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Nanofabricated media with negative permeability at

visible frequencies
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A great deal of attention has recently been focused on a new class
of smart materials—so-called left-handed media—that exhibit
highly unusual electromagnetic properties and promise new
device applications'™. Left-handed materials require negative
permeability p, an extreme condition that has so far been achieved
only for frequencies in the microwave to terahertz range’'.
Extension of the approach described in ref. 7 to achieve the
necessary high-frequency magnetic response in visible optics
presents a formidable challenge'>'%, as no material —natural or
artificial—is known to exhibit any magnetism at these frequen-
cies. Here we report a nanofabricated medium consisting of
electromagnetically coupled pairs of gold dots with geometry
carefully designed at a 10-nm level. The medium exhibits a strong
magnetic response at visible-light frequencies, including a band
with negative p. The magnetism arises owing to the excitation of
an antisymmetric plasmon resonance. The high-frequency per-
meability qualitatively reveals itself via optical impedance match-
ing. Our results demonstrate the feasibility of engineering
magnetism at visible frequencies and pave the way towards
magnetic and left-handed components for visible optics.

Landau and Lifshitz argued'> “there is certainly no meaning in
using the magnetic susceptibility from optical frequencies onwards,
and in discussion of such phenomena we must put u = 1”. This
statement is strongly supported by experiment: the magnetic sus-
ceptibility x of all natural materials tails off at microwave frequencies.
Still, there may be a way to overcome the fundamental limitations, as
shown by Pendry et al. who have suggested exploiting the inductive
response from structured non-magnetic materials to obtain high-
frequency magnetism’. The idea was successfully implemented by
using arrays of copper split-rings that generated a magnetic response
at frequencies up to 100 THz (refs 8-11). In this case, magnetic
properties emerge owing to collective motion of a large number of
electrons, and theoretical arguments (as, for example, in ref. 12) valid
for individual electrons and atoms no longer hold. It is tempting to
extend the approach further to visible-light frequencies, where one
can expect most applications. However, the direct scaling of
the demonstrated microwave media to visible optics is problematic.
This would require split-ring-like structures with sizes down to
100 nm and critical features®™'' controlled on the level of ~10nm,
which is technologically difficult to achieve. More importantly, the
scaling could fail in principle because of different electromagnetic
responses of materials to visible light and microwaves (for example,
it was predicted that inherent losses should limit the approach
demonstrated in refs 7-11 to frequencies well below optical”"?).

In this work, by employing a novel geometry, we make a critical
step of demonstrating metamaterials with magnetic response at
frequencies in the visible spectrum. The design of our media follows
recent theoretical suggestions'*'”, and relies on antisymmetric
plasmon resonances in a simple pair of short metal pillars of a

submicrometre size (Fig. 1). The simplification of the resonator
geometry with respect to the double split-rings geometry used in
microwaves is important for two reasons. First, this allows the use of
current lithography techniques to fabricate metallic structures with
plasmon resonances at visible-light frequencies. Second, the simple
geometry reduces the number of resonant modes interacting with a
light field, which consequently leads to a reduction in energy losses.
Note that such changes in geometry also reflect the trend known
from lasing techniques, where complex closed resonators used in
masers were replaced by simple open resonators (pair of mirrors) in
lasers'®".
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Figure 1| Nanofabricated medium with magnetic response at optical
frequencies. a, Scanning electron micrograph (viewed at an angle) of an
array of Au nanopillars. b, ¢, Numerical simulation of the distribution of
electric currents (arrows) inside a pair of such pillars for the symmetric and
antisymmetric resonant z-modes, respectively. The non-cylindrical shape of
pillars is important to provide an efficient coupling to incident light, and was
intentionally introduced in our design through a choice of microfabrication
procedures.
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Figure 1 shows an example of our devices and illustrates the basic
idea behind the experiment. The prepared structures were large
arrays of Au pillars fabricated by high-resolution electron-beam
lithography on a glass substrate and grouped in tightly spaced pairs
(except for reference samples consisting of similar but isolated Au
pillars). The structures typically covered an area of ~0.1 mm* and
contained ~10° pillars. The lattice constant, a, for periodic arrays
was down to 400 nm—that is, smaller than the wavelength A of visible
light. Heights h of Au pillars (80-90nm) and their diameters
d = 100nm were chosen through numerical simulations so that
the plasmon resonance in the reference samples appeared at red-light
wavelengths, A = 670nm. A number of different structures were
studied with d between 80 nm and 140 nm and the pair separation s
between centres of adjacent pillars in the range 140 nm to 200 nm;
that is, the gap s — d between the neighbouring pillars varied from
100 nm down to almost zero. (The best results were achieved at
s=200nm, d = 140nm, h = 80 nm, and s = 140nm, d = 110 nm,
h=90nm.) At these separations, electromagnetic interaction
between neighbouring pillars within a pair is important and plasmon
resonance observed for an individual pillar splits into two resonances
for a pillar pair. These resonances are referred to as symmetric and
antisymmetric, similar to the case of any classical or quantum system
with two interacting parts and in agreement with the notation used
for plasmon resonances in nanoparticles’®.

