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Negative-index metamaterials (NIMs) exhibiting both negative refraction as well as phase reversal,
particularly in the visible range, have drawn considerable attention in the past decade due to their potential
applications in cloaking, sensing and sub-diffraction-limit imaging. NIM are often realized by arraying
sub-wavelength nanostructures (meta-atoms) exhibiting spectrally overlapped magnetic and electric
resonances. Most designs so far use scaling down of the resonant elements and employ materials with the
right optical constants to obtain NIM in the visible range. However, large losses due to absorption in most
metals and semiconductors as well as reduced coupling with light due to scaling pose a challenge to achieving
low-loss NIM. Here, we employ plasmon hybridization in semiconductor-metal-semiconductor
core-multishell (CMS) nanowires as a unique approach to design low loss, isotropic and polarization
dependant NIM in the visible range. Based on numerical simulations, we demonstrate an effective refractive
index of 21 and a figure of merit (FOM) of 17 at 650 nm for a representative Si-Ag-Si CMS nanowire NIM
and a refractive index of 21, FOM of 25 at 590 nm for a GaP-Ag-GaP CMS nanowire NIM.

I
n the past decade many breakthroughs have been made towards realizing isotropic, bulk negative-index
metamaterial (NIM) in various spectral regimes1,2. Specifically, in the visible range, negative refraction has
been demonstrated using metallic nanowires embedded in a dielectric matrix3,4, fishnet structures5–7, metal-

dielectric stacks/sandwiches8–10, planar waveguides11 and metal-insulator-metal coaxial waveguides12,13. Despite
the tremendous progress in the design and fabrication of NIM, developing high performance NIM without active
loss compensation in the optical domain remains a challenge. This is due to large losses arising from both the NIM

designs as well as the materials. The best experimental value for the figure of merit FOM~
Re neff
� �

Im neff
� �

�����
�����reported so

far are 3.34 in the visible and 3.5 in near-infrared range obtained from fishnet NIM7,14.
More recently, theoretical designs have been reported for low loss plasmonic NIM utilizing the geometry

dependant Mie excitations in Ag-GaP hybrid rods15, Ag-Si core-shell (CS) nanospheres16 and nanowires17.
Specifically, in the CS structures the core diameter and the shell thickness are chosen so that the magnetic dipole
resonance arising from the dielectric shell and the electric dipole resonance (localized surface plasmon resonance
- LSPR) in the metal core spectrally overlap. Around this double resonance, both the electric and magnetic dipole
moments in the nanosphere/wire are strongly negative. These sub-wavelength CS structures demonstrating such
double resonance feature satisfy the requirements of a NIM meta-atom, therefore CS structures can be engineered
into a NIM with simultaneously negative permittivity and permeability. Since the natural magnetic resonance
occurring in the dielectric shell is coupled to the LSPR within the same CS nanostructure, the losses due to the
NIM design in CS structures are significantly suppressed, resulting in higher FOM. While NIM based on CS
nanospheres are polarization independent16,18, nanowire (NW) structures are polarization dependent due to their
high aspect ratio. This anisotropy enables stronger light coupling and leads to stronger resonance, hence the NIM
based on nanowires exhibit substantially higher FOM17. The Ag-Si CS nanowire based NIM has been predicted to
demonstrate a FOM of approximately 85 for a refractive index of 21 in the wavelength range between 1.2 and
1.5 mm, which is the highest FOM predicted in that range. Since surface plasmon resonance (electric resonance)
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wavelength for the CS structures depends on the diameter of the core,
scaling down the core is a possible strategy to tune the double res-
onance of the Ag-Si CS nanowires into the visible domain. However,
scaling down the core reduces the coupling with light, resulting in a
strong reduction in the resonance strength and consequently the
FOM. Alternatively, it has been suggested to add a thin intermediate
dielectric layer with a low permittivity between the core and the shell,
together with scaling down the diameters, in order to move the NIM
behavior towards visible wavelengths17,18.

