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A single-layer wide-angle negative-index
metamaterial at visible frequencies

Stanley P. Burgos'’, Rene de Waele?, Albert Polman? and Harry A. Atwater'*

Metamaterials are materials with artificial electromagnetic
properties defined by their sub-wavelength structure rather
than their chemical composition. Negative-index materials
(NIMs) are a special class of metamaterials characterized
by an effective negative index that gives rise to such
unusual wave behaviour as backwards phase propagation and
negative refraction. These extraordinary properties lead to
many interesting functions such as sub-diffraction imaging™?
and invisibility cloaking3. So far, NIMs have been realized
through layering of resonant structures, such as split-ring
resonators, and have been demonstrated at microwave’? to
infrared®™ frequencies over a narrow range of angles-of-
incidence and polarization. However, resonant-element NIM
designs suffer from the limitations of not being scalable to
operate at visible frequencies because of intrinsic fabrication
limitations', require multiple functional layers to achieve
strong scattering® and have refractive indices that are
highly dependent on angle of incidence and polarization.
Here we report a metamaterial composed of a single layer
of coupled plasmonic coaxial waveguides that exhibits an
effective refractive index of —2 in the blue spectral region with
a figure-of-merit larger than 8. The resulting NIM refractive
index is insensitive to both polarization and angle-of-incidence
over a +£50° angular range, yielding a wide-angle NIM at
visible frequencies.

Negative-index materials were first predicted theoretically by
Veselago™ in 1968, but it was only a decade ago that Pendry'®
defined NIM designs suitable for experimental realization. In
these resonant-element based NIMs, the unusual ‘left handed’
behaviour oflight originates from subwavelength resonant elements
that behave like ‘artificial atoms’ with engineered diamagnetic
resonances that are the source of the material’s negative-index
response. As such, NIMs were first demonstrated experimentally
with arrays of millimetre-size copper strips and split-ring resonators
operating at microwave frequencies'®!”. This discovery sparked a
considerable effort to scale down the size of the constituent resonant
components to enable operation at higher frequencies. As a result,
micrometre-size structures have been successfully fabricated to
produce negative refractive indices at terahertz frequencies. More
recently, NIMs have been fabricated to operate in the near-infrared
spectral region. However, for operation at optical frequencies the
required size of sub wavelength scatterers is very close to practical
fabrication limits. So far, the highest reported operational frequency
of NIMs has been demonstrated at the deep-red side of the visible
spectrum (1, = 780 nm) using ‘fishnet’ structures with features as
small as 8 nm (ref. 14). Moreover, to achieve strong scattering, the
material was built up from a stack of multiple physical layers—thus
complicating the fabrication of resonant-element based NIMs for
operation at visible frequencies.

Recently, using waveguides, a conceptually different approach
was taken to achieve a negative refractive index in the optical spec-
tral range. Investigation of the mode structure of two-dimensional
metal/insulator/metal (MIM) plasmonic slab waveguides'®'® re-
veals that certain MIM waveguide geometries support negative-
index modes at visible frequencies. Arrays of such negative-index
MIM slab waveguides can serve as a quasi three-dimensional
metamaterial”’. However, the negative-index mode in MIM
waveguides'® can only be excited from free space with the perpen-
dicular polarization and off-normal angles of incidence because of
the polarization and symmetry of the mode, respectively.

These practical limitations of planar MIM geometries can be
circumvented in a coaxial MIM geometry in which the planar
MIM waveguide is wrapped onto itself (Fig. 1). Similar to the
modes supported by planar MIM plasmonic waveguides, the
coaxial waveguide geometry is found to also support field sym-
metric and anti-symmetric modes that correspond to positive-
and negative-index modes, respectively. However, unlike planar
MIM waveguides, calculations of individual MIM plasmonic coax-
ial waveguides show a negative-index mode that, owing to the
cylindrical symmetry of the structure, is accessible from free
space independent of both incidence angle and polarization. Here,
we demonstrate that a two-dimensional array of vertically ori-
ented MIM coaxial waveguides, arranged in a dense hexago-
nal configuration, functions as a single-layer wide-angle nega-
tive index material down to the blue part of the visible spec-
trum. Through parameter retrieval analysis, we verify the NIM to
have a double-negative?! index band in the 450-500 nm spectral
range. Furthermore, we find that the effective refractive index
of this geometry is insensitive to both polarization and angle
of incidence up to £50°. Unlike the wire arrays of Liu et al,
which exhibit negative refraction but not a negative index*?, the
coupled coaxial waveguide array exhibits a true negative refrac-
tive index characterized by negative refraction and backwards
phase propagation.

