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Abstract:  Dual-band negative-index metamaterial designs in the near-
infrared frequency range are presented and their performance is analyzed
using a full-wave numerical electromagnetic scattering method. Negative
effective permittivity is provided by a thin layer of metallic film. Negative
effective permeabilities are supplied in two distinct frequency bands by
magnetic resonators of different dimensions.
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1. Introduction

Since the first successful demonstration of a material engineered to have a negative refractive
index in the microwave regime [1], interest in negative index metamaterials (NIMs) has experi-
enced an explosive growth. Thisis primarily due to the predictions for a variety of novel NIM
applications (including flat optics and the “perfect lens’ [2]), which could not be realized using
conventional positive index materials. More recently, a considerable amount of effort has gone
into investigating ways to develop NIM realizations that target infrared (IR) and even visible
wavelength applications. For example, NIM realizations have been reported that operate in the
near-infrared (near-IR) [3, 4, 5, 6] and visible spectrum [7].

In most NIM redlizations to date, negative permittivities have been obtained by the L orentz-
Drude behavior of the dielectric functions of noble metalsin their nativeform [3, 6] or by intro-
ducing thin-wire structures to achieve lower frequency equivalents [8]. In contrast, magnetic
resonance phenomena have been employed exclusively to realize negative permeabilities. For
example, circular split-ring resonators have been introduced for application in the microwave
range [9]. More recently simpler planar resonator structures have been devised for higher fre-
quencies[4, 5, 7, 10, 11], which are amenable to nano-fabrication technologies.

Up to this point, all NIMs reported in the literature have been designed to exhibit single-
band negative index behavior. This paper reports the first numerical validation of dual-band
NIM performance in the near-IR achieved by embedding magnetic resonators of two differ-
ent sizes within the unit cell of a singly- or doubly-periodic metamaterial structure. NIMs are
known to be dispersive and consequently a narrowband operating condition is required. Hence,
our dual-band NIM designsrepresent afirst step towards expanding their functionality to multi-
band regimes. A finite-element boundary-integral analysis method [12] with periodic boundary
conditions has been employed to obtain the simulation results presented in this study. Trans-
mission and reflection coefficients obtained from the full-wave el ectromagnetic analysis were
converted to effective parameters of a homogenized layer viawell-established inversion proce-
dures[11, 13].

2. Dual-band magnetic resonator

A pair of noble metal nanorods[11, 14] or their two dimensional equivalents [6, 15] have been
shown to exhibit negative permeability associated with a magnetic resonance phenomenon.
An additional magnetic resonance can be introduced at a different wavelength by including
a second resonator structure in the metamaterial design. Figure 1(a) shows one period of a
two-dimensional metamaterial structure that exhibits a dual-band magnetic resonance property.
Figure 1(b) contains plots that show how thereal part 1’ of the effective permeability u = u’ +
iu” isinfluenced by the length w, of the second magnetic resonator. The magnetic resonator
comprisesathin layer of aluminabetween two strips of silver. The space between the magnetic
resonators is filled with silica (SiO,). A protective thin layer of silicawith thicknessts is also
placed on thetop side of the magnetic resonatorswith amatching silicalayer used on the bottom
side to maintain symmetry. The NIM structure is then placed on top of athick layer of glass,
whichistreated asahalf-spacein the analysis. Thethick glasslayer isnot considered to besilica
inits purest form, sinceit is representative of glass supportersthat may be used in alaboratory
environment on which the metamaterials under test would be mounted for characterization of
their optical properties. Finally, the structure is illuminated by a monochromatic plane wave
with an X-directed electric field at normal incidence.

Aluming, silica, and glass are treated as homogeneous, isotropic dielectric materials with
indices of refraction equal to 1.62, 1.445, and 1.5, respectively. Experimental results for the
dielectric function by Johnson and Christy [16] are used to represent the bulk silver property.
The fixed geometrical parametersin Fig. 1(a) are given by p = 1200 nm, w; = 300 nm, t =
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Fig. 1. A dual-band magnetic resonator: (a) Unit cell geometry. (b) Real part of its effective
permeability for the designs with p = 1200 nm, wy = 300 nm, t = 30 nm, d = 40 nm, and
ts =20 nm.

30 nm, d = 40 nm, and ts = 20 nm.

