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Abstract

Here  we  show  that  a  split-ring  resonator,  a  structure  widely  known  for  its  magnetic  response  at  optical  
frequencies, can be used as a robust, unidirectional and broadband nanoantenna. By customizing its dimensions  
we demonstrate both numerically and experimentally that a quantum emitter can be efficiently coupled to the  
near-field of a U-shaped SRR and drive a resonance which generates both electric and magnetic dipole moments 
whose interference produces a unidirectional emission of light. A quantum dot is placed within the gap of the  
SRR to drive this resonance and the wavelengths for which the radiated power and directionality are enhanced  
can be tuned by altering the structure's parameters. This result is relevant to nano-optics, as our design has the  
potential to enhance photon emission and detection, and metamaterials,  as a directional response can help  
determine the relationship between the excitation angle and transmittance.
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1. Introduction

Split-ring resonators (SRRs), thanks to their magnetic resonances, are the basic building blocks used to 
obtain magnetic response at optical frequencies. When Pendry and his group1 provided this missing link to 
negative permeability using SRRs, interest in negative refraction2 and metamaterials3 exploded as theoretical 
concepts could finally start to be put into practice. Since then, this simple structure has been used in a variety of 
other applications to enhance  the interaction between light and matter on the nanoscale, ranging from second 
harmonic generation4 to Raman spectroscopy5.

Although a SRR can be thought of as an antenna with magnetic dipole resonances, its implementation as 
a nanoscale optical antenna has received little attention despite its potential for interacting efficiently with both 
electric and magnetic fields. Interest in the control over local electromagnetic fields analogous to radio and 
microwaves has given rise to the newly-established field of optical antennas6, which provides a means to control 
the emission and excitation of quantum emitters, improve the efficiency of light-harvesting  or enhance nonlinear 
optical processes.

Most recent efforts to develop antennas at optical frequencies have been inspired by traditional radio-
frequency antenna designs7 which were scaled down for tuning at much shorter wavelengths. Perhaps the most 
notable example is the Yagi-Uda configuration8,9 which is based on an operation principle borrowed from longer 
wavelength antennas: an array of dephased electric dipoles is used to create the phase of a directed wave. Several 
limitations are encountered when these structures are scaled down to optical frequencies, particularly their 
narrow bandwidth and the challenging  necessity  of positioning quantum emitters in their near-fields with 
nanometric accuracy to drive plasmonic resonances. Therefore, a single-element directional optical antenna that 
is ultracompact, broadband and robust against changes  in  source position would clearly benefit the use of 
nanoantennas in practical applications.

Here we show that a sub-wavelength SRR with a carefully chosen geometry can indeed direct the 
emission of light over broader bandwidths while simultaneously being smaller and substantially more forgiving 
with respect to the placement of photon sources than previously studied optical antennas.



Fig. 1. A split-ring resonator can direct light as an antenna due to the interference of its electric and magnetic 
dipoles. (A) A basic gold SRR design is fed by an electric dipole source (red arrow). In the simulations shown 
later this source is oriented perpendicular to the gap and with different positions along the gap (dashed line). 
The parameters are: length (l), width (w), height (h), gap (g), and bridge (b). A typical SRR studied here has the  
following dimensions: l = w = 220, g = h = 40 and b = 45 nm. (B) A schematic demonstration of the origin of  
the  directional emission pattern (right) obtained from the interference between an x-polarized electric dipole 
(left) and a z-polarized magnetic dipole (center).

2. Principle of Operation and Design

The interference between electric and magnetic dipole radiation has been shown to produce directional 
scattering of light in semiconductor nanoparticles exhibiting magnetic Mie resonances when illuminated with a  
plane wave10 as well as in the second harmonic generation of oriented metal nanocups11,12. The cause of this 
directionality resides in the different symmetries of the fields radiated by electric and magnetic dipoles. When 
emitting with the same polarization in a given direction, the electric fields are either in phase or out of phase,  
depending on the relative sign between both dipoles. Therefore, if a local luminescence source (electric dipole)  
couples to a resonant antenna that induces simultaneously an electric and a magnetic dipole, the emission will be 
directed due to this magneto-electric interference.

