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Abstract
Weexplore the optical properties of a coaxial plasmonicmetamaterial consisting of hollow dielectric
cylinders with a diameter of 100–250 nmand a ringwall width of 10–50 nm, embedded inmetal.We
investigate themodal electric andmagnetic fields and dispersion relation for different geometries and
material choices of a single coaxial channel by using realistic values for all design parameters. The
Fabry–Pérotmodes of a finite thickness slab are investigatedwith cathodoluminescence spectroscopy
and explained by extracting themode index fromFDTD simulations. Furthermore, we investigate the
coupling behavior of adjacent coaxes inside a hexagonal array.We find a change from the single-ring
dispersion relation for coaxes with a ring-to-ring distance smaller than 20 nm.

1. Introduction

The refractive index n of amaterial determines how an electromagnetic wave interacts with thematerial.
Conventionalmedia always slow down the light, and consequently shrink thewavelength, with a factor
determined by the refractive index. In thefield ofmetamaterials, wherematerials are designed by using sub-
wavelength building blocks,materials can be realizedwith effective optical properties beyondwhat is possible
with naturalmaterials. One important class of opticalmetamaterials is composed of noble-metal resonant
structures with amagneto-electric response (e.g. split-ring resonators), embedded in a dielectricmaterial. The
interplay between themagnetic and electric resonances can lead to an effective refractive index that is negative
[1], which implies that the phase velocity of light is negative and light shows negative refraction at an interface
[2–4]. However, using small resonant building blocks has severalmajor limitations. These designs suffer from
highOhmic dissipation losses [5] andwork for a limited bandwidth. Furthermore, in order for them to operate
in the visible spectral range, the structuresmust be scaled down [6] to length scales where fabrication is hardly
possible using currently available nano-fabrication techniques.

An alternative way tomodify thewavelength of a traveling electromagnetic wave is to couple the light into a
boundmode on ametal-dielectric interface. Themode index of such a traveling surface plasmon polariton (SPP)
can have a valuemuch larger than found in naturally homogeneousmaterials, enabling high confinement and
hence a very high localfield intensity [7–15]. Proper design of (coupled) plasmonicwaveguides can even result in
extreme cases, for instance a negative index of refraction [16–20] or an index near zero [21–23]. This would
enable new applications such as aflat lens [24–26]whichwould enable for example new recording devices, novel
(micro-)optical components [27, 35, 47] for optoelectronic integration, superradiant light sources which can be
used to realize low-power LED and laser devices, and transformation optics [28] and optical cloaking [29–33]
leading to for example enhanced absorption in photovoltaic devices.

Earlier work on (coaxial) plasmonicmetamaterials [20, 36, 37] theoretically describe the behavior of these
kind ofmaterials. However, a full theoreticalmodel describing the full optical properties of themetamaterial
including the incoupling from free-space radiation, reflection and phase-shifts on bothmetamaterial surfaces
and themodal behavior inside thewaveguide channels as proven to be extremely difficult, if not impossible to
realize. The incoupling, for example, is very difficult to describe due to themanymodes that contribute and
influence the incoupling efficiency of the fundamentalmode by changing the near-field near themetamaterial
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surface. Instead, we show in the paper that a theoreticalmodel that solvesMaxwells equations in cylindrical
coordinates can be used to approximate the behavior infinite-size coaxes in an array. The index that is deduced
from thismethod contains all information of the propagation inside the channels. In the paperwe show that this
single-coax approximation breaks down for channel-to-channel distances smaller than 50 nm.

Using this coupled SPP principle, a coaxial designwas proposedwhere the double periodically stacked
MDMSPPwaveguides arewrapped into a coaxial geometry [36, 37, 48], resulting in a polarization independent
metamaterial. A sketch of the design is shown infigure 1, where the coaxial waveguides are placed in a hexagonal
array. This design has been shown to exhibit a negativemode index for visible wavelengths [48]. Here, we
explore the optical properties of this coaxial plasmonicmetamaterial inmore detail.We show the trends in
wavelength for differentmaterial and geometry choices, using realistic values for all design parameters.
Furthermore, we investigate the coupling behavior between adjacent coaxial channels, which gives an extra
degree of freedom to tune the SPPmode profiles. Our theoretical and numerical work is supported by high
resolution cathodoluminescence (CL)measurements on experimentally fabricated coaxial waveguides.