Figure 1a schematically depicts the NIM, consisting of a hexago-
nal close-packed array of Ag/GaP/Ag MIM coaxial waveguides com-
posed of 25 nm GaP annular channels with a 75 nm inner diameter
set at a pitch of p=165nm in a Ag layer. We study the meta-
material response both by analytic waveguide modal analysis for
single coaxial structures, and using finite-difference time-domain
(FDTD) simulations for the array of coupled coaxial waveguides.

To estimate the effective refractive index of the material,
we first calculate the mode index dispersion of the constituent
coaxial elements by solving Maxwell’s equations in cylindrical
coordinates’** for a single MIM coaxial waveguide of infinite
length. The waveguide eigenmodes are characterized by a complex
propagation constant along the z axis 8(w) = B’ (w)+iB" (w), where
B’ and B” are the real and imaginary parts of the propagation
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Figure 1| Negative-index metamaterial geometry. a, Single-layer NIM slab consisting of a hexagonal array of subwavelength coaxial waveguide
structures. The inner radius ry, outer radius ry and array pitch p are defined in the image. b, Unit cell of the periodic structure. The angle-of-incidence 6 is
shown, as well as the in-plane (p-) and out-of-plane (s-) polarization directions associated with the incident wavevector k.
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Figure 2 | Coaxial waveguide dispersion relations. The coaxial waveguide consists of an infinitely long 25 nm GaP annular channel with a 75 nm inner
diameter embedded in Ag. Plotted are the two lowest order linearly polarized modes that most strongly couple to free space radiation. a-¢, Energy is
plotted versus 8’ (a), B” (b) and mode index nmode (€). d, The figure-of-merit FOM = |8'/B”|. The Ag/GaP planar surface plasmon energy at

hwsp = 2.3 eV (Ao =540 nm) is indicated by the black dashed horizontal line. All panels show one mode with positive index (red curve) and one mode
with a negative index (blue curve) below an energy of 2.7 eV (g =460 nm). The insets in a show the Re(H,) (out-of-page) field distribution in the
waveguide at a wavelength of g = 650 nm for the positive-index mode and at Ao =483 nm for the negative-index mode.

constant, respectively. Complex optical constants for Ag (ref. 25)
and GaP (ref. 26) are taken from tabulated literature data.

Figure 2a and b show the calculated dispersion relations
w(p’) and w(B”) of a single Ag/GaP/Ag coaxial waveguide. The
mode index #04e = ¢B'/w is plotted in Fig. 2c. Similar to what
is reported for planar MIM structures'® we find one mode with
a positive index over the entire spectral range (red curve), and a
second mode with a negative index for energies below 2.7 eV (blue
curve). The index of the second mode ranges from —9 < #04e < 1
in the energy range of Fig.2. The insets in Fig.2a show the
Re(H,) field profiles corresponding to the positive-index mode at
Ao = 650nm (#04e = 8.5) and the negative-index mode at 1o =
483 nm (#1n04e = —2.0). A full field map of the negative-index mode
can be found in Supplementary Fig. S1. Figure 2b shows that for
energies below Awgp = 2.3 eV the positive-index mode (red curve)
has the lowest attenuation and will therefore be dominant, whereas
for energies above hwsp the negative-index mode (blue curve) is
dominant. Figure 2d shows the figure-of-merit, FOM = |8'/B"|
(ref. 27), of the two modes. The lowest attenuation constant 8”
for the negative-index mode is found at Ay = 483 nm, with a
corresponding FOM of 8.3.

Next, we analyse the collective response of the coupled coaxial
waveguide array using the FDTD method. Figure 3a shows a time-
snapshot of Re(H,) inside a 165 nm pitch coaxial waveguide array
illuminated by a Ay = 483 nm p-polarized plane wave incident
at 30°. At this pitch the waveguides are separated by 40nm,
corresponding to twice the radial skin depth (8§ ~20nm) of an
isolated coaxial waveguide mode into the Ag cladding. Phase fronts
are observed to clearly refract in the negative direction, that is,

to the same side of the interface normal. By following the phase
fronts in time (Supplementary Movie S1) we observe backward
phase propagation at an angle of —12.5° with respect to the interface
normal, as indicated in Fig. 3a by the blue arrow labelled k.