In this work, we present a new group of NIM meta-atoms for the
visible range based on semiconductor-metal-semiconductor core-
multishell (CMS) nanowires. In the CMS structures, under transverse
electric (TE – magnetic field along the axis of the nanowire) polariza-
tion, the plasmon hybridization in the metal shell is used to tune the
double resonance into the visible domain. We choose Si, the most
technically important semiconductor, and Ag, the metal with the low-
est losses in the visible range, to demonstrate the effectiveness of the
proposed approach. Compared to the previous NIM studies based on
core-shell meta-atoms, the uniqueness of the proposed approach is
two-fold. First, distinguished from scaling down the meta-atom dia-
meter or introducing low-permittivity intermediate layer as suggested
in previous studies16–18, we utilize plasmon hybridization to tune the
electric resonance. Consequently, the CMS structures avoid the reduc-
tion in the resonance strength accompanied by scaling down the size
and also circumvent the need for a low-permittivity intermediate layer.
Second, we specifically study CMS nanowire meta-atoms with double
resonance in the visible range. In comparison, the CS nanowire based
NIM studies done by Paniagua-Domı́nguez and co-workers17 focused
on double resonance in the NIR region (1.2–1.5 mm).

Results
Plasmon Hybridization in CMS nanowires. Plasmon hybridization
was first extensively studied in Au nanoshells19–21. For a single metal
shell, the cavity plasmon and the surface plasmon hybridize to form
symmetric and anti-symmetric plasmons of which frequencies are
significantly different. Similar hybridization has been studied in
metal nanotubes22,23 and coupled metal nanowires24. Plasmon hybri-
dization in the nanowires structures can be succinctly described in a
manner similar to molecular orbital hybridization, as shown in
Figure 1a Inset18,19,20. Here, the Si (red) nanowire in Ag (grey)
exhibits a cavity plasmon (vc) and the Ag nanowire in Si exhibits a

surface plasmon resonance (vNW). The Si-Ag CS nanowire em-
bedded in Si, a superposition of two systems discussed above,
would result in a hybridized case. Here, the cavity and surface plas-
mons hybridize to give a symmetric (v2) plasmon with a lower
energy and an anti-symmetric (v1) plasmon with a higher energy,
compared to the constituent plasmons. This large difference in the
resulted plasmon resonance wavelengths ensures tunability over a
large range that would otherwise require significant reduction or
increase in the size of the nanostructure.

To obtain a more detailed picture of plasmon hybridization in
nanowire structures, we calculate the optical response of three sys-
tems illustrated in Figure 1a Inset, i.e. the Si nanowires in Ag (black),
the Ag nanowires in Si (red) and the Si-Ag CS nanowire embedded in
Si (green), under TE polarized light incident normal to the nanowire
axis using Mie formalism25 (see Methods and Supplementary Infor-
mation). For Si and Ag, the absorbing medium considered here, the
fields calculated using Mie formalism are accurate as they explicitly
account for the optical constants of the medium, and the extinction
(scattering) efficiency depends on the volume of the medium con-
sidered. In order to calculate the extinction efficiencies for nano-
wires, the medium is often assumed as a cylindrical shell with a
radius larger than the nanowire. To the first order, the extinction
efficiency exponentially decays with increasing radius of the med-
ium26–29. In our work, calculation of extinction efficiencies is based on
the far-field approximation and therefore they do not represent the
true extinction of the nanowire alone. However they provide an
insight on the approximate wavelengths of plasmon resonance.
The electric and magnetic near-field contours also shown in our
work indeed will accurately capture the plasmon resonances.

