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MgB,-based negative refraction index metamaterial at visible frequencies: Theoretical analysis
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The presented metamaterial consists of the matrix (magnesium diboride MgB, in a normal state, at room
temperature) with randomly (or regularly) embedded spherical nanoparticles of a polaritonic crystal, SiC. The
calculations demonstrate explicitly that the metamaterial exhibits negative refraction index behavior with low
losses for a scattered wave. The result stands for both random and regular distributions of SiC nanoparticles
inside the MgB, matrix. This favorable situation stems from the Drude-like behavior of both the low-energy,
p2(w, =1.9 eV), and the high-energy, p,(w, =~6.3 eV), plasmon modes of MgB, with plasmon losses, ¥
=<0.25 eV. The effective medium parameters were calculated in the framework of the extended theories of
Maxwell-Garnett [Philos. Trans. R. Soc. London, Ser. A 203, 385 (1904)] and Lewin [Proc. Inst. Electr. Eng.
94, 65 (1947)], and the obtained results are validated via ab initio finite difference time domain simulations.
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I. INTRODUCTION

There has been renewed interest in the properties of ma-
terials with negative index of refraction (NIMs), originally
proposed in early papers of Veselago,! Mandel’shtam,>
Lamb,? and Shuster.* Since a material with a negative refrac-
tion index, n <0, exactly reverses the propagation paths of
rays within it,’ it has the advantage to form low reflectance
surfaces by canceling the scattering properties of other ma-
terials. This property will permit, in principle, the perfect
lens or a planar slab of NIM.%7 The study of NIMs began in
the microwave regime,® then moved into the terahertz,%? and
then into the infrared regions.! In recent years, due to the
development of nanotechnology, a long-awaited break-
through in the optical, mostly near-infrared range of frequen-
cies, was reported on NIMs.!!-18

In this paper, we report the MgB,-based design for a NIM
within the visible frequency range. Our sample is a mixture
of two dielectric media: the matrix and the inclusions. The
matrix consists of polycrystalline magnesium diboride
(MgB,). Since the polycrystal material, due to the averaging
the optical response over the randomly oriented crystallites,
has no directional dependence, it is optically isotropic. It is
well known that in an optically isotropic situation, the result-
ant dielectric tensor is reduced to the scalar dielectric func-
tion £(w)."” The MgB, matrix serves as a host material for
SiC spherical inclusions. Two arrangements of the spherical
inclusions embedded into the polycrystalline MgB, host ma-
trix were considered: (1) the polaritonic nanoparticles (SiC)
with the same radius, rg;c, are embedded randomly?’?! and
(2) the particles are embedded regularly into the matrix with
the fill factor f. In the situation of a regular arrangement, the
inclusions constitute a simple cubic lattice (Lewin’s mod-
el?2). Tt should be noted that our structure is different from
the structure suggested in Ref. 23. In this reference, two
types of spheres were arranged on two interpenetrating
simple cubic lattices. In our design, only one type of spheres
(SiC) is utilized and, moreover, these inclusions are embed-
ded both regularly (arrangement 1) and randomly (arrange-
ment 2) into the matrix of homogeneous MgB,.
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The negative refraction index was achieved by a combi-
nation of the effective medium theories and the rigorous fi-
nite difference time domain (FDTD) method. The effective
medium theories, i.e., Maxwell-Garnett extended theory for
random arrangement (can be obtained by Mie theory?') and
Lewin’s theory?? (for regular arrangement), were used to
properly adjust the parameters of the metamaterial. After-
ward, the result was tested by FDTD simulations. The Mie
resonance due to SiC inclusions was observed at some fre-
quency range, Awﬂw<0, with the effective permeability
negative, i.e., i,r<0. Due to the plasmon Drude-like behav-
ior of the MgB, matrix, the effective permittivity is negative,
i.e., £,7<0, within another frequency range, Aw,s;(. The
adjustment of the fill factor f and the radius of the SiC sphere
rsic was utilized to make these regions overlap to reach the
negative refraction index behavior within the visible region
where both &, and w5 are negative.

