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Metamaterials are artificially engineered structures that have prop-
erties, such as a negative refractive index'™, not attainable with
naturally occurring materials. Negative-index metamaterials
(NIMs) were first demonstrated for microwave frequencies™, but
it has been challenging to design NIMs for optical frequencies and
they have so far been limited to optically thin samples because of
significant fabrication challenges and strong energy dissipation in
metals”®. Such thin structures are analogous to a monolayer of
atoms, making it difficult to assign bulk properties such as the index
of refraction. Negative refraction of surface plasmons was recently
demonstrated but was confined to a two-dimensional waveguide’.
Three-dimensional (3D) optical metamaterials have come into focus
recently, including the realization of negative refraction by using
layered semiconductor metamaterials and a 3D magnetic metama-
terial in the infrared frequencies; however, neither of these had a
negative index of refraction'®". Here we report a 3D optical meta-
material having negative refractive index with a very high figure of
merit of 3.5 (that is, low loss). This metamaterial is made of cascaded
‘fishnet’ structures, with a negative index existing over a broad spec-
tral range. Moreover, it can readily be probed from free space, mak-
ing it functional for optical devices. We construct a prism made of
this optical NIM to demonstrate negative refractive index at optical
frequencies, resulting unambiguously from the negative phase
evolution of the wave propagating inside the metamaterial. Bulk
optical metamaterials open up prospects for studies of 3D optical
effects and applications associated with NIMs and zero-index mate-
rials such as reversed Doppler effect, superlenses, optical tunnelling
devices'>"?, compact resonators and highly directional sources'.

NIMs, first described by Veselago more than 40 years ago' and
recently discussed in the framework of metamaterials®, arise from the
fact that both the permittivity and the permeability of the materials
are simultaneously negative. In the past several years, much effort has
been dedicated to the engineering and extension of the functionalities
of metamaterials at terahertz'>'” and optical frequencies”>'>'*>!,
Metal—dielectric—metal fishnet structures were among the earliest
demonstrations of optical NIMs. These structures, however, consist
of a single functional layer along the direction of propagation. This is
equivalent to an atomic monolayer, making it difficult to explore
phenomena in three dimensions and develop device applications.
Moreover, as a result of their resonant nature, these systems suffer
substantial loss at optical frequencies. On the basis of the above, it is
therefore imperative to realize low-loss bulk optical NIMs if we are to
demonstrate unambiguously the unique effects associated with nega-
tive index of refraction.

Recently, it has been suggested theoretically that stacking up mul-
tiple fishnet functional layers along the propagation direction

constitutes a promising approach for achieving a 3D optical NIM*
(Fig. 1a). This cascading leads to a strong magneto-inductive coup-
ling between neighbouring functional layers”. As demonstrated
recently®, the tight coupling between adjacent LC resonators
through mutual inductance results in a broadband negative index
of refraction with low loss, which is similar to the material response of
left-handed transmission lines**°. In addition, the loss is further
reduced owing to the destructive interference of the antisymmetric
currents across the metal film, effectively cancelling out the current
flow in the centre of the film*.

Here we experimentally demonstrate the first 3D optical NIM by
directly measuring the angle of refraction from a prism made of
cascaded fishnet metamaterial. The experimental results, along with
numerical calculations, serve as direct evidence of zero and negative
phase index in the metamaterial.

The 3D fishnet metamaterial is fabricated on a multilayer metal-
dielectric stack by using focused ion-beam milling (FIB), which is
capable of cutting nanometre-sized features with a high aspect ratio.
Figure 1b shows the scanning electron microscopy (SEM) image of
the proposed 3D fishnet pattern, which was milled on 21 alternating
films of silver and magnesium fluoride, resulting in ten functional
layers.

To measure the index of refraction of the 3D metamaterial experi-
mentally, a prism was created in the multilayer stack (Fig. 2a, b).
Measurements of the refractive index of these structures were per-
formed by observing the refraction angle of light passing through the
prism by Snell’s law. This provides a direct and unambiguous

Figure 1| Diagram and SEM image of fabricated fishnet structure.

a, Diagram of the 21-layer fishnet structure with a unit cell of p = 860 nm,
a = 565nm and b = 265 nm. b, SEM image of the 21-layer fishnet structure
with the side etched, showing the cross-section. The structure consists of
alternating layers of 30 nm silver (Ag) and 50 nm magnesium fluoride
(MgF,), and the dimensions of the structure correspond to the diagram in
a. The inset shows a cross-section of the pattern taken at a 45° angle. The
sidewall angle is 4.3° and was found to have a minor effect on the
transmittance curve according to simulation.
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Figure 2 | SEM image of NIM prism and schematics of experimental setup.
a, SEM image of the fabricated 3D fishnet NIM prism. The unit cell size is
identical to that shown in Fig. 1a. The inset shows a magnified view with the
film layers visible in each hole. b, Geometry diagram of the angle
measurement; 0 corresponds to the position difference of the beam passing
through a window in the multilayer structure (# = 1) and prism sample. By
measuring o, the absolute angle of refraction  can be obtained.