We propose a customized design for a U-shaped SRR (Fig. 1A) to optimize the coupling of an electric 
dipole source to the nanostructure. The terms “arms” and “bridge” will  be used to differentiate the parallel  
elements from the connecting element, respectively. Adjusting the width of the antenna arms and the size of the 
gap between them creates an intense near-field within the gap for the dipole to couple efficiently to the antenna 
mode. At the same time the length of the arms and the width of the bridge are chosen so that an electric dipole 
moment along the x-axis, together with a strong magnetic dipole moment along z are created.  As a result, the 
magnetic resonance the split-ring is maintained for these dimensions and a unidirectional far-field emission can 
be obtained.

3. Fabrication Method & Optical Characterization

In practice, the quantum emitters we placed in the antenna's near-fields are quantum dots (QDs) with a 
luminescence spectrum peaking near 800 nm and a FWHM of 80 nm. These were coupled to the fabricated gold 
SRRs (Fig. 2A) using mercaptoundecanoic acid (MUA) which attaches to Au with ease and forms covalent 
bonds with a molecular linker on the QDs. To fabricate the split-rings, a thin layer of ITO was deposited onto a 
SiO2 substrate. Using a mask of PMMA etched by e-beam lithography, Au was evaporated onto it and the mask 
was lifted off, removing the excess Au and leaving behind the SRRs. In order to measure the signal from the 
coupled QDs a circularly-polarized He-Ne laser was used for excitation in a confocal microscope with a high 
numerical aperture objective. The QD luminescence was detected through a polarizing beam-splitter with two 
APDs. To take angular measurements the signal was recorded instead at the back focal plane (Fig. 2B) with an 
electron-multiplied CCD camera. This allows for both localization and characterization of a single antenna at a 
time.



Fig. 2. (A) A SEM 
image of one of the 
fabricated Au SRRs. (B) 
An illustration  of how 
measuring at the back 
focal plane provides 
directionality. A detector 
placed at the back focal 
plane collects light from 
the area in focus and 
mutually parallel 
photons are detected at 
the same pixel.

4. Tuning the Antenna Resonances

Through the use of numerical simulations we set out to investigate how the directionality and radiated 
power are affected by varying the structure's dimensions as well as find the optimal position for a quantum 
emitter placed in the near-field of our nanoantenna. We digitally recreated the Au nanostructure as well as the 
substrate, modeled the permittivity of gold using a fit of Palik's experimental data and ran simulations using a 
finite difference time domain (FDTD) method for different placement and orientation of an electric dipole 
emitting a broadband pulse at 800 ± 200 nm. We observed that for our base dimensions (l = 220 nm) the radiated 
power is enhanced by a factor of 70 at the maximum with strong enhancement between 670 and 860 nm (Fig. 
3A)  and far-field projections from the recorded EM fields showed a directed, x-polarized emission for the same 
range of wavelengths (Fig. 4A-C). To quantify the directionality of the emission, a front-to-back ratio (F/B), 
defined as the maximum intensity divided the intensity at the point diametrically opposite to the maximum, was 
calculated from the simulations and at 670, 750 and 860 nm this ratio was 2.2, 10 and 13, respectively.

Fig. 3. Different resonances excited by 
an electric dipole placed within the 
gap of our structure. The radiated 
power enhancement (RPE) is the 
power radiated by the dipole 
normalized to the power it would emit 
in a homogeneous medium. (A) The 
RPE from a dipole located near the 
center of the split-ring gap for 
different structure lengths. (B) The 
RPE (color axis) for a dipole 
systematically moved across the gap 
starting at 10 nm from the bridge (y = 
10 nm) until 10 nm from the top of the  
arms (y = 165 nm) for l = 220 nm.



It should be noted that the broadband enhancement and directionality are maintained across about half of the 
SRR gap (y-axis of Fig. 3B), a distance of 80 nm from near the bottom to slightly past the midway point.

For the structures longer than our base antenna (increased l, while maintaining the other parameters 
constant) there were two clear resonances excited at different wavelengths which greatly enhanced the radiated 
power over a red-shifted,  240  nm bandwidth. Here  too,  the  far-field  projections  indicate  a  broadband 
directionality over the same bandwidth.  For the shorter antennas the corresponding  blue-shift in the radiated 
power and directionality was also seen, though the bandwidth for both was reduced to 170 nm.