In the proposed metamaterial at optical frequencies, the
matrix compound should satisfy two requirements. Firstly,
the permittivity e(w) should obey a Drude-like behavior with
a plasmon frequency w, within the optical frequency range
(or higher):

2

— % (1)

€ (w) =E€w— "5 . >
w +iyw

where w is the frequency of the incident plane wave, &, is
the high-frequency dielectric constant, and 7 is the loss rate.
Secondly, the losses y should be small. Otherwise, the scat-
tered wave with some effective (negative) index of refrac-

tion, i.e., Re(nef)<0, will suffer large losses, i.e., k
Im(n,7)

|=1. Many recently reported NIMs in the optical
1,12.15

= | Re(nf)
freql(leﬁcy range exhibit a large loss factor, k~ mostly
due to the fact that noble metals (Au, Ag) were utilized as the
hosts for the metamaterials. Since noble metals have consid-
erable plasmon losses?* and since the typical fill factor for
metal is not small (f=0.2), the loss factor for a scattered
wave is large, i.e., k=1. Our design of the metamaterial
utilizes the recently discovered superconductor material,
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MgB,, instead of a noble metal as a matrix. The host me-
dium of our metamaterial is the MgB, polycrystal, with both
theoretically and experimentally verified low plasmon losses
(see below). Since the plasmon losses are very sensitive to
the defect structure of the MgB,, we have carefully analyzed
the stability of the negative refraction index effect with re-
spect to the magnitude of the losses y within the entire ex-
perimentally reported range.

It should be mentioned that the superconductor-based
metamaterials have been reported recently?2® in NIM de-
signs, but in the ~10 GHz (or lower) frequency range.
Moreover, the metamaterials>>-2° require a low temperature.
Our metamaterial does not need this requirement and reveals
the negative refraction index effect even at room tempera-
ture.

The plan of the paper is as follows. Our main objective is
to validate the negative refraction index effect in the pro-
posed MgB,-based metamaterial. Since, as an input param-
eter, the optical calculations require the dielectric functions,
we will describe first the dielectric function &(w) of the host,
MgB,. We should stress that £(w) was taken from the avail-
able literature. Secondly, the effective medium theories and
the FDTD formalisms, which allow us to calculate the opti-
cal parameters, are described. Finally, the results of the op-
tical calculations are discussed and a comparison of the
negative refraction index bands for different models of the
dielectric function of MgB, is conducted.

II. DIELECTRIC FUNCTION OF THE MgB,
A. Two plasmon modes

The discovery of superconductivity in MgB, with 7, of
39 K has generated much scientific interest in recent
years,””~*! and considerable amount of data on the physical
properties of MgB, are now available. MgB, belongs to the
so-called AIB, structure in which B atoms form graphitelike
honeycomb layers that alternate with hexagonal layers of Mg
atoms. The plasmon parameters of MgB, are a controversial
issue.? Despite the theoretical prediction” of the high mag-
nitude of the plasmon frequency w,~7 eV (p; mode), many
researches have reported a much smaller value: w,~2 eV in
p, mode (both experimentally’*3” and theoretically?$-3%).
Moreover, as follows from the recently published experimen-
tal data of Fudamoto and Lee,** both plasmon modes coexist
in a polycrystalline phase of MgB,, since their energy ranges
are well separated. In order to cover all of the possible ranges
of the reported optical plasmon parameters of MgB,, we
have conducted two separate sets of calculations of the re-
fraction index of our MgB,-based metamaterial, for both the
low-energy and the high-energy dielectric functions gener-
ated by the appropriate plasmons.