Using Snell’s law and the wavevector refraction angle inside the
material, we find that the metamaterial has an effective refractive
index of n.e = —2.3, close to the mode index found for an individual
coaxial waveguide at this wavelength (#1,04e = —2.0). Furthermore,
the direction of energy flow S inside the NIM layer, depicted
by the green arrow in Fig. 3a, is found to be antiparallel to the
phase velocity—a signature of a true negative index material.
Thus, at a separation of 40 nm, the waveguides are coupled just
enough to allow both power and phase to refract negatively across
the waveguide structures with antiparallel directions, while only
perturbing the metamaterial’s effective index from that of a single
coax by An = —0.3. From the wavelength in the metamaterial
and the exponential energy decay in the waveguides we find
a metamaterial FOM of 8, equal to the FOM calculated for
isolated coaxial structures.

By repeating this analysis for angles ranging from 10° to 50°,
for both s- and p-polarized light at A, = 483 nm, we find very
similar results for the material’s response, with n.¢ varying between
—2.1 and —2.4. The data for p-polarized light are summarized
in Supplementary Fig. S2. Such a small dependence of the index
on polarization and angle-of-incidence has not been demonstrated
in any other NIM reported so far. For example, Valentine et al.
investigated only normal incidence excitation for a NIM operational
in the near-infrared spectral region'?, whereas the negative-index
mode in planar MIM structures can only be excited at off-normal
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Figure 3 | Metamaterial index. a, Light at Ao = 483 nm is incident on a semi-infinite slab of single-layer negative index metamaterial at an angle of 30°
from air. Shown is a time-snapshot of the magnetic field distribution Re(H, ) taken along the polarization plane. Arrows denote the direction of energy flow
S and phase velocity k. The coax centre-to-centre pitch is schematically indicated. b, Constant-frequency surface plot at 1o = 483 nm showing the relation
between k, and k; for a semi-infinite metamaterial slab over a 50° range of incidence angles. The wavevector k and Poynting vector S data are derived

from FDTD simulations.
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Figure 4 | NIM effective parameters. Effective parameters are calculated for a 100-nm-thick NIM slab excited at normal incidence over the 400-500 nm
spectral range. a-d, The real (') and imaginary () parts of the retrieved effective relative impedance zqs (@), index nest (b), relative permittivity eeff (€) and

relative permeability pefs (d).

incidence angles and at a specific polarization'®. We note that
simulations as in Fig. 3a show the semi-infinite NIM slab to reflect
~35% of the incident light, depending on angle, indicating that a
significant fraction of light is coupled into the NIM layer. Notably,
for oblique incidence, in addition to exciting the lowest order
linearly polarized coaxial waveguide modes (n = 1), we also excite
a minor contribution from the radially polarized mode (n = 0).
However, this small modal overlap does not significantly change
the material index response, as both modes have similar dispersion
relations around the operation wavelength of 1, =483 nm. Further
details regarding the modal decomposition can be found in the
Supplemental Information.

To further investigate the effect of coupling between coaxial
waveguides, we also performed calculations for which the pitch
is set to p = 330nm, corresponding to a waveguide separation
of ~10 skin depths. As expected, we find that for the same
excitation conditions of Ay = 483nm light incident at 30°,
the waveguides are effectively decoupled with power flowing
straight down the coaxial waveguides. Indeed, by calculating
the average Poynting vector inside the layer, we establish that
no net horizontal power flow occurs for this configuration.
Thus, in the limiting case of completely decoupled waveguides,
we obtain a uniaxial anisotropic medium with power flowing
straight down the one-dimensional waveguides, irrespective of
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Figure 5 | Wedge refraction. a-f, A ~300-nm-thick metamaterial slab is illuminated from the left at normal (a,b,ef) and 30° off-normal incidence (¢,d).
The right side of the slab is cut at a 3° angle to allow refraction (black dashed line indicates the surface normal). The wavelength of incident light is 483 nm
(a-d) and 650 nm (e f). The three panels on the left (a,c,e) depict the calculated power flow (green arrows), and the three corresponding right-side panels
(b,d f) show the steady-state electric field intensity in a polar plot, monitored at a distance of 10 um behind the exit side of the slab. The output plane
surface normal is indicated on the polar plots by a grey dot. In a we also plot the Re(Hy) field distribution along the plane of refraction.

angle of incidence. In that case, we cannot assign an effective
materials index in terms of either power or phase, but rather
assign a local effective mode index that is characteristic of an
isolated waveguide mode.