Among all possible geometric combinations, we chose the dia-
meter of the Si nanowires (i.e. nanowire core) to be 80 nm, the
diameter of the Ag nanowires to be 120 nm and the thickness of
the Ag shell in the CS structure to be 20 nm, because the CMS
structures based on identical dimensions have been found to meet
double resonance conditions as will be shown subsequently.
Figure 1a plots the extinction efficiencies of the three structures
calculated. The peaks at 580 nm (black curve) and 650 nm (red
curve) correspond to the cavity and surface plasmon resonance.
The extinction efficiency of the Si-Ag CS structure in Si medium
shows two peaks at 440 nm and 1200 nm (green curve), which occur
at substantially lower and higher wavelengths as compared to the

Figure 1 | Plasmon hybridization. (a) Extinction efficiency as a function of wavelength for a Si (80 nm dia.) nanowire (NW) embedded in Ag medium

(black curve), Ag (120 nm) nanowire in Si medium (red curve) and Si(80 nm dia.)-Ag (20 nm) CS nanowire in Si medium (green curve). Inset:

schematic of plasmon hybridization. Ag and Si are represented in grey and red color respectively. (b–e) | E | contour plots corresponding to the (b) cavity

plasmon in (580 nm), (c) surface plasmon (650 nm), (d) anti-symmetric (440 nm) and (e) symmetric (1200 nm) hybridized plasmons.
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cavity and surface plasmon resonance, respectively. This is consistent
with the expectation that the hybridized anti-symmetrical plasmon
occurs at a higher energy while the symmetrical plasmons occurs at a
lower energy, as presented in the schematic.

To further confirm the plasmon hybridization, we also study the
electric field distribution around the cavity/nanowires. The near-
field contours at the wavelengths corresponding to the extinction
efficiency peaks are plotted in Figure 1b–e. The electric field contours
for the Si nanowire in Ag (Fig. 1b) and the Ag nanowire in Si (Fig. 1c)
clearly show dipolar and quadrapolar behavior respectively, con-
firming the presence of LSPR in both structures. Further, for the
Si/Ag CS structure in Si medium, the electric field contours show
the anti-symmetrical and symmetrical features of the coupled plas-
mons. At 440 nm the dipoles inside and outside the Ag shell are
opposite in direction (Fig. 1d), while at 1200 nm the dipoles are
aligned in the same direction (Fig. 1e). The corresponding magnetic
near-field contours are plotted in Supplementary Figure S1.

Tunable visible range double resonance in CMS nanowires. Based
on the plasmon hybridization picture presented above, we designed a
Si-Ag-Si CMS structure (Fig. 2a Inset), in which the thickness of the
Si outer shell is optimized so that the magnetic resonance in the Si
outer shell overlaps with the anti-symmetric plasmon wavelength in
the Ag inner shell. We found that for a representative CMS nanowire
with an 80 nm diameter Si core and a 20 nm thick Ag inner shell, a
30 nm thick Si outer shell results in a double resonance in the visible
domain. For this specific CMS structure under TE illumination, we
calculated and plotted the total scattering efficiency as well as the
scattering contribution of the magnetic and electric dipolar Mie coe-
fficients as functions of wavelength in Figure 2a. The grey shaded
area highlights the region of the double resonance occurring between
620 to 730 nm, which later will be demonstrated as the working
range of the NIM composed of these CMS structures. Additionally,
the real and imaginary parts of the electric and magnetic
polarizabilities normalized with the cross-sectional area of the
CMS nanowire are plotted in Figure 2b and c (see Methods). In
the shaded wavelength range, strongly negative electric and
magnetic polarizabilities (i.e. dipole moments) are clearly observed.
The magnetic field distribution in the Si outer shell and the
circulation in the electric field provide further confirmation of the
double resonance. The magnetic and electric near-field contours at
660 nm are plotted in Figure 2d. These results collectively show that
CMS structures demonstrate strong double resonances and therefore
are promising meta-atom systems for NIM in the visible domain. In
addition, the feature dimensions of the CMS structure, including the
Si core diameter, the Ag shell thickness and the Si outer shell
thickness, offers great tunability of the double resonance wave-
lengths. For example, when increasing the Si outer shell thickness,
the anti-symmetric plasmon frequency blue shifts while the
symmetric plasmon does the opposite.