B. Low-energy plasmon mode

The ab initio MgB, band structure calculations®®—3? have
demonstrated a low-energy plasmon mode, w”;’, where the B
layers are parallel to the {a,b} plane and the ¢ direction
corresponds to relatively weak interactions between the B
layers.?® The low-energy plasmon mode pz(w;;’zlé eV) is
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twice degenerated plasmon in the {a,b} plane.* The appro-
priate low plasmon losses y=<0.01 eV in the low-energy
plasmon mode were calculated in Ref. 33 by using ab initio
time-dependent density-functional theory. The experimental
data on both polycrystalline and single crystals of MgB,
(Refs. 34—40) correlate with the theoretical results®’ for the
frequency of the low-energy plasmon mode, wp222.5 ev,
but the plasmon losses are much larger, given by 7y
~().02-0.25 eV. The experimental data on optical conduc-
tivity in the low-frequency plasmon mode can be adequately
described by the Drude expression given by Eq. (1) with
&,.~ 1, the plasma frequency, w,= 1.68 eV, and the loss fac-
tor in the ab plane, y=0.02 eV.3* Similar results for low-
energy Drude dielectric function with w,~2.0-2.5 eV were
also reported by other theoretical and experimental
works.333740 The low-energy Drude dielectric function is a
reasonable approximation which describes the (degenerated)
a-b diagonal components of the permittivity tensor only
within some narrow frequency window Aw~1.0 eV cen-
tered at ~2 eV.3* As follows from the experimental data,*
the low-energy plasmon exists with a Drude-like dielectric
function in a wide temperature range, 45—295 K, which in-
cludes both the superconducting and the normal states. It
should be mentioned that the third component of the permit-
tivity tensor g; in the c direction is virtually frequency
independent® (within the narrow frequency window men-
tioned above). The aforementioned Drude parameters are in
reasonable agreement with the data on the polycrystalline
sample:’’ w,=1.39 eV and y=~0.03 eV. As was reported
recently,’®3 in the situation of a single MgB, crystal, the
measured losses are actually much larger: y=0.12-
0.25 eV. This enhancement of losses is due to the additional
scattering of electrons by the defects [the loss rate y of the
Drude expression (1) is extremely sensitive to the sample
purity>°].

C. Losses (low-energy plasmon)

Since there is still some uncertainty regarding the level of
losses in MgB, for the low-energy plasmon mode in the
current literature?®~*! (different defect structures due to the
fabrication, different methods of measurements, etc.), we
have conducted three sets of optical calculations assuming
the low-energy plasmonic dielectric function: (1) the poly-
crystalline MgB, matrix where the scattering due to the de-
fects is neglected, and the losses are assumed to be the ideal
theoretical losses®® averaged over the orientation of grains.
Since the situation with very small plasmon losses is far
from the “real” experiments where defects contribute a lot
into the losses,’® we have conducted two additional calcula-
tions: (2) the polycrystalline MgB, matrix with a moderately
developed defect structure and low-energy plasmon losses
~10 times larger than the theoretical losses® and (3) the
highly defected matrix of polycrystalline MgB, with ex-
tremely large level of experimentally reported losses®® ~100
times larger than the theoretical losses.

D. Dielectric function of polycrystalline MgB,

The optical properties of the optically isotropic polycrys-
talline MgB, matrix are described by the frequency-depen-
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dent dielectric function &(w) (Ref. 19) or the effective scalar
permittivity. Consequently, we utilize the averaged MgB,
single crystal permittivity tensor g;; assuming randomly ori-
ented spherical grains with the same (averaged) size [. Since
the typical size of the grains [~1-5 um (Ref. 37) in MgB,
is larger than the wavelength in the visible region, the scalar
permittivity of the MgB, polycrystal can be obtained by av-
eraging the permittivities of the differently oriented grains
(monocrystals) over their orientations: £=(1/3)Tr{g;.}.!%*?

In the first set of calculations, we have utilized the ideal-
ized theoretical Drude parameters for the low-energy plas-
mon mode: w,=®,=1.93 eV, y=0.002 eV.** The averaged
effective plasmon frequency ®,~1.93 €V is the result of the
calculation of the effective scalar permittivity & or the per-
mittivity tensor averaged over randomly oriented spherical
grains. The single crystal tensor &; (which is used in the
averaging procedure) is isotropic only in the ab plane in the
hexagonal system of coordinates eg =g, (with &,{ axes in
the ab plane), and each component in the ab plane is de-
scribed by a Drude-like expression [Eq. (1)] with £,=1. The
third component (z is in the ¢ direction) of the tensor &,
~1.6 is actually frequency independent.>® The appropriate
effective scalar dielectric function & due to the averaging
over the orientation of the polycrystalline grains is expressed
as a Drude dependence with the plasmon frequency @,
=\2/3wg~1.93 eV [wg~2.4 eV (Ref. 39)] and £,,=1.2. In
the second set of calculations (moderately developed defect
structure and moderate losses), the Drude parameters, w,
~1.68 eV, y=0.02 eV, as found in the literature’* were
used. In the third set of calculations (well-developed defect
structure), the extremely large Drude losses (y=0.25 eV)
were utilized from the recent works of Refs. 39 and 40.