Figure 1(b) shows that a second magnetic resonator introduces a strong second resonance
where the corresponding wavelength strongly correlates with w,. The maximum negative
permeability achieved by these second resonances becomes stronger as the length w is in-
creased. Thefirst magnetic resonanceisweaker than in the corresponding single resonator case
(wz = 300 nm), however the value of p’ at the second resonance becomes negative in every
case.

3. Two-dimensional dual-band NIM

Negative permittivity, as required for negative index behavior, can be supplied by the negative
bulk permittivity of metals as has been demonstrated for the single-band NIM design presented
in [6]. Figure 2 shows a dual-band NIM geometry as well as the effective index of refraction
n=n'+in", the effective permittivity ¢ = &’ +ig”, and the effective permeability u = u’ +iu”
for t; = 6 nm. All other dimensions are the same as for the magnetic resonator shown in Fig. 1.
Dual-band negative index behavior can be observed in Fig. 2(b) for al three geometries with
w, > 300 nm. In addition, the negative values of n’ at the second resonance becomes more
pronounced as W, is increased. Minimum loss, represented by n”, over the second resonance
wavelengths is actually lower for larger values of w, due to the associated stronger magnetic
resonances shown in Fig. 2(d). Due to higher loss of the bulk silver at longer wavelengths,
u’ never reaches negative values for the second resonances in contrast to the negative values
attained for the magnetic resonator geometries as shown in Fig. 1(b). However at shorter wave-
lengths, negative values of 11" are obtained resulting in n” ~ 1 around wavelengths correspond-
ing to thefirst resonance.

As previously discussed, the negative permeability of the bulk metamateria is realized by
magnetic resonances. On the other hand, however, the effective negative permittivity is obtained
from the negative permittivities of metals at near-IR wavelengths arising from plasmons. When
the negative permittivity effect of silver, comprising both the magnetic resonators and the metal
films, outweighs the net positive permittivities of other constituent materials in an averaging
fashion, the total structure will possess an effective negative permittivity. This averaging effect
can be seen in Fig. 2(c), where £’ for the case in which w, = 525 nm has the lowest overall
value. Therefore, the thickness t¢ of the metal films has a direct impact especially on € and
conseguently on n. The performance of three dual-band geometries with different values of t
correspondingto 6, 10, and 20 nm are analyzed in Fig. 3 for the designswith w, = 525 nm. The
range of negative n’ moves towards shorter wavelengths with increasing t . More importantly,
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Fig. 2. A two-dimensional dual-band NIM: (&) Unit cell geometry, (b) n, () &, and (d) 1. Two
silver films of thicknesst; are added to the magnetic resonator geometry in Fig. 1(a), bounding
the resonators from the +2 directions.
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Fig. 3. Effect of silver layer thicknesst; on () nand (b) € for the designs with w, = 525 nm.

one can note from Fig. 3(a) that n” increases roughly linearly with t, which may be related to
the exponential decay of fieldsin the 42 direction as they propagate through the silver films. A
strong dependence of € ont; can be observed in Fig. 3(b).

Although the design with tf = 6 nm is preferred because of its low loss characteristics, it
is not practical since silver does not form a continuous metallic layer at such a small thick-
ness. A thickness of 20 nm is considered to be the minimum value at which silver will form a
continuous layer [6], but for this value the performancein terms of losses of the NIM will de-
grade significantly. More precisely, for ts = 20 nm, avalue of n = —1.56+i7.48 corresponding
to A = 2.40 um was found to exhibit the lowest loss within the second negative-index band,
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Fig. 4. A dual-band NIM geometry with periodic metal strips providing negative permittivity: (a)

Unit cell geometry, (b) Comparison of n for the designs with w, = 525 nm. For visualization, the

volume occupied by silicais shown transparent. The performance of the two-dimensional design

in Fig. 2(a) with t; = 6 nm is used for comparison. The periodic silver strips have tf = 20 nm,

width of 80 nm, and period of 240 nm.

whereasthe best figurefor ty = 6 nmwasfoundtoben=—2.77+1i3.69at A = 2.50 um, which
has a significantly smaller value of n”.