2.Waveguide dispersion inside plasmonic coaxial channels

Themode dispersion of coupled SPPwaveguides is the result of a complex field overlap between the different
SPPs on each interface, where only small changes in the coax geometry or usedmaterial properties can
significantly change this overlap, and subsequently themodal dispersion. Therefore it is difficult to intuitively
predict the dispersion behavior of themodes present in the coaxial waveguides. Instead, we explore some general
trends for using differentmaterials and coax geometries by calculating themode dispersion diagrams of single
plasmonic coaxial waveguides with different geometries andmaterial choices. For this we use themethod
described in [36, 37], whereMaxwell’s equations are solved in cylindrical coordinates for a single infinitely long
coax embedded in an infinitely largemetal slab.Only the first azimuthalmode number is considered, since these
are the lowest ordermodes that can couple to free space radiation.

Figure 2 shows a cross section and top view of theHy fields (where the coordinates are defined as infigure 1)
of the twomodes which have the lowest loss, in a single coax (with azimuthalmode order 1). These are the two
modeswewill consider in the rest of this paper. Figures 2(a) and (b) shows a symmetricmode, where theHyfield
does not change sign across the dielectric channel. Themode shown infigures 2(c) and (d), represents thefield of
an anti-symmetricmode, of which theHyfield does change sign across thewaveguide. If we consider the time
dependence of bothfields, we find that the symmetricmode is characterized by a positive phase velocity, and
thus a positivemode index, and the antisymmetricmode shows a negative phase velocity, which is characteristic
for a negativemode index.

2.1.Dielectricmaterial andmetal choice
Next, we explore how the dispersion behavior of the twomodes shown infigure 2 depends on the usedmetallic
and dielectricmaterials. Figure 3 shows the dispersion of an infinitely long, 20 nmwide coaxial channel of
vacuum (n= 1), SiO2 (Re ~( )n 1.5) and Si (Re ~( )n 3.5–6.5) embedded in either silver or gold. For the
calculations we used the complex optical constants as determined by Palik [38] and Johnson andChristy [39] for
the dielectric andmetal, respectively. Both the real and the imaginary part of thewave vectors in the direction of
traveling (z) are plotted, where the absolute value of the real part determines the SPPwavelength and the
imaginary part represents the losses fromwhich the propagation length = (L 1 2SPP Im ( ))kz can be easily
calculated. In order to have a negative index, the direction of the Poynting vector Smust be opposite to thewave
vector k ( <·k S 0) [20, 40, 41]. Sincewe only considermodeswith a positive energy velocity, which
corresponds to a positive imaginary part of thewave vector, the positive or negative nature of themode is

Figure 1. Sketch of the coaxial plasmonicmetamaterial. The coaxial waveguides consist of thin (10–30 nm) dielectric channels
(purple) having an outer diameter of 00–200 nmembedded inmetal (gray) and supported by a dielectric bulkmaterial.
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determined by the sign of the real part of thewave vector. In the rest of this paperwe use the term ‘negative index
mode’ for the lowest lossmodewhich is described by a negativemode index in a part of the investigated
frequency regime. The negative index regime of thismode is characterized by a negative propagation of the
phase fronts and an asymmetricmode profile of theHyfields.

Figure 3 shows the existence of both a positive and negative indexmode in theUV/visible regime for all
material combinations explored in thefigure.However, not allmaterial combinations show a dominant region
of the negative indexmode in the consideredwavelength regime, where the dominantmode is defined as the
modewith the lowest imaginary part of kz. From (a)wenotice that thematerial choice of both the dielectric and
themetal determine the spectral position and themagnitude of themaximumabsolute value of kz. The
frequency at which kz has itsmaximum is defined as the SP resonance frequency (wSP). For a singlemetal/
dielectric interface, the SP resonance frequency is proportional to the plasma frequency (wP) of themetal and
the dielectric permittivity of the dielectricmaterial via

w
w
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Considering the different dielectrics, thewaveguides built from the high indexmaterial Si show the highest
confinement, lowest losses and largest negative index frequency region of the consideredmaterials, which is in
agreementwith [36]. Furthermore, we find that, in accordance with equation (1), the dielectrics with the smallest
real values of their refractive indices have their SP resonance at higher frequencies. Interestingly, if we consider
the losses of the different waveguidematerials we conclude that for the positive-indexmode SiO2 has the lowest
losses, while for the negative-indexmodes Si, of which the refractive index intrinsically has the highest losses,

Figure 2.Plots of theHy fields of the twomodes with the lowest losses inside an infinitely long, single Si coax channel embedded inAg,
having an outer diameter of 150 nmand a channel thickness of 20 nm. (a)Cross section through the xz and (b) xy plane of the Hy

fields of the symmetric and (c) and (d) the anti-symmetric coupled SPPmode. The dashed lines represent the contours of the coaxial
channels. Bothmodes are calculated at a wavelengthwhere the depictedmode is dominant, (a) and (b) at awavelength of l = 673 nm
and (c) and (d) at l = 524 nm.
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results in the lowest SPP losses. This indicates that in the case of SiO2 thefield profile of the negative-indexmode
is relativelymore localized inside themetal, which results in increased dissipation losses.