There exist three symmetric and three antisymmetric main
resonant modes in an interacting pair with currents flowing along
the x, y and z axes. Figure 1 shows the symmetric (Fig. 1b) and the
antisymmetric (Fig. 1c) z-modes calculated for our experimental
geometry using Femlab software (Comsol Inc.). For the symmetric
resonance, electrons in neighbouring pillars move in phase and
generate overall a dipole contribution to permittivity &, similar to
isolated or non-interacting pillars. In the antisymmetric z-mode,
however, electrons move in anti-phase so that the oscillating dipoles
cancel each other leaving only magnetodipole and quadrupole
responses'®. One can see in Fig. lc that the anti-phase movement
of electrons along the z axis effectively results in a current loop in the
z—x plane (note that a pair of pillars can be thought of as a ring with
two slits at the opposite sides). This high-frequency electric current
generates a magnetic moment in the y-direction and contributes to
permeability p. Not all resonant modes are necessarily excited by
incident light. Modes’ coupling to light is governed by the symmetry
group of a pillar pair, which is C,, in our case. For this group, normal
incident light with the electric field along the x axis (later referred to
as TM polarization) is coupled to both the dipole symmetric x-mode
and the magnetic antisymmetric z-mode, while normal light with the
electric field along the y axis (TE polarization) excites only the dipole
symmetric y-mode, as discussed in ref. 20. The choice of the
symmetry group is important for creating magnetic response (for
example, magnetic modes are not necessarily excited in a pair of
infinite cylinders with the symmetry group Cyy; ref. 21).

The symmetry of our pillar pairs thus implies that an array of pillar
pairs should exhibit two main plasmon resonances (z-antisymmetric
and x-symmetric) for TM light of normal incidence, one of which
(z-antisymmetric) disappears and the other (x-symmetric) changes
into y-symmetric resonance as we rotate polarization by 90°, to TE
polarization. On the other hand, an array of isolated pillars should
demonstrate only one resonance for both polarizations. Our experi-
ments confirmed this. Figure 2 shows the reflection spectra measured
in normal incident light of TM and TE polarizations (green and red
curves, respectively) for arrays made of pillar pairs of the same
dimensions but different lattice constants, as well as for the reference
array of isolated pillars (micrographs of the corresponding samples
are shown next to their spectra.) The reference array exhibits only one
resonance at A = 670 nm for both polarizations (Fig. 2g and h), in
agreement with our symmetry and numerical analyses. On the other
hand, arrays made of the same pillars but packed in interacting pairs
showed two distinct resonances in the TM spectra (Fig. 2a, cand e). If
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the polarization of incident light was rotated by 90°, the high-
frequency, ‘green’ resonance disappeared, and the reflection spectra
showed only the low-frequency, ‘red’ resonance, albeit with its
position slightly shifted (Fig. 2b, d and f). The change in the
reflection spectra was so marked that the colour of the samples
viewed in white light changed (see photographs in Fig. 2). Our
structures looked amber for TE light, similar in colour to the media
consisting of isolated pillars. In stark contrast, for TM polarization,
the structures look green owing to a large contribution from the
green resonance.