¢, Experimental setup for the beam refraction measurement. The focal
length oflens 1 is 50 mm and that of lens 2 is f, = 40 mm. Lens 2 is placed in a
2f configuration, resulting in the Fourier image at the camera position.

determination of the refractive index, because the refraction angle
depends solely on the phase gradient that the light beam experiences
when refracted from the angled output face. We used a femtosecond
synchronously pumped optical parametric oscillator as a tunable
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light source to determine the refractive index at different wave-
lengths. The beam was focused on the sample, and a charge-coupled
device (CCD) camera was placed in the Fourier plane (Fig. 2c).

Figure 3a shows the beam shift ¢ resulting from the bending of
light at the prism output at different wavelengths, ranging from 1,200
to 1,700 nm. The measurement was performed on a prism of angle
f = 5.0° and the beam shift is plotted along with reference measure-
ments of transmission through a window, without the presence of the
prism (left panel). Clearly, as the wavelength increases, the beam shift
resulting from the prism refraction is changing from positive to
negative, indicating a transition from a positive index in the shorter
wavelengths to a negative index in the longer wavelengths. At a wave-
length A of 1,475 nm, the index of refraction is approaching zero; that
is, the beam does not acquire any phase while propagating in the
metamaterial. Consequently there is no phase gradient at the angled
output face and the exiting beam is exactly normal to the output face
(see dashed lines in Figs 2b and 3a).

Figure 3b depicts the measured refractive index of the 3D fishnet
metamaterial at various wavelengths. The refractive index varies
from n=0.63 % 0.05 at 1,200 nm to n= —1.23 & 0.34 at 1,775 nm.
The refractive index was determined from multiple measurements of
two fishnet prisms with angles of f=5.0° and 4.7° and for wave-
lengths ranging from 1,200 to 1,800 nm. Although there is a correla-
tion between the beam spot positions shown in Fig. 3a and the
refractive index in Fig. 3b, it should be noted that Fig. 3b shows
the average of measurements on different prisms with the standard
deviation as error bars, whereas Fig. 3a shows an individual measure-
ment. The experimental results are found to be in good agreement
with the theoretical predictions (black line in Fig. 3b) on the basis of
rigorous coupled-wave analysis (RCWA). The measured negative
refraction angle is a direct result of negative phase evolution for light
propagating inside the sample caused by a negative refractive index.
This is illustrated in Fig. 3¢ by a numerical calculation of the in-plane
electromagnetic field distribution in the fishnet prism at
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Figure 3 | Experimental results and finite-difference time-domain
simulations. a, Fourier-plane images of the beam for the window and prism
sample for various wavelengths. The horizontal axis corresponds to the
beam shift J, and positions of n = 1 and n = 0 are denoted by the white lines.
The image intensity for each wavelength has been normalized for clarity.
b, Measurements and simulation of the fishnet refractive index. The circles
show the results of the experimental measurement with error bars (s.d.,

n = 4 measurements). The measurement agrees closely with the simulated
refractive index using the RCWA method (black line). ¢, Left: simulation of
the in-plane electric field component for the prism structure at 1,763 nm,
showing the phase front of the light. Negative-phase propagation resulting
from the negative refractive index leads to negative refraction angle as
measured by the beam shift in the experiment. Right: magnified plot of the
field distribution in the prism.
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A=1,763nm, where the structure shows a refractive index of
n= —1.4. A movie of the evolution of the electric field generated
with commercial finite-difference time-domain software at the same
wavelength is also presented in Supplementary Information. Because
of the negative phase propagation inside the metamaterial, the elec-
tromagnetic wave emerging from the thicker part of the prism experi-
ences phase advance compared with that passing through the thinner
parts, causing the light to bend in the negative direction at the exit
interface. We note that the refractive index remains consistent for the
fishnet metamaterial with three or more functional layers along the
propagation direction, which leads to a uniform wavefront exiting
from the prism (see Supplementary Information).

