at the source and thereby the local density of
states [26] when using SIE, avoiding common problems encountered when working
with the fields from a dipolar emitter close to scattering structures.

We performed simulations of an electric dipolar emitter located at different distances
to the split ring and also at a fixed position in the middle of the split ring for different
orientations of the emitter. Fig. 6.4a shows the calculated electric and magnetic dipole
moments found from just the scattered field of the split ring for different distances of
the emitter to the center of the split ring. In other words we calculate the induced dipole
moments in the antenna. The induced electric dipole is given in units of the emitter
dipole strength (p0), while the units of the magnetic dipole are given in terms of p0c.
With this choice of units we can compare the magnetic and electric dipoles directly,
since the magnitude of the radiated power produced by an electric dipole with strength
p0 is the same as the one generated by a magnetic dipole with strength p0c. Fig. 6.4a
shows that when the dipole is far from the split ring the induced dipole is fairly weak.
Therefore the total system emits only with an electric dipolar nature given by the emitter
itself. As the emitter gets closer to the split ring to within 230 nm, the total electric
dipole moment of the system increases to exceed that of just the emitter, as expected
for a high local density of states position near a plasmonic structure. Furthermore the
nature of the lumped system starts to acquire a magnetic character to the point that 30%
of the emission is of magnetic nature. In the bottom part of the graph we see that the
phase of the driven electric dipole when the emitter is in close proximity to the split
ring (50 nm from the geometrical center of the split ring) is delayed π/2 as expected
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Figure 6.4: Single emitter in the vicinity of a split ring. In a) we show the calculated
dipolar moment of the scattered field for different distances to the split ring center. In
b) we show the dipolar moment of the total field (scattered field plus single emitter
field) for different orientation angles of the single emitter in a position 0.05 µm from
the center of the split ring. The angles are rotated around the z axis, therefore, we show
the x and y electric dipole as well as the z magnetic dipole. The other components of
the electric as well as the magnetic dipole are negligible in magnitude. In c) we show
the scattered field pattern of a split ring excited with an electric dipolar emitter at the
position on maximum coupling. The electric field magnitude |E |2 is calculated at a
radius 100 µm from the center of the split ring. The red continuous line shows the field
in the plane ‘xy’ and the blue dashed line shows the field in the plane ‘yz’. In d) we
show the calculation of the normalized total and radiative LDOS for different positions
in a line along the y axis through the center of the splitring.

for a structure driven on resonance. On the other hand the magnetic dipole is in phase
with the driving emitter, π/2 advanced with respect to the induced electric dipole. This
is expected from Ref. [10] since αE H =−i

p
αEαH in the polarizability tensor of a split

ring.
In a subsequent calculation we have placed the electric dipolar emitter at the

position of maximum radiative LDOS i.e. 0.05 µm from the center of the split ring,
and we varied the orientation of the dipole. From the total scattered plus emitted
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6 Designing Antennas with the Aid of the Polarizability Retrieval Method

field of the lumped system we calculate the effective dipole moments of the complete
system. Fig. 6.4b shows the electric and magnetic dipole moments as a function of
the orientation of the electric emitter, where the emitter orientation is rotated around
the z axis that points through the split ring plane. It is evident that the coupling to
the structure only occurs for the x component of the dipole, i.e., when px from the
emitter couples to αEx of the split ring. The maximum total electric and magnetic
dipole moment occurs when the dipolar emitter is aligned with the x axis. For this
alignment, py <0.005 p0 is essentially zero, while px=15.1 p0 and mz=4.9 p0c. This
result is commensurate with the relative magnitude of the purely electric and cross
coupled polarizability of the split ring in Eq. (6.3), indicating that the dipolar scattering
approximation of the split ring can be used for dipolar emitter excitations while still
obtaining an agreement of 85% with the full wave calculation. It is important to notice
that this agreement is dependent on the distance of the emitter to the split ring, since
dipolar emitters in close proximity to a plasmonic structure (typically <20 nm) can
increasingly excite higher multipolar moments of the plasmonic structures due to the
strong gradients in the exciting fields [27]. When the dipolar emitter is aligned with
the y axis, i.e., rotation angle π/2 then py =0.44 p0, px=0.12 p0 and mz=0.04 p0c.
This result indicates, first, that py hardly induces a magnetic dipole and second that
this position has a local density of states for y oriented dipoles lower than free space.
Fig. 6.4c shows a polar plot of the far field intensity distribution of the scattered field
for a split ring, excited with a dipole located at the position of maximum coupling and
aligned along the gap of the split ring i.e. along the x direction. The |E |2 distribution is
evidently different to that of an electric dipole, since on the one hand the emission is
asymmetric in the y axis due to the front-to-back asymmetry of the split ring, and on
the other hand the emission in the x axis is different than zero, evidencing the partial
magnetic nature of the scatterer. Finally in Fig. 6.4d we show the calculated total
and radiative LDOS normalized to the vacuum LDOS. The calculations are done for
different positions on the y axis along a line which starts at the center of the split ring.
The maximum total and radiative LDOS occurs at a position ∼50 nm away from the
center of the split ring. While at this position the total LDOS for an x oriented dipole
is ∼755 ρ0 the radiative LDOS for an x oriented dipole is ∼252.7 ρ0. This radiative
LDOS is consistent with the generated total electric dipolar moment of 15.1 p0 and
magnetic moment of 4.9 p0c for the lumped system. These values for the dipole
moments indicate a radiative LDOS enhancement of (p2 +m2)/p2