The spectral positions of red and green resonance peaks did not
depend on the lattice constant for all studied samples with pillar pairs
of the same dimensions (Fig. 2c and e shows two examples with
a = 400 and 600 nm). This excludes diffraction as a possible origin
for the observed resonances. This was further confirmed by making
random arrays of pillar pairs, which did not influence the spectral
positions of the resonance peaks. (It is worth noting that, contrary to
our case, diffraction modes play a prominent role in light reflection
from perforated metal® or arrays of nanoparticles deposited on
metallic substrates®.) Although the resonance positions did not
depend on g, they were strongly affected by changing separation s
and by covering the structure with a dielectric medium, as expected
for resonances split by electromagnetic interaction between pillars.
As an example, Fig. 2a and b shows reflection spectra of the same
sample as in Fig. 2c and d but covered by an optically thin (<30 nm)
layer of glycerine. This resulted in a notable red-shift of the green
resonance peak by 8A = 50nm, in agreement with red-shifts

TM polarization €«—» TE polarization ¢

Reflection
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Figure 2 | Experimental reflection spectra for our nanostructured

media. Green and red curves are for TM and TE polarizations of normal
incident light, respectively. Micrographs of the studied samples are shown
on the right. For all the samples, pillars have the same separation

s = 140 nm, height & = 90 nm and average diameter d = 110 nm. Spectra
a, b, are for the sample of ¢, d, but covered with an optically thin layer of
glycerine; for ¢, d, the lattice constant a = 400 nm; for e, f, a = 600 nm;
g, h, are for isolated pillars with a = 600 nm. The top photographs show
images of the sample a, b, in white light for two polarizations.
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reported for multipole resonances in nanoparticles*. Moreover, we
observed a significant increase (by a factor of 3) in the strength of the
green resonance. Note that, in this case, the structure reflected as
much as 10% of light near the green resonance peak (Fig. 2a), which
is a significant magnitude under our experimental conditions (for
comparison, a glass substrate with & = 2.25 reflects only 4% of the
incident light).

The described experiments assign the green-light resonance (dis-
appearing in TE polarization) unambiguously to the antisymmetric
z-mode, which gives rise to pu, and the red-light resonances to
the x- and y-symmetric modes, contributing to & (refs 14, 15). To
further strengthen this identification of the resonances, we compare
the measured spectra with theory (Fig. 3). The theoretical calcu-
lations were performed with the Electromagnetic module of Femlab
software, which solves Maxwell’s equations for the actual experimen-
tal geometry. We described pillars by Drude’s conductivity
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Figure 3 | Numerical simulations of optical response for interacting Au
pillars. a, b, Distribution of electric currents (red arrows) and magnetic
field H,, (colour map measured in units of the magnetic field amplitude of
the incident wave) for the pillars being illuminated by normal incident light
of TM polarization with wavelengths A = 500 nm (a) and A = 690 nm (b).
Geometrical sizes are shown in metres at the bottom and the left of images.
‘Dots’ in the image refer to Au nanopillars. ¢, d, The spectral dependence of
permittivity ¢ and permeability u: ¢ shows the absolute values and d the real
parts. e, f, Calculated reflection spectra corresponding to the experimental
situation in Fig. 2.
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o(w) = 0o/(1 — iwT), where w is the angular frequency of light,
00=13.7% 10" 57" the conductivity of gold and 7=2.4 X 10~ "*s
the scattering time, and the glass substrate by a dielectric with
permittivity & = 2.25. The calculations have confirmed that TM
green light of normal incidence with A = 500 nm excites anti-phase
currents flowing mostly along the z axis (Fig. 3a), which is a
characteristic of the antisymmetric z-mode. A current loop is
effectively created in the z—x plane, which generates strong magnetic
fields H, in the region between pillars (the red region of Fig. 3a) and
produces a substantial magnetic moment. On the other hand, TM
red light at A = 690 nm excites mostly in-phase currents flowing
along the x axis, which do not produce any significant magnetic
moment (Fig. 3b).