To gain a deeper insight into the tunability of CMS structures, we
varied the core diameters and shell thicknesses, while identifying the
electric and magnetic resonance wavelengths and searching for their
spectral overlap. Specifically, we first computed the product of the
scattering contributions from the first two Mie coefficients as func-
tions of wavelength, i.e. Qmagnetic(l,rj)*Qelectric(l,rj). Here rj is the
core radius, shell and outer shell thickness for j 5 1, 2 and 3 respec-
tively. This product indeed characterizes the overlapping between
the electric field resonance and the magnetic field resonance. We
define the maximum of this product as the correlation function
(Corr(rj); see Methods for details) and identify the corresponding
wavelength (lcorr(rj)) at which the maximum of this product occurs.
The correlation (Corr(rj)) and the corresponding wavelengths
(lcorr(rj)) were obtained for multiple outer shell thicknesses and
plotted in Figure 3a. The peaks in the correlation vs. shell thickness
graph represent double resonance. Analysis were performed for three

groups of structures in which the Si core diameters are chosen to be
160 nm, 80 nm and 40 nm respectively, and Ag shell thicknesses are
all fixed at 20 nm. In Figure 3a the correlation function shows peaks
at 65, 30 and 25 nm outer shell thicknesses and corresponding dou-
ble resonance wavelengths are 1080, 660 and 570 nm respectively.
These results indicated that by varying only the outer shell thickness
in a Si-Ag-Si CMS we can tune the double resonances in a broad
range covering the visible spectrum. The correlation analysis for Ag-
Si CS nanowires was also performed and shown in Figure 3b. For 200,
80 and 40 nm Ag core diameters, a Si shell thicknesses of 110, 55 and
55 nm resulted in a double resonance at 1540, 860 and 750 nm
respectively. All double resonance features found for three CS struc-
ture are 750 nm or above (dash line in Figure 3a, and b bottom
panels) while the CMS nanowires clearly exhibit a substantial blue
shift in the double resonance, with two of double resonances shifted
to the visible range. We note that the CS structures considered in
Figure 3b are identical to CS meta-atoms studied by Paniagua-
Domı́nguez and co-workers17, which are made of a 160 nm diameter
Ag core and a 90 nm thick Si shell showing a double resonance at

Figure 2 | Double resonance in CMS nanowires. (a) Total scattering

efficiency and contributions of the first (magnetic) and second (electric)

Mie coefficients of a Si (80 nm dia.)-Ag (20 nm)-Si (30 nm) CMS

nanowire under TE illumination. Inset: schematic representation of the

CMS nanowire structure. (b) and (c) are the corresponding normalized

electric and magnetic polarizabilities respectively. The shaded grey region

represents the spectral region of double resonance. (d) Magnetic and

Electric near-field contours at 660 nm TE incidence.
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1300 nm. These CS meta-atoms indeed cannot be tuned into the
visible range with scaling alone. An additional low-permittivity layer
between the Ag and Si would be necessary for CS structures to
achieve a strong double resonance at the same wavelength as the
CMS nanowire counterparts17,18. Notably, among all CMS structures,
the heights of correlation peaks obtained for 160 and 80 nm core
diameters are comparable, indicating that the electric and magnetic
dipole strength does not significantly change in this range of core
diameters. While considering the core diameter below 80 nm, we
observed a decrease in the correlation peak height and electric dipole
moment (Shown in Supplementary Figure S2), indicating weaker
resonance and poorer coupling with light for thinner cores. A similar
trend is also observed in the CS nanowires with core diameters
smaller than 80 nm. These results suggested a limitation for tuning
the working range of NIM based on the CS and CMS structures
considered by scaling down alone.

Effective refractive index and FOM of CMS nanowire arrays. We
have so far shown that the CMS nanowires can be considered as
individual meta-atoms with strong resonance in the visible range.
We now present full numerical simulations to demonstrate that a
slab consisting of CMS nanowire array behaves as low loss and
isotropic NIM. Based on the above analysis, we choose a core
diameter of 80 nm in order to have sufficiently strong double
resonance. As for the Ag intermediate shell, choosing the right
thickness is critical since it should provide visible range plasmon
resonance without resulting in loss of resonance strength. Thinner
shells lead to weaker double resonance in the visible range while
thicker layers exhibit stronger resonance albeit in the NIR range
(Supplementary Figure S3). Therefore, keeping these constraints in
mind, we choose a 20 nm Ag shell thickness for our representative
CMS nanowire to ensure strong visible range double resonance. For
these core and shell sizes, a 30 nm Si outer shell is needed to obtain
double resonance at 660 nm as shown in Figure 2a.