For themetals wefind similar trends for the SP resonance frequencies as for the dielectrics, where the
geometries with the plasma frequency at the shortest wavelength, Ag, result in themost blue shifted SP
resonances. The absolute value of Re( )kz at the SP resonance frequency, however, is larger for the lowest
permittivitymetal Ag. If we consider the losses wefind lower losses for the Ag containing structures, in line with
the lower losses of bulk Ag compared toAu in the considered spectral regime.

Figures 3(c)–(f) shows theHy fields on a cross section through the center of the cylinders.Wefind that for all
positivemodes (solid lines) theHy field does not change sign, and the overallmode profile across the channels is
symmetric. The negative indexmode changes sign across thewaveguide channel, but shows an overall
symmetric profile over bothwaveguide channels. The sign change across the dielectric channel results in a
relatively large part of the field being localized inside themetal. As a result, thismode can have a negativemode
index, where both the phase fronts propagate backwards and refraction is negative.

In the rest of this paper, wewill consider Ag/Si coaxes because of their large negative index frequency region,
the possibility to obtain themost extrememode index and the relatively low losses. However, depending on the
applications of interest, in other parts of this thesis we occasionally use Au/Si or Au/SiO2 for practical reasons.

2.2. Tuning the cylinder outer diameter
Next, we investigate the influence of changing the diameter and channel width of the coaxial waveguide
channels. Figure 4 shows the dispersion diagrams of Si/Ag coaxes with afixed channel width of 20 nmand a
varying outer diameter. Firstly we notice that all considered geometries show strong confinement around the SP
resonance frequency, with values above 400 μm−1 for the real part of kz. However, for the geometry in this
figure, an increase of the absolute value of kz always results in increased losses as well. The SP resonance is at the
samewavelength for all considered geometries, since it is determined by the optical constants of thematerials
(equation (1)) rather than by the geometry. Interestingly, thewaveguides all show a negative-indexmodewhich
is dominant forwavelengths shorter than∼630 nm.Wenote, however, that there exists a third, positive-index

Figure 3.Mode dispersion diagrams of coaxial waveguide channels in the visible spectral range. The outer coax diameter is 150 nm
with a 20 nmwide dielectric channel. The dispersion is calculated for three different dielectricmaterials (air, SiO2 and Si) and two
differentmetals (Ag andAu) for SPPs traveling in the positive z-direction. Both the real (a) and imaginary (b) part of thewave vector kz
are shown. The negative indexmodes are indicatedwith a dotted line, the positive indexmodes with a solid line. The regions inwhich
themodes are dominant (determined by the lowest losses) are represented as bold lines. (c)–(f) Show the real part of the normalizedHy

fields on a cross section through the center of the cylinders. Again, the solid lines represent the positive indexmode and the dashed
lines the negative indexmode. The frequency of the plotted figures is represented by the dot infigure (a). The scale bar represents
50 nm.
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modewhich is dominant above 4×1015 rad s−1 (corresponding towavelengths smaller than l = 470 nm) in
case of the 100 and 300 nmdiameter coaxes (not shown here).

Considering the positive-indexwaveguidemodes infigure 4(a), we observe an increase of Re(kz) at
frequencies near the SP resonance frequency, which ismost pronounced for the coaxwith the smallest diameter.
The change in kz is due to a differentmode coupling through themetal cladding, as seen from theHy field plots in
figures 4(c)–(f). For the largest two considered diameters, theHy field goes to zero in the center for the positive
indexmode, resulting in an almost unaffected relative field distribution inside the dielectric channels, and very
similar dispersion behavior of these twomodes. For smaller diameters, however, the fields on both sides of the
channels do overlap in the coax core, giving rise to a change in the dispersion. The negative-indexmode on the
contrary, does shownon-zero field intensity in the center region of themetal for all diameters. The relative field
distributions inside the dielectric channels however, are almost unaffectedwhich results in an almost equal kz for
the negative-indexmode for all shown diameters.

