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Optical Negative-Index Metamaterials: from Low to no Loss
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Abstract: Practical optical negative index materials based on coupled plasmon resonances must
overcome reflection and absorption. Simulations show that matched impedance and compensated
losses due to optimized design and gain material lead to 100% transmission.

The refractive index (n = n’ +in” ) is the key parameter in the interaction of light with matter. While »’ has gen-
erally been considered to be positive, the condition n' <0 does not violate any fundamental physical law, and mate-

rials with negative index have some remarkable properties. For example, vectors E, H,and k form a left-handed
system and such materials are synonymously called “left-handed” or negative-index materials (NIMs). No naturally
existing NIM is known so far in the optical range and it is necessary to create artificial materials (metamaterials) in

which the effective refractive index (nffff) is negative. A truly negative index n;ff < 0 can only be achieved in meta-

materials with structural dimensions far below the wavelength; for optical wavelengths such materials must be nano-
crafted. A possible approach to create a NIM is to design a material where the effective isotropic properties (permit-

tivity € = ¢’ + i¢” and permeability =y’ + ip”") obey the equation 5’|u| + i/ lel < 0, which is always satisfied,
if £&'<0 and 4'<0.

The first conceptual design of a magnetically active metamaterial arranged of two split ring resonantors (SRRs)
of subwavelength dimensions was predicted to give ' <0 [1]. The SRRs have been further combined with metallic

wires with a negative electric response in the 10 GHz range [2]. The outcome was the first-ever NIM with &' <0
and u' <0 at~10 GHz [3]. Further downsizing led to higher frequency responses, and the resonance was pushed up

to 1THz [4]. An alternative to double SRRs is a single SRR facing a metallic mirror, where the resonance frequency
was shifted to 50 THz [5]. But further downscaling becomes uncertain due to localized plasmonic effects, which
nonetheless open yet another design opportunities. Thus, a double SRR is not required any more [6]. The electric
resonance of single SRRs has even been pushed to the important telecom wavelength of 1.5 um [7] and it was con-
cluded that the magnetic response of single SRRs should be found at the same frequency [8]. In [9], it was shown
experimentally that a sample containing pairs of gold nanopillars show transmission spectra that can be explained if
a negative permeability is assumed. However, an experimental proof of a negative refractive index was not given in
that work.

Here we discuss NIMs with magnetic activity at optical wavelengths that use localized plasmonic resonances and
abandon the SRR completely. In [10] it was first predicted, that materials containing pairs of coupled metal rods can
show a negative n' even for visible wavelengths. Two gold rods are separated by a distance far less than the wave-
length. The diameter of the cross section of the rods is also much less than the wavelength and the length of the rods
may be, but does not need to be in the range of half of the wavelength. An AC electric field parallel to both rods will
induce parallel currents in both rods which are in phase or out of phase with the original electric field, depending on
whether the wavelength of the electric field is longer or shorter than the wavelength of the dipolar eigen-resonance
of the electrodynamically coupled rods. An alternative way of looking at this is that the anti-parallel currents in the
rods and the displacement currents at the ends of the two rods form a current loop or an inductance, while the gaps at
the ends form two capacitors. The result is a resonant LC-circuit. It is important that the dipolar electric and the di-
polar magnetic resonance are at the same wavelengths. This requires that the coupling between the two rods should
not be too strong, because otherwise the two resonances split further apart.
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Fig. 1: (a) Double silver strips, separated by
Al O;. The strips are infinitely long in y-
direction and periodically repeated in x-
direction. The H field is oriented in y-
direction. Currents in the both strips are anti-
parallel (white arrows in the magnified inset)
if the H-field is polarized in y-direction. (b)
Real parts of the permittivity and permeabil-
ity as simulated with FEMFD.
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Fig. 2 Spectra of several optical constants of the
structure shown in Fig. 1. Upper panel: Reflec-
tion R, transmission T, and absorption A spec-
tra; middle panel: real and imaginary part of the
refractive index; lower panel: real and imagi-
nary part of the impedance. The vertical dashed
line at 584 nm indicates a spectral region where
the reflection is minimal, the transmission is
high, the refractive index isn=- 1.30 + 0.391
and the real part of the impedance is close to 1,
indicating impedance matching to air.
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The unambiguous measurement of a negative refractive index in the opti-
cal range (specifically, at the optical telecom wavelength of 1.5 um) was re-
ported in [11]. Pairs of nanorods were fabricated on a glass substrate using
electron beam lithography. A full description of the sample and its preparation
is given in [12,13]. According to experimental and simulation results obtained
in [11] for our NIM, the refractive index becomes negative in the wavelength
range from approximately 1400 nm to 1600 nm, which includes the important
telecommunication band at 1500 nm. The experimental data proving that
n'=-0.3£0.1 has been obtained.