Considering a slab made of Si (80 nm dia.)-Ag (20 nm)-Si
(30 nm) CMS nanowires, we performed full numerical simulations
using COMSOL Multiphysics (see Methods) and extracted the effec-
tive refractive index. The CMS nanowires were arranged in a hexa-

gonal lattice in the NIM slab extending infinitely along the slab
width. A schematic of the slab is shown in Figure 4a inset. The pitch,
defined as the spacing between a nanowires axis to the axis of its
neighbor nanowires, was chosen to be 200 nm. Assuming a plane-
wave TE polarized incidence at 20u to the normal as depicted in
Figure 4a inset, the complex transmission and reflection coefficients,
S-parameters, can be obtained from simulation for various slab
thicknesses (2–60 nanowire layers). The imaginary part of the
refractive index was extracted from the S-parameters, while the real
part was obtained by graphically measuring the refracted wave-vec-
tor when assuming an error of 62u and applying Snell’s law (see
Methods). The results are plotted in Figure 4a. A slab with a thickness
of 25 nanowire layers was used for measuring the refracted wave-
vector as well as the transmission through the slab. The region of
double resonance was found to be 620 to 730 nm and it defines the
transmission window of the slab which corresponds to the NIM
working range. Beyond this range, the slab exhibits large absorption,
consistent with that observed in Ag-Si CS nanowire NIM slabs17.
Further, the dynamically extended contour plot of the electric field
(Supplementary Video 1) shows the light wave undergoes both nega-
tive refraction and phase reversal within the NIM slab. This confirms
that the NIM slab consisting of CMS nanowires exhibits simulta-
neously negative permittivity and permeability. Figure 4b plots the
FOM for the Si-Ag-Si CMS nanowire NIM slab. Specifically at
660.3 nm, the effective refractive index is estimated to be
21.1738(60.0410) 1 0.0686i, resulting in a FOM of approximately
17. The refractive index of 21 observed around 650–660 nm opens
up possible applications towards visible light super-lenses. The max-
imum FOM is found to be about 26 at 700 nm, which is among the
highest FOM predicted for passive NIM in the visible range.

Understanding the effect of illumination angles on the effective
index will help us confirm whether NIM slab is isotropic, which is a
key requirement for super-lensing applications. To this end, the
transmission through the slab as a function of the angle of incidence
is a good indicator of isotropy of the NIM. As shown in Figure 4c, the
transmission at 651.72 nm is fairly constant between incidence
angles of 0u and 30uand again between 40u and 70u, which indicates
that the NIM is isotropic for these ranges. There is a substantial drop

Figure 3 | NIM Tunability. Correlation and the corresponding wavelengths as functions of the outer shell thicknesses of (a) CMS and (b) CS NWs.

In CMS NWs, the Si core diameters are 160 nm (Black), 80 nm (Red) and 40 nm (Green) respectively, and Ag shell thicknesses are all fixed at 20 nm. In

CS NWs, the Ag shell thickness are 200 nm (Black), 80 nm (Red) and 40 nm (Green), respectively.

www.nature.com/scientificreports
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in transmission between 30u and 40u which can be attributed to the
increased absorption caused by Fabry-Perot like resonances in the
nanowire array17.