We postulate that a structure with a reduced width could obtain better coupling for shorter wavelengths 
as the arms and gap would be narrower and the near-fields more intense. It was also noticed that when the gap 
was narrowed for l = 220 nm that the radiated power increased dramatically because of the stronger near-fields  
which  enable  a  higher  density  of  states,  but  due  to  the  challenges  involved  in  manufacturing  SRRs  with  
extremely  narrow  gaps  without  closing  them  and  the  fact  QDs  must  fit  in  them,  we  disregard  such  
configurations. Simulations were also run with the dipoles driving the antenna resonances from outside the gap 
with both x and y-polarizations and it was found that while there was some enhancement, it was generally lower 
and limited to narrower bandwidths when compared to driving the resonances from within the gap with an x-
polarized electric dipole. 

Fig. 4. Demonstration of broadband directionality from simulations of a 220 nm antenna. The color axis denotes intensity  
and the figures are a projection of the EM field information onto a hemispherical surface one meter away from the emitter  
for wavelengths of (A) 670, (B) 750 and (C) 860 nm.

5. Mode Analysis

Next we examine the simulated near-fields excited in the SRR by the broadband electric dipole source 
within the gap in order to identify the modes of the antenna. By analyzing the magnetic fields it was found that 
actually  there are  two magnetic dipole moments excited along the z-axis but in opposite directions (Fig. 5C), 
with one of them being notably larger than the other, reinforcing our prediction that directionality is caused by 
magneto-electric interference. This imbalance of magnetic dipole moments is due to the breaking  of  the 
symmetry of a parallel simple bar structure (Fig. 5F) being broken by the addition of a bridge to complete our 
antenna. It was also observed at certain wavelengths outside of the enhanced range (< 640 nm) that the opposing 
magnetic fields inverted in phase, thus altering the preferred emission direction from forwards to backwards. 
This observation is in agreement with the schematic demonstration on the origin directionality in our structure 
as a change of phase in the magnetic field would inverse the electric fields (center of Fig. 1B).

Considering the electric field distributions found on the 220 nm structure with the dipole located at y = 
60 (Fig. 3B), it is evident that its modes are complicated and more difficult to understand than in thin SRRs13. 
However,  when each of the electric field components are viewed separately, for wavelengths around 750 nm 
they appear to be in agreement with the third  resonant mode of normal,  U-shaped SRRs14 but  somewhat 
deformed because of the thick arms. As the wavelength was increased (decreased) from 750 nm, the observed 
resonances would deform until the wavelength in question was no longer capable of sustaining a third mode-like  
resonance. The fact that the wavelengths which are capable of driving the resonances are the same ones that have 



a higher  radiated power and more directional  emission is no coincidence. It  is  a result  of  the fact  that  the  
resonant wavelengths in SRRs are precisely the same ones which resonate magnetically 15 and create a magnetic 
dipole moment which interferes with the simultaneously driven electric dipole moment.

Fig. 5. Field and charge distributions in our nanoantenna. (A) The real part of the x-component of the electric field. (B) 
The modulus-squared of the total electric field. (C) The real part of the z-component of the magnetic field. (D) the modulus-
squared of the total magnetic field. (E) The charge distribution and magnetic dipole moments interpreted from (A) and (C). 
(F) The charge distribution and magnetic dipole moments interpreted from a simulation run without the bridging element to 
connect the bars and break the symmetry.

6. Observation of Directionality from a SRR

Finally we present the experimental results demonstrating directional emission from a SRR. The light  
collected  in  the  measurements  (Fig.  6A-C)  spans  the  entire  emission  spectrum  of  the  QDs  used  (from 
approximately 750 to 830 nm at FWHM) and therefore the emission patterns can be considered to be a weighted 
average of patterns similar to and including those shown in fig. 4. It is clear that the measurements taken with 
our design (Fig. 6A-B) are well in agreement with the simulations. The angular emission pattern from a QD  
coupled  to  a  SRR  of  dimensions  which  are  not  resonant  to  the  QD  emission  can  be  seen  to  emit  
omnidirectionally (Fig. 6C), which is the expected result for a non-resonant dimensions. From the directional  
measurements the front-to-back ratio was calculated and found to be about 4, which while is not quite as high as 
the simulations for the corresponding wavelengths, is still a comparable experimental value. It was also seen that 
the majority of light measured was x-polarized, as predicted by the simulations.