However, as the array pitch is decreased, the waveguides begin
to couple in such a way that both power and phase are able to
propagate across the waveguide array. We find that coupling is
easily achieved for the negative-index mode, because its strongly
delocalized field distribution, which resides primarily in the metal,
allows neighbouring structures to easily couple (see Fig. 2a insets
and Supplementary Fig. S1). At a waveguide separation of roughly

twice the mode skin depth of a single coaxial waveguide mode
into the surrounding Ag, we find not only that power and
phase are antiparallel, but also that they refract with an effective
index close to the mode index of the constituent waveguides
(Supplementary Fig. S3). By varying the incidence angle, the array
response is found to be isotropic within a +50° angular range
(Supplementary Fig. S2).

This level of isotropy can be observed in Fig. 3b, which shows
the constant-frequency surface formed by the wavevector k and
Poynting vector S data derived from FDTD simulations. The figure
clearly illustrates that both phase and power are antiparallel within
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a £50° range of incidence angles (corresponding to a +20° angular
range inside the material).

To confirm the validity of assigning an effective index to the
coupled coaxial waveguide structure, we used FDTD to perform
a parameter retrieval procedure’®? on a 100-nm-thick NIM slab
(Fig. 1a) over the 400-500 nm spectral range. Figure 4 shows the
resulting curves corresponding to the effective relative impedance
Zefr, Index negp, relative permittivity ., and relative permeability feeg
of the coupled coaxial NIM structure, with (') and (”) denoting the
parameters’ real and imaginary parts, respectively. The extracted
effective index curve (Fig. 4b) is found to closely resemble the mode
index dispersion of a single coaxial waveguide structure (Fig. 2¢)
with n; going from positive to negative values at A, ~ 420 nm,
with increasing wavelength. At A, = 483 nm, we obtain a retrieved
effective index of #.s = —2.1410.2, corresponding to a FOM ~ 10
that is consistent with the single coaxial waveguide FOM ~ 8.
For the retrieved effective relative permittivity e.; (Fig. 4c) we
observe a material with &/, < 0 over the entire simulated spectral
region, whereas for the effective relative permeability . (Fig. 4d)
we get a material that is diamagnetic with ul; < 0 over the
450-500nm spectral range. Thus, we confirm that the coupled
coaxial waveguide NIM structure has a double-negative index*!
composed of simultaneously negative real parts of the permittivity
and permeability over the 450-500 nm spectral range.

To further corroborate our results, we have simulated the
Snell-Descartes refraction of a ~300-nm-thick wedged-shaped
metamaterial slab cut at a 3° angle. Figure 5a depicts a time snapshot
of the steady state Re(H,) field distribution along the plane of
refraction for A, = 483 nm s-polarized light at normal incidence
(Supplementary Movie S2). Figure 5a shows that light refracts
negatively at the angled side of the prism, exiting the structure
at an angle of —6° with respect to the surface normal. Figure 5b
shows a polar plot of the refracted light projected into the far field.
Using Snell’s law and the observed negative refraction angle, we
derive a refractive index for the metamaterial slab of n.s= —1.8,
in agreement with the effective index derived from the observed
wavevector inside the semi-infinite slab.

To demonstrate the insensitivity of the metamaterial-index to
incidence angle, we also simulated the refraction of off-normal
incident light through the 3° wedge. Figure 5c and d show the
simulation results for A, = 483 nm radiation incident at 30°. The
green arrows in Fig. 5¢ indicate the direction of the Poynting vector
for the incident and refracted beams. In this case the beam is
refracted at an angle of —38° with respect to the surface normal,
corresponding to an effective index n.s = —2.2, again consistent
with the effective index found for the wedge excited at normal
incidence. By varying the angle-of-incidence from normal incidence
up to 50° for both s- and p-polarized light, we find consistent
refractive indices ranging from —1.8 to —2.4. These data are
summarized in Supplementary Fig. S2.