Notably, increasing the fill factor of the meta-atoms in the NIM
has been shown to substantially improve the FOM16–18. For instance,
high FOM in Ag-Si CS nanowire NIM was obtained for hexagonal
close packing arrangement with 10 nm separation between adjacent
nanowire surfaces resulting in a fill factor of about 0.85617. To achieve
a high FOM, in principle the nanowires should be arranged as close
to each other as possible without touching each other to ensure that
the double resonance remains unperturbed. In our simulations, we
consider arrays with fill factors which are easily accessible through
either top-down etching, bottom-up vapor-liquid-solid (VLS)
growth or a combination of both. Considering a pitch of 200 nm

for the Si (80 nm dia.)-Ag (20 nm)-Si(30 nm) CMS wires evaluated
in the simulations, the distance between nanowire surfaces is 20 nm
and the fill factor is about 0.7346. Hence, with the development of
highly precise fabrication techniques to achieve higher fill factors, we
expect the FOM to be further improved.

This approach of using CMS geometry can be extended to other
materials to tune the working range of the NIM and to improve
FOM. For example, GaP has nearly negligible losses in the visible
range and a dielectric constant slightly smaller than Si. Hence we
expect GaP-Ag-GaP nanowire NIM to result in an improved per-
formance in the visible domain over Si-Ag-Si nanowire NIM. Due to
the lower permittivity, the double resonance in a GaP (80 nm dia.)-
Ag (20 nm)- GaP (30 nm) CMS nanowire is blue shifted when com-
pared to Si-Ag-Si nanowire of same dimensions (Supplementary
Figure S5). The working range of a NIM consisting of these GaP-
Ag-GaP CMS nanowires is between 540 and 640 nm. The effective
refractive index and FOM over this range show trends similar to Si-
Ag-Si nanowire NIM and the results are plotted in Supplementary
Figure S6. As expected from the lower losses in GaP, the FOM for
GaP based NIM is substantially higher than Si based NIM. Speci-
fically at 590.1 nm, the effective refractive index is 21.0307(60.036)
1 0.0401i and the corresponding FOM is about 25. Further, the
maximum FOM of 36 is achieved, which is substantially higher than
the Si counterpart.

Discussion
In this work, we have shown that semiconductor-metal-
semiconductor CMS nanowires can be designed to exhibit double
resonance in the visible range under TE illumination. Such structures
offer good visible range tunability where the plasmon hybridization
in the metal shell is utilized to shift the double resonance. This
circumvents the need for large scaling down of the nanowire dia-
meters which is often required in the metal-semiconductor CS for
achieving the double resonance towards the visible range. Further,
the CMS nanowires exhibit strongly negative electric and magnetic
dipole moments and hence can be used as meta-atoms for engineer-
ing low-loss, isotropic, polarization dependant NIM slabs. Using full
numerical simulations we have demonstrated that NIM slabs con-
sisting of Si-Ag-Si nanowire arrays have a negative refractive index
between 620 and 730 nm with a FOM of ,17 at 660.3 nm. For a
NIM slab made of GaP-Ag-GaP nanowire arrays of comparable size,
the working range is between 540 and 640 nm with a FOM of ,25.
This value is among the highest estimated for passive NIM in the
visible range. Simulations established in our work provide a general
guideline for design and optimize CMS structures as well as predict-
ing the experimentally achievable FOM. Further, since the CMS
architecture offers high tunability of the plasmon resonance while
ensuring good coupling with light, we expect such structures to
also open up potentials in sensing and efficient light harvesting
applications.

Methods
Analytical solutions. Mie formalism25 was used to solve Maxwell’s equations
analytically to obtain scattering, extinction and absorption efficiencies as well as
electric and magnetic near-field contours (See Supplementary Information Section 1
for a detailed derivation). Optical constants of all materials were interpolated from
Sopra data for coating films30 to ensure that our calculations provide a good
prediction of the experimentally realizable results.

The magnetic (and electric) polarizability have been obtained from the magnetic
moment of the nanowire. The magnetic and electric polarizability have been obtained
from the magnetic moment of the nanowire. Under TE illumination of the form e2ivt,
propagating along bx, the polarization P of the nanowire in given as:

P~D{e0E~(er{e0)E ð1Þ

The polarization current is:

Jp~LP=Lt~(er{e0)LE=Lt~{iv(er{e0)E ð2Þ

The magnetic moment is given as:

Figure 4 | Effective refractive index. (a) The real part (green curve) and

imaginary part (blue curve) of the effective refractive index of a slab based

on Si (80 nm dia.)-Ag (20 nm)-Si (30 nm) nanowires for a 20u TE plane-

wave illumination. The error bars in the real part of the refractive index

(green curve) are estimated based on the 62u error assumed while

measuring the refracted angle. Inset: schematic of the slab based on CMS

nanowires arranged in a hexagonal lattice. (b) The corresponding FOM.