The losses show small variations for the different investigated diameters. In general the losses of the positive
mode index are slightly larger for smaller diameters. In case of the negativemode index all shown coax
dimensions show similar losses up to∼470 nm. For shorter wavelengths, however, themodes inside the largest
and smallest diameter coaxes show significantly higher losses than the 150 and 200 nmdiameter coaxes.

We conclude that within the outer diameter range of 150–200 nm,while keeping the channel width and
materials unchanged, thewaveguidemodes in the plasmonic coaxes are very similar over the investigated
wavelength range.Within this range both the trends and the absolute values of the real and imaginary parts of the
wave vectors are the samewithin a few percent. Although a smaller diameter, of 100 nm, does result in amore
extrememode index near the SP resonance frequency, this geometry shows higher losses and a smaller
wavelength range forwhich the negative indexmode is negative. Thereforewe study the 150–200 nmdiameter
coaxes in the remainder of this paper.

2.3. Tuning the dielectric waveguidewidth
Lastly, we explore the influence of the channel width on the dispersion of the coaxial waveguides, as shown in
figures 5(a) and (b).We observe a large difference in both the real and the imaginary parts of thewavevector for

Figure 4. (a)Real and (b) imaginary part of the dispersion diagrams of Ag/Si coaxial waveguides with a 20 nmwide channel and
varying diameter. The negative-indexmodes are indicatedwith a dashed line, the positive-indexmodes with a solid line. The
dominant regions of themodes are emphasizedwith a bold line. In case of the smallest and largest outer diameters there is another,
positive index, dominantmode above 4×1015 rad s−1 (not shownhere). (c)–(f) Show theHyfield profiles for the different coax
geometries, where again the positive-indexmode is represented by the solid line and the negative-indexmodewith a dashed line. The
positive-indexmodewas plotted at l = 673 nm, the negative-indexmode at l = 524 nm. The colors correspond to the same
material combinations as indicated in (a). The scale bars in (c)–(f) represent 50 nm.
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changing channel widths in the range 5–50 nm.Using very thin channels on the order of<10 nm, extremely
high absolute values of both the positive and the negativemode indices can be obtained.However, as for the
other considered SPP designs, increasing the absolute value of themode index goes togetherwith a decreased
propagation length.

In order to understand the trends observed infigures 5(a) and (b), we consider theHyfields on a cross section
of thewaveguide channels infigures 5(c)–(f).We observe that the field profile inside themetal, indicating the
coupling between the SPPs in both dielectric channels, changes for different channel thicknesses. Furthermore,
thefield profiles inside the channels also change for different channel thicknesses. For small channel thicknesses,
relativelymorefield is confined inside themetal. This enhanced interactionwith the negative permittivity of the
metal explains themore negative values of themode index for smaller waveguide thicknesses. Furthermore, the
increase in losses for thinner coax channels is also due to increased dissipation losses as result of thefield
localization in themetal.

In conclusion, an optimumgeometry to obtain coaxial waveguides with a clear negativemode index and
relatively low losses, has a channel width of 10–30 nmand an outer diameter of 150–200 nm.

In the previous sectionswe investigated the optical response of the plasmonic cylindricalmetamaterial by
considering a single, infinitely long coax. In the next sections, wewill consider a hexagonal array of coaxes.We
investigate if a single, infinitely long coax is indeed a valid approximation for a finite-thickness hexagonal array
of coaxes, both experimentally usingCL imaging spectroscopy, and numerically using finite-difference time-
domain (FDTD) simulations.

3. CL spectroscopy on a plasmonic coaxialmetamaterial

In this sectionwe performCL spectroscopymeasurements on a hexagonal array of coaxial waveguides. From the
measured spectra we deduce themode indices bymatching the peaks inmeasured intensity to Fabry–Pérot
oscillations inside themetamaterial slab.

Figure 5. (a)Real and (b) imaginary part of the dispersion diagrams of Si/Ag coaxial waveguides with an average diameter of
- =r r 130 nmout in and varying channel width. The negative-indexmodes are indicatedwith a dashed line, the positive-indexmodes

with a solid line. The dominant regions of themodes are emphasizedwith a bold line. In case of the smallest and largest outer
diameters there is a second positive dominantmode above 4×1015 rad s−1. (c)–(f) Shows theHy field profile for the different
channel geometries, where again the positive-mode is represented by the solid line and the negative-modewith a dashed line. The
positive-modewas plotted at l = 673 nm, the negative-mode at l = 524 nm. The scale bars in (c)–(f) represent 50 nm.
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3.1. CL spectroscopymethod
InCL spectroscopy an electron beamof a scanning electronmicroscope (SEM) is used to locally excite the
samplewith very high spatial resolution. The electric field generated by the electron beam coherently excites
resonantmodes supported by the coaxial waveguides with an excitation efficiency dependent on the out-of-
plane component of the local density of optical states [42, 43]. The light emitted from excitedmodes radiating
into the far field is collected by anAl parabolicmirror placed between the sample and the electron column and is
directed onto a spectrometer. A sketch of the setup is shown infigure 6.