We have also calculated the spectral dependence of effective
permeability and permittivity of our structures. Figure 3 shows the
absolute values and real parts for £,.and ., (denoted here as & and p)
for the tightest pair packing (the curves were obtained by solving
Maxwell’s equations for an electromagnetic wave interacting with a
periodic array on top of a glass substrate). The calculated spectral
positions of the peaks in € and p are in good agreement with the peak
positions found experimentally, and the theoretical reflection spectra
also agree well with the experimental data. The calculations show that
our microstructures have considerable permeability u' = Re(p)
ranging from —1 to 3 for the array of tightest packing (Fig. 3d).
For the sample of Fig. 2¢, for example, its calculated permeability
varied between 0.5 and 1.5, and for Fig. 2a u' varied between —0.25
and 2.1.

As a complementary analysis to the numerical simulations, we
have employed another approach that is routinely used in optics to
extract material parameters from reflection spectra®?¢. To this end,
we noted that, neglecting mode interaction, the calculated reso-
nances in permittivity followed the standard dispersion relation®
Aeg(A) = fs)\z/()\2 — A2 — iMA),), where A, is the wavelength of the
symmetric resonance, A\ its half-width and f the effective oscillator
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Figure 4 | Example of fitting the experimental reflection spectra with
theory. The green curves are the measured spectra of Fig. 2; the blue curves
show the best fit based on the dispersion relations described in the main text.
The parameters of the main resonances extracted from the fitting curves are
as follows. Single pillars; A, = 665 nm, AA; = 165 nm and f; = 0.79. Pairs
with a = 600 nm; A, = 690 nm, AA; = 147 nm, f = 1.76 and A, = 550 nm,
A\, = 85nm, f, = 0.06. Pairs with a = 400 nm; A = 685 nm,

AN = 147 nm, f; = 3.27 and A, = 552 nm, A\, = 80 nm, f, = 0.16. Pairs
covered with a glycerine film; A = 710 nm, AA; = 140 nm, f, = 1.7 and
Aa = 598 nm, AA, = 80 nm, f, = 0.32. The spectrum of the sample covered
with a glycerine film is offset for clarity. The insets show micrographs of the
corresponding samples.
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strength. The spectral dependence of calculated permeability is
also described well by the ‘Pendry-type’ expression”'® w(A) =
1+, A2/ (N — A2 —iMA),), where A,, AA, and f, are the same
notations as above but for the antisymmetric resonance (see Sup-
plementary Information for details). The combination of these
dispersion relations with the Fresnel’s reflection coefficients for a
thin anisotropic film placed on a glass substrate*>*® leads to relatively
simple expressions that can be used to fit the experimental spectra
and find € and u. For example, in the case of Fig. 2¢, the best fit to its
spectra yields x' = —0.5 (1’ = 0.5) near A = 470 nm and corrobo-
rates the results of the Femlab calculations (see Fig. 4). Similarly, the
spectra for the samples covered with a glycerine film and showing an
increased strength in the antisymmetric resonance yielded a signifi-
cant increase in |x|, such that negative values of u' were achieved
almost routinely. For example, x' was about —1.3 at the green

resonance in Fig. 2a (that is, '~ —0.3). Although our structures
exhibited both negative p" and negative &’ within the same range of A
(for example, &'~ —0.7 and u' = —0.3 at the green resonance in Fig.

2a), p had a rather large imaginary component (u" = Im(u) = liat
the resonance), which so far has not allowed the observation of
negative refraction.

We have however observed another effect—optical impedance
matching—that is more tolerant to dissipation but also exclusive to
materials with a finite permeability. The effect of impedance match-
ing is characterized by the total suppression of reflection from an
interface between two media with different refraction indices,
n= (su)m, but the same impedance values, Z = (sl,u)”z. This
impedance matching is well known for electrical and microwave
circuits but was never observed for conventional optics, because it
requires u 7 1 (except for singular cases of optical waveguides®),
which has been unachievable until now. In our case, this phenom-
enon resulted in a total invisibility of our structured films at green-
resonance frequencies for TM polarization of incident light, while
the films could still be seen by using phase contrast imaging or
TE polarization. For brevity, the experiments are described in
Supplementary Information.
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