To acquire a clear understanding of the 3D metamaterial’s optical
response, we separate the fishnet into two subsets and calculate the
dispersion curves with RCWA. The first constituent is a 3D array of
metal wires aligned with the polarization direction of the incident
electric field (Fig. 4a). This array serves as an effective medium with
lowered volumetric plasma frequency (220 THz), below which wave
propagation is not allowed because of negative effective permittiv-
ity””. The second constituent is a 3D array of metal strips along the
direction of the magnetic field (Fig. 4b), in which induced antisym-
metric conductive currents across the dielectric layers give rise to a
magnetic bandgap between 135 and 210 THz. This is further con-
firmed by the plots of the magnetic fields at two frequencies, below
and above the bandgap. Above the bandgap the magnetic response is
positive, as shown in Fig. 4d, where the magnetic field component
between the strips is in phase with the external field. Above the
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Figure 4 | Dispersion relations, field plots and transmission for the 3D
fishnet structure. In all plots the grey area corresponds to the negative-
index region as determined by simulations. a, Dispersion relation for a 3D
array of metal wires aligned along the electric field E, where k denotes the
incident propagation vector. The dotted lines in the diagram mark the unit
cell size, which is identical in a—e, and correspond to Fig. 1a. b, Dispersion
relation of a 3D array of metal strips along the magnetic field H. ¢, The
dispersion for the 3D fishnet structure. A dispersion curve with negative
slope appears within the overlapped region of the electric bandgap and
magnetic bandgap if both structures are combined. d, Magnetic field plot
below the bandgap. e, Magnetic field plot above the bandgap. f, Experimental
transmittance curve (red line) of a 22 X 22 unit cell fishnet structure

(17.6 X 17.6 um* total patterned area), which has been multiplied by four for
clarity. The simulated transmittance (black dotted line) was obtained with
RCWA.
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bandgap, the metal strips have a moderately negative response, as
shown in Fig. 4e, where the magnetic field between the strips is out of
phase. Finally, these two structures are merged to form the 3D fishnet
metamaterial, for which the dispersion relation is shown in Fig. 4c. A
propagation band with negative slope appears in the overlapped
region of the forbidden gaps of both electric and magnetic media,
demonstrating that the negative-index behaviour in the 3D cascaded
fishnet does indeed result from the fact that both the electric permit-
tivity and the magnetic permeability are negative.

In addition, transmittance measurements were performed on the
3D fishnet metamaterial made of 21 layers with the use of a Fourier-
transform infrared microscope (Nicolet Nic-Plan IR microscope).
Figure 4f shows the measured transmittance spectrum along with
the numerically calculated transmittance. The simulation predicts a
broad negative-index band spanning from 1.45pum to 2.2 pm
(shaded region), which coincides with the high transmission band
from 1.5 um to 1.8 um. As mentioned previously, this wide band of
negative index results from the strong coupling between neighbour-
ing layers. The measured transmittance has similar features to those
of the calculation, namely two peaks imposed over the transmission
band that are slightly red-shifted with respect to the numerical
results. These features are due to the Fabry—Pérot effect, in which
the impedance mismatch leads to reflectance at the metamaterial/air
and metamaterial/glass interfaces. Although the peaks are visible at
lower refractive index values owing to the lower loss, the Fabry—Pérot
effect cannot be clearly seen in the transmission spectra for larger
negative index at longer wavelength where the loss is higher, resulting
in broadening and extinction of spectral features. We note that the
transmittance in the negative-index band is one-quarter of the
numerically calculated value, which is probably due to imperfections
in the fabrication. Nevertheless, our simulations show that the pres-
ence of loss in the coupled fishnet metamaterial has a minimal impact
on the dispersion relation (see Supplementary Information). This is
because the 3D fishnet structure operates far from the band edge
(Fig. 4c), where resonance is not significant. This explains the good
agreement between the experimentally measured and simulated
refractive indices despite the fabrication imperfections.

Finally, we estimate the figure of merit (FOM = —Re(n)/|Im(n)|)
of our fishnet multilayer structure. The material loss (that is, Im(#))
is conservatively estimated from the measured transmittance and
reflectance data of the 21-layer sample, assuming a single pass of light
through the metamaterial, as Im(n) = (4/4nd)In[(1 — R)/T], where
A, d, R and T are the wavelength, sample thickness, reflectance
and transmittance, respectively. The dispersion of the simulated
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Figure 5 | Figure of merit for the 3D fishnet structure. Plot of FOM against
wavelength for the simulation (dashed line) and experiment (squares). The
lower experimental FOM is due to reduced transmission resulting from
fabrication imperfections. The experimental FOM reaches 3.5 at 1,775 nm,
where Re(n) = —1.23.
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and experimental FOM is plotted in Fig. 5. The FOM is 3.5 at
A=1,775nm (where Re(n) = —1.23), which is among the highest
experimental values so far recorded at optical frequencies'®. For ideal
fabrication conditions, the FOM could rise as high as about 20, as
determined from theoretical calculations. We emphasize that our
results are different from recent reports of negative refraction'"** in
anisotropic media with hyperbolic dispersion (equivalent to negative
‘group index’) but positive phase velocity.