We laterally raster scan the electron beam in steps of 5 nmover a single coax and collect the spectrum for
each excitation position. At the same time the secondary electron signal is collected, such that we canmatch the
obtained radiation spectrumwith the excitation position on the sample. After correcting for the system response
we spatially average the spectrumover all positions of a single ring (including the center area) and normalize to
itsmaximum intensity.

3.2. Sample fabrication
The sample fabrication process for theCL experiment was startedwithwriting rings with a 30 keV electron beam
into the negative high resolution resist hydrogen silsesquioxane (HSQ) on a Si substrate. TheHSQ is developed
by two 30 s dips into a 25% solution of tetramethyl ammoniumhydroxide (TMAH) solution inwater at 50 ◦C.
Then, the hollow cylinders are transferred into the substrate using anHBr reactive ion etch (RIE). After etching
the samplewas dipped in a 1%HF solution for 10 min to remove the resist remainders. Next, themetal was
evaporated using a techniquewhere the excess ofmetal was shaved off using an argon ion beam after every
10–15 nmofmetal deposition. Lastly, the sample surfacewas polished and the rings weremade optically
accessible using focused ion beam (FIB)milling under grazing angles. Figure 7(a) shows an SEM image of the
sample fabricated for theCL experiment, where the inset shows a cross section of themeasured sample. The
rings have an outer diameter of 175 nmand a dielectric channel width of 30 nm,which is in the optimum range
for having a negative-indexmode as defined in section 2. The pitch, defined as the center-to-center distance, is
230 nm.

3.3. CL spectroscopy results
Figure 7(b) shows the normalizedmeasuredCL spectrum averaged over a single coax of the array shown in (a).
We observe a clear, large peak at awavelength of l = 856 nm, and several smaller peakswhich overlap in the
wavelength region of 400–700 nm,with peak values at l = 461, 541and 603 nm.At l = 706 nm there is a dip
in the spectrum.

The large peak at l = 856 nm in theCL spectrum shown infigure 7 can be understood by considering the
finite thickness of themetamaterial, giving rise to Fabry–Pérot oscillations inside themetamaterial slab.
Therefore, cross sections weremade at different positions on the 20×20 μm2metamaterial field.We found a
thickness in the range of 73–140 nm,where the gradient in slab thickness originates from the FIB polishing step
in the fabrication process, since the sample ismilled under grazing angles. Since this uncertainty in thickness is
too large to determine thewavelength of the expected Fabry–Pérot resonances based on the dispersion diagram
(figure 8), we simulated the transmission and reflection spectra for a range of thicknesses (70–150 nm) using
Lumerical1. For the simulations a planewave is used to excite themetamaterial sample under normal incidence.

Figure 6. Sketch of the setup used for theCLmeasurements. The sample is excited using a 30 keV electron beam inside a conventional
SEM. The emitted light is collected by a parabolicmirror placed between the sample and the electron column and focused to an optical
fiberwhich guides the signal to a spectrometer.

1
Lumerical solutions, inc.
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Themetamaterial dimensions were asmeasured from the SEM image andwe used values for the optical
constants fromPalik [38] for Si and Johnson andChristy [39] for Ag. Since the phase shift upon reflection
depends on the refractive index of the supportingmaterial, we included a dielectric slabwith index 4 as substrate,
approximating the Si substrate used in the experiment.