Thistrade-off problem between theloss characteristic and fabrication difficulty can be solved
by introducing discontinuities in the +y directions for the silver films. Rather than requiring a
continuous metallic layer, thicker metal stripsthat areinfinitein the +X directions can be placed
periodically along the +y directions. One possible redlization isillustrated in Fig. 4(a), where
silver strips of thickness 20 nm and width 80 nm provide negative permittivity instead of us-
ing continuous silver films. Use of periodic strips in place of continuous films dramatically
improves the loss characteristics. The smallest n” over the second negative-index band is re-
duced from 7.48 in the case of the continuous films down to 3.14 for periodic strips of the
same thickness ty = 20 nm. The effective index of refraction is actually comparable to that
of the two-dimensional thin film structure with t = 6 nm as shown in Fig. 4(b). Moreover,
the two curves for n’ practically fall on top of each other. The value of n” for the design with
the periodic strips is almost the same but dightly lower than it is for the design that uses the
6 nm-thick continuous films. Therefore, the introduction of periodic metal strips for achieving
negative permittivity improvesloss characteristicswhile at the same time ensuring proper silver
thickness for fabrication.

4. Doubly-periodic dual-band NIM

The dual-band NIMs shown in Figs. 2(a) and 4(a) provide negative-index behavior for one po-
larization, namely when the incident electric field is X-directed. Polarization-independent dual -
band NIM behavior can be obtained by a direct extension of these two-dimensional geometries
to their three-dimensional counterparts. Figure 5 shows such an example, where magnetic reso-
nances at two distinct wavel ength ranges are provided by resonators made of square nano-plates
separated by a thin aluminalayer. The two magnetic resonators are placed in an alternating or-
der in the four quadrants of a unit cell as illustrated in Fig. 5(a). Negative permittivities are
provided by the thin silver mesh structure located on both sides of the magnetic resonators. As
before, the doubly periodic three-dimensional NIM design is placed on athick glass substrate.
In this example, the periods along the X and the ¥ directions are assumed to be the same
with p = 1200 nm. Dimensions of the two magnetic resonators in the x — y plane are given by
450 nm x 450 nm and 375 nm x 375 nm, respectively. Their dimensionsin the Z direction are
the same as for the two-dimensional design illustrated in Fig. 2(a). Also, the cross-sectiona
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Fig. 5. A doubly-periodic polarization-independent dual-band NIM design: (a) Unit cell geome-
try, (b) Index of refraction n. The volume occupied by silicaisagain shown transparent, including
the 20 nm-thick layers bounding the electric and the magnetic structures from both sides.

dimensions of the silver mesh were chosen as 150 nm x 40 nm.

Figure 5(b) shows that two negative-index bands exist for this design around A = 1.78 um
(withn' ~ —1.4) and A = 2.23 um (with n’ ~ —1.3). In addition, the inset shows the top view
of the polarization-independent design, from which differences in the two magnetic resonator
geometries can be compared. Thetrend in theimaginary part of the effectiverefractiveindex n”
is generally seen to increase with wavelength, primarily because of the increasingly larger loss
insilver at longer wavelengths. A useful quality measure q of anegative-index band is given by
g= —n'/n". Based on this definition, the best quality measuresin the two negative index bands
for thisdesign were found to be q=1.77 withn= —0.65+i0.37a A = 1.76 umand q= 0.50
withn=—-1.33+i2.66a A = 2.23 um, respectively.

5. Conclusion

Near-infrared metamaterial designsthat exhibit dual-band negative-index properties have been
presented. For two-dimensional structures, continuouslayers of silver were used to provide neg-
ative permittivity. The magnetic resonances at two distinct wavelengths were provided by two
sets of silver nano-strip pairs with different widths. Results of numerical simulations confirm
the dual-band negative-index characteristics of these metamaterials.

The design methodology for a doubly-periodic polarization-independent dual-band NIM
structure was introduced. Two pairs of square nano-plates made of silver (each pair a different
size) are used to provide magnetic resonancesin two distinct bands. A silver mesh providesthe
negative permittivity without incurring the high losses that would be expected from continuous
silver sheets.

We also demonstrated some means of controlling the effective optical constantsin the pro-
posed designs. Thisis of significant importancein super-resol ution applications, whereit would
be necessary to balance losses and impedance of the metamaterial at both operation bands. Spe-
cific design parameter values can be adjusted with respect to the quality measure to arrive at
the best-performing design. This optimization problem is a subject of current investigation.
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