The fishnet metamaterial has a period about 4/20 in the vertical
direction. The propagation of light travelling along this direction or
within some angular range is dominated by this deep sub-wavelength
period and not by the in-plane period, as long as the wavevector
projection on the in-plane directions is small compared with the
in-plane reciprocal lattice vector of the fishnet metamaterial. There
is only a single propagating mode in the negative-index frequency
region, justifying the description of the fishnet metamaterial with an
effective index. In contrast, if higher dielectric materials such as sil-
icon (n=3.6) are used to serve as the dielectric layer, the ratio
between the wavelength and in-plane period can be significantly
increased because of the larger capacitance in the LC circuit.

Unlike the negative index obtained from photonic crystals®, the
negative index presented here results from simultaneous negative
magnetic and electric responses and shows a resemblance to the
left-handed transmission line due to the tight coupling between the
adjacent LC resonators. The negative index occurs in the first pro-
pagation band and with smooth negative-phase evolution along the
light propagation direction, which differs from the negative refrac-
tion obtained in photonic crystals.

Here we have experimentally demonstrated the first 3D NIM at
optical frequencies and directly measured the refractive index of a
NIM prism in the free space. The 3D optical metamaterials may offer
the possibility to explore a large variety of optical phenomena assoc-
iated with zero and negative refractive index, as well as applications in
the scaling down of photonics and imaging.

METHODS SUMMARY

In the numerical studies of the 3D fishnet metamaterial, the intrinsic losses of the
metal are included™®. The multilayer stack was deposited by electron-beam evap-
oration of alternating layers of silver (30 nm) and magnesium fluoride (50 nm)
resulting in a total thickness of 830 nm. Two different configurations of the
fishnet samples were fabricated on the multilayer stack. Samples of the first
configuration consist of 22 X 22 in-plane fishnet unit cells and were used for
the characterization of the transmittance. The second configuration (prism
sample) was formed by etching the film at an angle f to the film surface, using
FIB. The exact angle was measured with an atomic force microscope and was
found to vary slightly between samples. A 10 X 10 fishnet pattern was subse-
quently milled in the prism.

To obtain the absolute angle of refraction, a window with an area equal to that
of the prism was etched through the multilayer stack to serve as a reference. The
window and prism Fourier images were measured for all wavelengths on an
indium gallium arsenide infrared camera and the total beam shift J of the spot
centre was calculated. Consequently, the angle of refraction o at the surface of the
prism is given as o = f§ — arctan(d/f,). Snell’s law (1 = sina/sinfs) was used to
calculate the real part of the refractive index of the sample. The imaginary part of
the refractive index of the sample was obtained from transmittance and reflec-
tance data acquired with a 21-layer sample of the first configuration (as described
above).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

In the numerical studies of the 3D fishnet metamaterial, with the exception of
Figs 3c and 4d, e, we used a RCWA, which expands the electromagnetic field into
13 X 13 diffraction orders and matches the boundary conditions at each inter-
face. Specifically, the numerical refractive index in Fig. 3b, the dispersion curves
in Fig. 4a—c and the numerical figure of merit in Fig. 5 were calculated using a
modal analysis given in ref. 22. Figures 3¢ and 4d, e were calculated with com-
mercial finite-difference time-domain software (CST Microwave Studio). In the
simulations, a Drude model was used for the dielectric parameters of silver, with
plasma frequency w, = 9.0 eV and scattering frequency y = 0.054 eV. The
scattering frequency is increased by a factor of three compared to that of the
bulk silver”® in order to account for the additional loss of surface scattering.

In the experimental setup (Fig. 2c), light from the optical parametric oscillator
(Spectra-Physics) was focused onto the prism with an achromatic lens (lens 1);
the second lens (lens 2) was placed at its focal position. The position of the beam
at the focal distance oflens 2 (f,) was used to calculate the angle of refraction. Asa
result of limited camera imaging area, only the zero-order Fourier image was
recorded. To obtain the absolute angle of refraction, a window with an area equal
to that of the prism was etched through the multilayer stack to serve as a ref-
erence. The window’s Fourier image was measured at all wavelengths, giving a
reference position corresponding to a refractive index of 1. The centres of the
beam spot for both the window and prism samples were determined by fitting
the intensity with a 2D Gaussian profile and the total beam shift (6) at the
position of the camera was calculated by taking the difference between the beam
spot centres.
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