The simulated reflection results are shown infigure 8(a)where a dip in the reflection represents coupling of
the incident source to amode inside themetamaterial.We observe a dip at l ~ 800 nm for the smallest
thickness, which shifts to larger wavelengths for increasing slab thickness. This thickness dependence of the dip
position indicates that the dip in reflection reflects coupling of light into a Fabry–Pérot resonance, a standing
wave inside thematerial which is the result of interference with the incoupled light andwaves reflected from
both interfaces. Another indication that the peak at the red side of the spectrum represents a Fabry–Pérot
oscillation is that the peak is absent in case the same simulations are performedwithout a substrate (not shown
here). As in the case of themeasured spectrum,we observemultiple features on the blue side of the spectrum in
the simulated spectra shown infigure 8(a), in the range of l = 400–600 nm. These features, however, do not

Figure 7. (a) SEM top view image of the 20×20 μm2Ag/Si coaxial array on a Si substrate used tomeasure the CL spectrum, where
the dark rings represent the Si which is embedded inAg. The rings have an outer diameter of 175 nmand a dielectric channel width of
30 nm. The pitch is 230 nm. The inset shows a SEM image of a cross section of the sample, where Ptwas deposited in order tomake a
clean cross section. ThemeasuredCL spectrum is shown as the blue solid line in (b), corresponding to the normalized averaged
spectrumover a single ring. The red dashed line shows the simulated one-reflection spectrum, for a 100 nm thickmetamaterial on a
n=4 substrate and experimentallymeasured coax dimensions.

Figure 8. (a) Simulated reflection spectra for a coaxialmetamaterial slabwith ringswith an outer diameter of 175 nm, a ringwidth of
30 and a 230 nmpitch for varying slab thicknesses from75–150 nm. The spectra are offset for clarity. In (b) the dispersion diagramof
a single, infinitely long coax (red and blue lines) is shown, where the real part is represented in red and the imaginary part in blue. The
dashed lines are the negative-indexmode, whereas the solid lines represent the positive-indexmode. The data points on the dispersion
diagram are thefittedwave vectors fromFDTD simulations of a 5 μmthickmetamaterial slab.
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show a significant shift for a different slab thickness, which indicates that these dips are not Fabry–Pérot
oscillations.

We observe that for a slab thickness of 100 nm the features of the simulated spectrummatch those of the
experimental spectrumbest, as shown infigure 7(b). In the case of CL, the electron beam couples to themodes,
of which the light scattered out of thesemodes ismeasured leading to intensity peaks in the spectrum. For the
simulated reflection data, however, a dip in the spectrum represents light coupled to amode. Therefore, we
compare the simulated one-reflection data to the experimentallymeasuredCL spectrum.We observe good
agreement for both spectra infigure 7(b), in both peak position and spectral shape.However, the peak intensities
are different, which can be explained by the different excitationmechanisms used in the experiment (electron
beam) and simulations (planewave).

The simulated and experimentallymeasured spectra can be further understood by considering the
dispersion diagram, as shown infigure 8(b), where both the real and imaginary part of themode dispersion is
calculated for an infinitely long single coax. The dots in the figure represent dispersion data extracted from
FDTD simulations of a coaxial arraywith the experimentallymeasured dimensions (except for the thickness,
whichwas 5 μmfor these simulations to avoid Fabry–Pérot oscillations). Thewave vector is extracted by fitting a
wave of the form ( )A k zexp i z to the simulated field inside the coaxes along the propagation direction.Here,A is
the complex amplitude, kz thewave vector in the propagation direction, and z the propagation distance along the
z axis. From the good agreementwe conclude that the dispersion of a single coax does coincidewith that of a
coaxial array. Due to the high losses in the region near the SP resonance frequency, no reliable fits could bemade
in this region. Thefit can only be performed on the propagatingmode in the system, which explains the jump
from the positive to the negativemode for higher frequencies. This is in agreement with themodewith the
lowest losses.

From figure 8we find very high losses in the spectral rangeλ=600–750 nm,which explains why theCL
spectrum shows a dip in the signal at l = 700 nm. From the dispersion diagram (calculated for azimuthalmode
number 1)wefind amode index of n∼7 at l = 856 nm, corresponding to awavelength inside thematerial of
123 nm, close to the 100 nm thickness of the slab as assumed from the simulations of the Fabry=Pérot
resonance spectra. This difference can be due to the phase shift introduced at reflection and transmission at each
interface. In the simulations this phase shift is inherently accounted for. This phase shift, however, is difficult to
calculate due to themultimode nature of the systemwhich is not accounted for in using for example the transfer
matrixmethod [44]. Another explanation for themismatch of the SPPwavelength and the slab thickness is a
(small) error in themeasured cylinder dimensions, as themode index is especially sensitive to thewidth of the
dielectric channels. Themodewe observe here is very similar to a n=0,m=1whispering gallerymode, where
n is the number offield antinodes in the z-direction andm the azimuthalmode number, as reported earlier in
literature for larger plasmonic rings [45, 46].