A negative refractive index has been also obtained for the inverted system
of paired dielectric voids in a metal [14,15]. We note that inverted NIMs, i.e.
elliptical or rectangular dielectric voids in metal films, are physically equiva-
lent to paired metal rods in a dielectric host, in accordance with the Babinet
principle.

As discussed in [11-13], NIMs using plasmon resonant metallic elements
have two distinct problems: high reflection and absorptive losses, both reduc-
ing the overall transmission through the metamaterial. The reflection can be
suppressed by an optimized design with matched impedance. We show an
example of optimized NIM
where the conditions

Z—14+0-i, n <—-1, and

|n”| <1 hold simultaneously

(9) S Sjlver
= ALO,

=T Gainmaterial

for a visible wavelength. The
NIM is arranged of coupled

silver strips separated by a

Xw wY
dielectric spacer (see Figs. 1 (b)
and 2). For this NIM, the —f— Transmission
simulated transmission has a 2 1.0 —O— Reflection
local maximum of 51% at
582 nm. The impedance is E
matched quite well from 582 _2 0.509
to 589 nm, i.e. Z'>0.5 and 5
reaching 1 at 586 nm with * o_oS“:OP—o-.—co‘Q-
0 5 10 15
|Z" < 0.5 in the range 570 - gain (10% cm-)
585 nm. We have shown that (€) Refractive index (@) Impedance
a given design can be opti- 0 1.0
mized to an impedance- 0.0 0 —_——
matched NIM for the visible os] —=n i —_—z7
light. The transmission is o= " 0.
limited to 50% almost solely .0
due to absorption. 1.5 0.5
0 5 10 15 o 5 10 15

These absorptive losses gain (10° cm) gain (10° cm-)
(in terms of a large n” ) are
the second major difficulty,
since the ohmic losses are
generally large due to local-
ized plasmon resonances. To
overcome this difficulty we
propose supplying energy
from gain material in NIMs
using stimulated emission.

Fig. 3: (a) Same sample as in fig. la, but with gain
providing material in between the double silver strips.
Air is assumed above and below the layer, and the layer
is irradiated wit a plain wave (584 nm) from above, H-
field polarized along the y-direction. (b) Transmission
and reflection as a function of the gain. At g = 12 000
I/cm gain and losses cancel each other. Interestingly,
the reflection shows also a minimum at g = 12 000
1/em. (c,d) refractive index and impedance as a func-
tion of gain. n'~—1.3, for all investigated gain levels.



TuC3.pdf

We simulated the same impedance-matched structure, but now we embedded a material that provides a fixed amount

of gain between 0 and 15-10° cm™ (see Fig. 3). We found that at a gain of 12:10° em™" the structure becomes

transparent, while the real part of the refractive index n’ is almost unaffected by the gain material. Moreover, the

impedance which has already been matched quite well without the gain medium improves further when gain is ap-

plied, ie. Z'~1 and Z" ~0 for g =12-10cm ' . The exact results for a gain of g =12-10cm ' are

n' =—1.355, n” =—0.008, 2/ =0.89, Z" = 0.05, T =100.5% ,and R =1.6% .

In summary, we have shown that two key remedies are now available to overcome major obstacles that currently
limit the development of optical negative-index materials (1) impedance matching designs are capable to suppress
high reflectance, and (2) gain materials embedded in metallic nanostructures can fully compensate for absorptive
losses while still retaining the negative refractive index.
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