In order to recreate both  the experimental and simulated  angular patterns we modeled the interaction 
between the x-axis electric dipole and z-axis magnetic dipole as point sources without the metallic nanostructure 
(but  with  the  glass  substrate),  and  it  was  found that  more  terms  were  required  to  fully  explain  all  of  the 
characteristics seen in figures 4 and 6A-B, particularly the back-scattered lobes. By adding a weak electric dipole 
along the y-axis and an electric quadrupole on the xy plane, the radiation patterns both measured and simulated 
were recreated within good approximation (Fig. 6D) after  adjusting  the weight  and  phase of each of the 
components with respect to the x-oriented electric dipole (Table 1).  While it  may seem unlikely that an x-



polarized dipole emitter could have a significant quadrupole moment or a y-polarized emission at all, within the 
near-fields of plasmonic nanostructures all three polarization directions can be important and our simulations 
indicated that  their  values  were all  within  the  same order  of  magnitude and different  structures  of  similar  
dimensions are known to have strong dipole and quadrupole mode interactions16,17 so this requirement to model 
an electric dipole moment on the y-axis as well as an electric quadrupole is within reason.

Fig. 6. Demonstration of directed emission of a split-ring resonator obtained experimentally. A comparison of the far-field  
emission (A-C) from the back focal plane images that contain the Fourier transform of the emission from QDs coupled to 
their respective antennas and  (D) the theoretical angular radiation pattern  calculated by projecting  the interference of 
electric and magnetic dipoles as well as an electric quadrupole propagated through a glass substrate. The pattern is the  
intensity profile of a circular trace in the far-field.

Emitter Relative Weight (a.u.)

z-polarized magnetic dipole 0.4

y-polarized electric dipole 0.3

xy-plane electric quadrupole 0.5

Table 1. The weights of each emitter used to recreate the measured far-field emission patterns. All value are  
relative to those of an x-polarized electric dipole emitter (IE. weight 1 and phase 0). A weight of 1 means that  
that the emitter radiates as much light as the aforementioned dipole.

7. Conclusions

We have shown both numerically and experimentally that it is indeed possible to harness the modes 
which simultaneously drive electric and magnetic resonances using the split-ring structure in order to obtain a  
unidirectional emission from a non-directional emitter. Through the use of FDTD simulations we proven the 
robustness of the structure with respect  to the position of a coupled electric dipole while at the same time  
enhancing and directing its radiated power over a bandwidth of 200 nm; all  with an antenna whose surface 
occupies an area between 6 and 10% of λ2 where λ is the free space wavelength of the light directed. We have 
also shown how to tune these antennas to shorter/longer wavelengths and have discussed how the radiated power 
could be further enhanced. It also would have been interesting to couple QDs of different luminescence spectra 
to see if our design is as broadband as the simulations indicate or if a backwards directional emission can be 
achieved near 600 nm.

Our design, though robust, broadband and unidirectional, still leaves much room for improvement as  the 
structure's parameters could be tuned to improve the directionality and radiative power enhancement at a certain  
wavelength  or  even  at  several  simultaneously.  It  should  also  be  noted  that  even  though  we  observed  the  
directionality we were sought to achieve with our U-shaped SRR, it is clear that it cannot simply be modeled by  
a pair of dipoles and more contributions must be considered.

These results on the directionality of SRRs have important implications for their use in metamaterials 
since a directional response of the unit cells implies that the direction of excitation with a plane wave can help 
determine transmittance and absorption at resonant wavelengths. Our structure's smaller size and directivity of  
broadband photon emitters makes marked improvements over previous optical antenna designs while allowing 
for a larger margin of error in placing said emitters in the nanostructure's near-field.
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