Next, we consider the smaller peaks at l = 461, 541, 603 nm in themeasurements shown infigure 7. The
dispersion diagram infigure 8(b) shows that these peaks are in the highly dispersive regime of the spectrum,
whichmakes it difficult to account for their nature. Since the peak positions do not shift with changing the
thickness of themetamaterial (figure 8(a)), it suggests that thesemodes are not Fabry–Pérot resonances.
However, it is difficult to prove this with certainty, due to the complicated dispersion behavior of the
metamaterial. It also seems unlikely that these peaks represent coupling to surfacemodes in the lateral direction,
whichwas verified by repeating the simulationswith a pitch of 300 nm instead of 230 nm (not shown here). The
results of these simulations showdips in the reflection spectrum at the samewavelengths as the simulationswith
a 230 nmpitch, indicating that the shorter-wavelength peaks are not sensitive to the coax spacing. The nature of
these peaks in the spectra is subject for further research.

Wenote that the CLmeasurements are not polarization resolved.However, in earlier workwe demonstrated
that the optical response of the coaxial structures is polarization independent for normal-incident excitation
[48], as is the case for CL. For off-normal incidencewe numerically found that for large pitches (uncoupled
coaxes) energy propagation is always along thewaveguides. This implies that only the coupling efficiency into
the SPPmodes is dependent on the angle, not themode index itself. These findingwere for relatively small
incident angles, up to 20° (where 0° is defined as normal incidence). In case of smaller pitches, where the coaxes
do couple, we refer to the supplementary information of [37]where isotropic behavior is found for incident
angles up to 50°.

4. Coupling of adjacent cylinders

Figure 8(b) already showed that the dispersion calculated for a single waveguidematches the dispersion
extracted fromFDTD simulationswell for the consideredmetamaterial dimensions in this figure. This indicates
that the coupling of adjacent waveguide channels is not sufficient to alter themode index significantly. However,
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when the coaxial channels are brought closer to each other, we expect tofind a distance forwhich themodal
fields of the adjacent channels start to overlapwhichwill result in a change of themode index. In this section, we
explore at which ring-to-ring distances the coaxes start to couple by investigating coaxial arrayswith different
coax spacings.

Figure 9 shows the simulated transmission spectra for coaxial hexagonal arrayswhere the ring-to-ring
distance is systematically varied from1 to 200 nm.Here, the ring-to-ring distance is defined as the closest
distance between the nearest neighbor.We simulated coaxes with an outer diameter of 168 nmand a dielectric
channel width of 15 nm.We observe identical spectra for ring-to-ring distances of 75–200 nm. For closer
spacings the spectrum clearly changes; newpeaks arise over a broader spectral range.

This behavior is further investigated by considering the field profiles inside themetamaterial, along the
waveguide channels. Figure 10(a) shows theHy field intensities inside thewaveguide channel along z, the
propagation axis. For intermediate propagation distances (∼150–500 nm from themetamaterial surface), an
oscillating behavior is observed fromwhich a single wavelength can be derived. At longer propagation distances
(>500 nm) thefield has decayed to very small intensities, and near the surface (<150 nm)we find a different
behavior of thefield as function of propagation distance. The latter observation is explained bymulti-modal

Figure 9.Transmission spectra of Si coaxes embedded inAg, with an outer diameter of 168 nmand a dielectric channel width of
15 nm,where the ring-to-ring distance is systematically varied from 1 to 200 nm. The spectrawere obtained fromFDTD simulations,
where a 200 nm thick free-standingmetamaterial was illuminated by a planewave under normal incidence.

Figure 10. (a)Real (red) and imaginary (blue)Hy fields inside a Si waveguide channel in the propagation direction z, of coaxes with an
outer diameter of 168 nm, a dielectric channel width of 15 nm and a ring-to-ring distance of 100 nm, embedded inAg at
l = 500 nm. The interface of themetamaterial is positioned at = -z 400 nm. The dashed orange and black lines represent thefits of
the real and imaginaryfield respectively. The vertical black dashed lines indicate the regionwhere the fit is performed, for smaller z-
valuesmultiplemodes are present, and for larger propagation distances thefield has decayed to very small values. (b) and (c) Show the
Hy fields perpendicular to the propagation direction inside the waveguide channel at (b) = -z 300 nm (100 nm from the
metamaterial surface) and (c)−200 nm (200 nm from themetamaterial surface). The scale bar represents 100 nm.
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behavior, resulting in interference and thus alternated field profiles. Therefore, we obtain kz byfitting thefields
for z-values large enough that only the dominantmodewas present, but small enough that the fields are not
decayed to such small values that no accuratefit could bemade. Infigure 10(a)we showboth theHy intensity as
function of propagation distance z and thefitted curves.We observe very good agreement between the simulated
andfitted curves. Figures 10(b) and (c) showplots in the xy plane, perpendicular to the propagation direction, of
Re(Hy) at different heights in the coax. Thefield profile in (b) is at 100 nmunderneath the interface, showing a
profile which is different than the expected field profile for the anti-symmetricmode as shown infigure 2. The
plot infigure 10(c), however, shows thefield profile of the propagating negative indexmode. These results shows
that indeedmultiplemodes compete with each other near themetamaterial surface, resulting in afield profile
which is the result of interference ofmultiplemodes, whereas after a certain distance only the propagatingmode
survives, resulting in the characteristicmode profile of only the anti-symmetricmode.