To illustrate the metamaterial’s tunability with wavelength, we
study the refraction of 1, = 650 nm radiation for which the mode
index dispersion of a single waveguide element (Fig. 2a) shows a
positive index (#,04e = 8.5). Indeed, as Fig. 5e and f show, the
beam is now refracted to the opposite side of the interface normal,
at an angle of 23°, corresponding to a positive effective index of
fer = 7.4. We attribute the difference between the metamaterial
effective index and isolated waveguide mode index to the possible
excitation of higher-order waveguide modes. Thus, by illuminating
the structure with frequencies either above or below the Ag/GaP
surface plasmon resonance, we can excite both positive and negative
refractive indices within the same metamaterial.

Realization of the metamaterial structure reported here involves
the challenge of fabricating high-aspect-ratio nanoscale Ag chan-
nels. However, we have shown that 50-nm-wide coaxial apertures
with aspect ratios >10 can readily be fabricated using focused

ion beam milling®. For large-scale fabrication, a more tractable
approach would be to use electron beam lithography in combi-
nation with high aspect ratio reactive ion etching. We also note
that observation of the negative-index response requires only a
modest total material thickness, that is, thick enough for a single
waveguide to support the negative index waveguide mode. This can,
for instance, be seen in our wedge simulations (for example, Fig. 5a)
where the wedge thickness is only ~300nm and the material’s
negative index response is clearly observed. At A, =483 nm for an
index of n = —2, a minimum thickness of ~120 nm is required,
corresponding to a modest coaxial channel aspect ratio of 4.

Methods

Coaxial waveguide dispersion relation. The dispersion relation of the constituent
coaxial elements is calculated by solving Maxwell’s equations in cylindrical
coordinates®?* for a single MIM coaxial waveguide of infinite length. The
azimuthal dependence of the electric and magnetic fields in the waveguide is
described by the harmonic function €™ of order n. We consider only the modes
with n=1 as these are the lowest order linearly polarized modes that most strongly
couple to free space radiation. The radial dependence of the fields in all three
domains (metal—dielectric—metal) is described by solutions to the second order
Bessel differential equation. We apply a Bessel function of the first kind J, to the
Ag core; a Hankel function of the first kind H, to the Ag cladding; and a linear
combination of both J,, and H,, functions to the dielectric channel. On each domain
boundary we formulate four continuity conditions for the tangential components
of the electric and magnetic fields. The optical eigenmodes of the coaxial waveguide
are found when the determinant of the resulting homogeneous system of eight
equations with eight unknown coefficients vanishes.

NIM slab refraction. For the semi-infinite metamaterial slab calculations, the NIM
is modelled in FDTD (Lumerical FDTD Solutions 6.0) as a single unit cell (Fig. 1b)
embedded in air with Bloch boundary conditions along the in-plane direction. The
structure is excited with a continuous plane wave source incident at an angle 6.
The appropriate electromagnetic fields are recorded to reconstruct the refraction of
phase (Fig. 3a) along the plane of incidence. The refraction of power is obtained by
spatially averaging the steady state Poynting vector components inside the material
along the plane of incidence. The steady state electromagnetic fields are obtained by
calculating the system’s impulse response to a plane wave source with a Gaussian
frequency spectrum centred at the frequency of interest.

Parameter retrieval. The parameter retrieval is calculated using FDTD by exciting
a 100-nm-thick NIM slab embedded in air with a broadband plane wave source
ranging from Ao =400 to 500 nm at normal incidence. The steady state field
distributions are recorded, and the complex reflection r and transmission ¢
coefficients are calculated by taking the ratios r = E, /E, and t = E, /E,, where

E, is the electric field amplitude of the incident wave and E, and E, are the
reflected and transmitted electric field amplitudes, respectively. Standard inverted
reflection and transmission parameter equations found in literature?®* are

used to relate r and ¢ to the layer’s effective impedance z.t and index . The
effective permittivity e.¢ and permeability ji ¢ are calculated through the relations
e=n/z and pu =nz.

Wedge refraction. For the wedge refraction simulations, the NIM wedge is
modelled in FDTD as a ~300-nm-thick metamaterial-slab cut at a 3° angle.

The structure is excited with a continuous wave source centred at the desired
excitation frequency using a ~1-um-wide hollow metallic waveguide oriented
perpendicular to the metamaterial’s input plane. The appropriate electromagnetic
fields are recorded to reconstruct the refraction of phase (Fig. 5a) along the plane
of incidence. The structure is also excited from free space with a ~1.5 um spot
size Gaussian beam. Using the steady state field distribution at the output side
of the wedge, a near-to-far-field transformation is performed to determine the
refracted-beam profile at a distance of 10 um behind the exit side of the structure.
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