0=252. The fact
that the total LDOS is 3 times the radiative LDOS is consistent with experimental
measurements of the albedo of ∼30% measured for a single Au split ring by Husnik
et. al. [17]. The relative magnitude of the total vs. radiative LDOS indicates that the
quantum efficiency of the system is η∼33% equal to the albedo of the split ring.

6.5 Split ring array antenna
Having understood the split ring as a system composed of an electric and a magnetic
coupled dipole moment whose maximal response to circularly polarized plane waves

98



6.6 Conclusions

occurs for a certain polar angle θM AX , and having studied the way electric dipoles
couple to single split rings we turn to the design of an array of split rings and to the
study of the special properties that arise from it. In our design we combine two of our
earlier results. Firstly, Fig. 6.2 shows that the purest handed response is obtained at
off-normal incidence of 20◦. Secondly, excitation of a split ring array with a single
molecule is most advantageous when placed 50 nm from the geometrical center and
with a dipolar orientation along the gap. In addition we know from Ref. [11, 12, 22, 28]
that one can attain directionality in the scattering of arrays of particles by placing them
in a linear array with a pitch of ∼ λ/3. Our design combines these three ideas in an
array of 5 split rings tilted at θM AX and excited by a dipolar emitter in the central
element. Figure 6.5a presents the scattering pattern of the antenna which clearly shows
directivity in its scattering, with scattered fields confined in a half angle < 40◦. By
studying the complex fields obtained from the front and back scattering from the
antenna we can retrieve the polarization and plot it on the Poincare sphere, see Fig. 6.5b.
We find right handed elliptically polarized light emanating from the front of the antenna
(depicted by the blue point in Fig. 6.5(a and b)) and left handed elliptically polarized
light emanating from the back of the antenna. Both fields have an electric field 7
times stronger in the x direction than in the y direction and the major axis of the
ellipse is aligned with the x axis. Thereby, metamaterial antennas allow new forms of
control over emission compared to plasmon antennas. We foresee that with split rings
with a stronger magnetic polarizability term, it would be possible to reach a totally
circular polarized light regime. Reaching stronger magnetic polarizability currently
seems easiest at mid-infra-red and microwave frequencies [2]. We foresee interesting
applications especially if one can reach this at optical frequencies. In this regime one
could envision using split ring antennas to generate a single photon source from a
simple linear electric dipole emitter, or from a localized χ(2) nonlinear material that
emits its photons in handed beams, or split in two narrow beams, where handedness
and direction are entangled.

6.6 Conclusions
We have made use of the polarizability tensor retrieval method to calculate the α tensor
of split rings. This method allows us to confirm that these type of planar scatterers
can be described excellently by an LC circuit model, where the α tensor must have
maximally strong cross coupling. It also lets us confirm and quantify the strong response
in the αE H cross-coupled polarizability elements. This cross-coupled response implies
that the structure possess optical activity. We have used the lumped system of a
dipolar emitter and a split ring to show how the radiation nature of the system changes
drastically from a simple electrical dipole emitter. In the lumped system the emission
is modified by the scattering of the split ring, which can imprint its magneto-electric
nature on the emission. This realization further extends current research efforts that
have shown how emission from a single electric dipole transition in a quantum dot can
appear as if it originates from a multipole transition by strong coupling of the emitter to
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Figure 6.5: a) Scattered field pattern of a split ring array antenna showing directionality
in its scattering. The antenna is excited with a unit dipole positioned at 50 nm from the
center in between the arms of the central split ring in the array. The field is calculated at
a sphere 100 µm from the center of the antenna. The solid line shows |E |2 in the plane
zx and the dashed line shows |E |2 in the plane z y . b) Depiction of the polarization state
of the scattered field of the array antenna found on the forward (blue) and backward
direction (red). c) Cartoon model that shows the positioning of the electric dipole on
the split ring array antenna as well as the angled relative positioning of the split rings.

a plasmon antenna multipole resonance [29]. Also, such magnetic and magnetoelectric
antennas may enhance the magnetic LDOS that magnetic transitions are sensitive
to, as recently shown for rare earth ions near an interface [13]. Finally we used our
understanding of split rings to design an array antenna that splits emission from a
point source into two beams of oppositely handed elliptical polarization. For ultimately
strong magnetic scatterers, these findings might provide new ways to manipulate spins
via light, and enhance enantioselective spectroscopies in the near field [8, 30].
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