Figures 11(a)–(f) show the dispersion calculated for a single coax, together with the dispersion extracted
fromfits to theHyfield inside thewaveguide channel of a coaxial array, as shown in (g)–(l) for ring-to-ring-
distances of 1–100 nm.Wefind almost perfect agreementwith the single coax case for 50 and 100 nm ring-to-
ring distance. Decreasing the distance to 20 nm, however, does result in a small deviation of the dispersion
diagrams as calculated for the single coax (d). Further decreasing the ring-to-ring distance leads to amore

Figure 11. (a)–(f)Dispersion diagramof a single, infinitely long coaxes (red and blue lines)with an outer diameter of 168 nm and a
dielectric channel width of 15 nm,where the real part is represented in red and the imaginary part in blue. The dashed lines are the
negative-indexmode, the solid lines represent the positive-indexmode. The ring-to-ring distance is 1, 2, 5, 20, 50 and 100 nm for (a)–
(f). The data points on the dispersion diagrams are the fittedwave vectors on field plots fromFDTD simulations of a 800 nm thick
metamaterial slab, whichwas thick enough to prevent back reflection interference. The error bars on the data points show the 95%
confidence intervals obtained from the fitting procedure. Around the SP resonance frequency the errorwas so large due to strong
absorption, that no reliable data could be derived. (g)–(l) Show theHyfields for a cross section of themetamaterial at l = 460 nm.
The distance between the black dashed lines represent the ring-to-ring distance.
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distinct deviation from the single coax dispersion, where for the 1, 2 and 5 nmdistance (a)–(c) the negative index
mode has disappeared. This observation agrees well with theHymode profiles plotted in (g)–(l). At a ring-to-ring
distance of 50 and 100 nm,we observe a typicalmode profile of the anti-symmetricmode, where the field
changes sign across the dielectric channel. At smaller ring-to-ring distances, however, we find that thefield does
not change sign across the channel.

Comparing the results observed from figure 11with the simulated transmission spectra infigure 9, we
conclude that there exists a rangewherewe observe deviations in the transmission spectra, indicating coupling
of the coaxes, but the dispersion is still similar to the single-coax dispersion. This is the case for ring-to-ring
distances of 50–75 nm. For ring-to-ring distances of 20–50 nmwe observe indications for coupling in both the
transmission spectra and the dispersion diagrams, but in this region a negative indexmode can still exist. These
observations are important if the coaxial building-blocks are used to design a three-dimensionalmetamaterial,
since this can only be achieved if the coaxes are coupledwith each other.

5. Conclusions

Wehave investigated a coaxial plasmonicmetamaterial consisting of dielectric rings embedded inmetal.We
show that the dispersion is very sensitive to the choice ofmaterial and geometry, and find that Si rings embedded
inAgwith a diameter of 150–200 nmand a dielectric channel width of 10–30 nmhave a negative-mode index
with relatively low loss in the visible spectral range.Wemeasure the opticalmodes of themetamaterial with CL
spectroscopy on an experimentally fabricated coaxial arraywith a channel width and diameter of 30 and 175 nm,
respectively. Themeasurements show thatwe are able to excite Fabry–Pérot resonances inside a 100 nm thick
metamaterial slab. Furthermore, we numerically investigate the coupling behavior of adjacent coaxes inside a
hexagonal array.We show that the transmission spectrumdeviates from the spectrumof a single coax embedded
inmetal for ring-to-ring distances smaller than 50–75 nm,while the dispersion changes significantly for
distances smaller than 20–50 nm. In very dense arrays (ring-to-ring distance<5 nm), we observe that the
negative indexmode can no longer exist. Thesefindings are important for designing ametamaterial with a three-
dimensional response.
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