(c) Transmission through the NIM slab for two different pitch lengths as a

function of the angle of incidence.

www.nature.com/scientificreports
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m~
1
2

ð
V

r|JpdV ð3Þ

The nanowires are assumed to be infinitely long (i.e. the length is much greater than
the diameter) and hence a magnetic moment per unit length is defined as

m~
1
2

ð
A

r|JpdA~
{iv

2

ð
A

(er{e0) xEy{yEx
� �

dA ð4Þ

Now the magnetic polarizability can be obtained from the magnetic moment and the
magnitude of the incident field H0. We further normalize it with the area of cross
section as follows,

am~
{iv
2AH0

ð
A

ei{e0ð Þ xEy{yEx
� �

dA ð5Þ

The total electric dipole moment is obtained by integrating the polarization over the
nanowire cross-section. Since the incident electric field is alongby, the dipole moment
per unit length is given as

p~

ð
A

(er{e0)EydA ð6Þ

The electric polarizability per unit length normalized with the area of cross-section is
obtained from the dipole moment and the incident field e0E0 as follows,

ae~
1

Ae0E0

ð
A

ei{e0ð Þ Ey
� �

dA ð7Þ

The polarizabilities have been normalized in this manner in order to easily elucidate
the phase change around double resonance leading to strongly negative polarizabil-
ities. The exact magnitude of the polarizabilities can be easily retrieved from the above
expressions.

Correlation. We define an arbitrary correlation function as follows:

Corr rj
� �

~Max Qmagnetic l,rj
� �

� Qelectric l,rj
� �� �

ð8Þ

Here rj is the core radius, shell and outer shell thickness for j 5 1, 2 and 3 respectively.
The corresponding correlation wavelength (lcorr(rj)) is the wavelength at which the
maximum of Qmagnetic(l,rj)*Qelectric(l,rj) occurs. Now the peak in the correlation
versus shell thickness graph indicates double resonance and the corresponding
wavelength is the wavelength of double resonance. We have rigorously tested and
confirmed that the correlation peaks indeed correspond to double resonance in CMS
nanowires by comparing with the electric and magnetic dipolar scattering efficiency
(as shown in Figure 2a).

NIM slab refraction and Parameter Retrieval. COMSOL Multiphysics 4.3a was used
to perform full numerical 2D simulations of the NIM slab consisting of CMS
nanowires arranged in a hexagonal lattice, where the wires are assumed to be
infinitely long. The slab of nanowires extends infinitely along the width and Floquent
periodic boundary conditions have been used to achieve this. Port boundary
conditions have been used to obtain the complex transmission and reflection
coefficients (S-parameters) of the slab. The effective refractive index of CMS
nanowire NIM slab has been extracted from these complex transmission and
reflection coefficients using standard retrieval procedures for many slab thicknesses
(2–60 layers thick) to ensure convergence31. The imaginary part of the effective
refractive index calculated in this manner converges quickly with increasing number
of nanowire layers, i.e. slab thickness, hence giving reliable results. The real part of the
effective index on the other hand oscillates even for a slab that is 60 layers thick.
Beyond this point, the transmission through the slab becomes nearly zero making it
impossible to extract the correct branch of the real part unambiguously
(Supplementary Figure S4). Therefore, we present the real part of the effective index
obtained graphically by measuring the angle of the refracted wave-vector and
applying Snell’s law. Similar to Paniagua-Domı́nguez and co-workers17, we assume a
consistent error of 62u in the measurements. In all COMSOL simulations, the optical
constants of all materials were interpolated from Sopra data30.
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