In contrast to the low-energy plasmon, the high-energy
plasmon is almost isotropic, with all three degenerated fre-
quencies given by w;, = wﬁ:6.3 eV, £,=~3.2, and consid-
erable (averaged over the polycrystalline gains) Drude losses
y=~0.12 eV.* The high-energy plasmon mode describes the
dielectric function between ~7.0 and ~2.0 eV, and the low-
energy plasmon mode between ~1.0 and ~2.0 eV.*

II1. EFFECTIVE MEDIUM THEORIES

Again, our metamaterial is based on SiC spherical inclu-
sions with radii rg;c which are embedded into the MgB,
matrix with the fill factor f. The radii and the fill factor
constitute the design parameters and are used to calculate the
effective permittivity €.z, the effective permeability s, and
the effective refraction index n,, of the sample. The permit-
tivity of the SiC spherical inclusions, within the visible range
of frequencies, was taken as £q;-=6.8+0.01:.43** Here, some
small (~0.1%) losses are added [the experimental losses in
SiC are smaller than 1% (Ref. 43)].

The calculations were initially carried out using the ex-
tended Maxwell-Garnett and Lewin theories.?!>3 According
to the extended Maxwell-Garnett theory,?%?!?3 the effective
medium permittivity ., and permeability w,;, which de-
scribe the scattering of light (with the wavelength \ in
vacuum) by randomly distributed particles, are given by
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3 niprE
x” = 3ifT,
Eeff=€n L s ()
3 . o
+ ~ifT
X 21f 7
3 o
x” = 3ifT
- -, (3)
3, 2.l
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with the following electric-dipole Tf component and the
magnetic-dipole Tfl component of the scattering matrix of a
single sphere:

" [jl(xg[le(x)]'ss —h(xs)[xm(x.v)]'sh] @
ML) o~ i)l ()] e, |

[jl(xg[le(x)]'m—j1<xs>[xm(xs>]'uh} )
I )y (8) 1 e = 1 () ey (07 s, |

Here, x=2mr|Ne,uyl /N, x,=27r|\e ugl/\, 7 is the radius of
the inclusions, and j;(x) and h;(x) are the spherical Bessel
and Hankel functions of the first order, respectively. g, ; and
M. are the permittivity and the permeability of the host (i
subscript) and of the inclusions (s subscript). Since at optical
frequencies (and higher) the materials are principally
nonmagnetic,* the permeability is given by wu;, =1.

According to Lewin’s theory,”” the &,/ and u, for scat-
tering of light by a simple cubic lattice of spherical inclu-
sions are given by

3f
F(6) +2b,
F(0)-b,

. (6)

8€ff: &y 1+

3
F(6) +2b
F(6)-b,

Mepr= Mn| 1+ , (7)

with the function F(6), 6=x,, fill factor f, and the parameters
b, and b,

2(sin 8 — O cos 0)

F(0) = , 8
© (6> =1)sin 6+ O cos 0 ®
be=t, b,=E )

SS MS

It should be noted that the parameter x=2rgc|\e,myl/N
<1 should be small (otherwise, the effective medium theo-
ries fail to describe the scattering problem adequately). The
calculated values for the x parameter were found to be x
~0.1-0.2<1, within the wavelengths of interest. These
small values justify the criteria of validity of the effective
medium theories. Moreover, since in the limit x— 0 the
Maxwell-Garnett and Lewin theories coincide exactly,? the
solutions for x~0.1-0.2 are close to each other, as can be
seen in the following results.

It may be pointed out here that according to well-known
results, 34440 Eqs. (2)—(9), based on Mie theory, lead to a
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negative effective permeability, Re(u,z) <0, within an ap-
propriate range of values for the following parameters: r, A,
g, and f. This effect can be explained as follows. Due to
the large permittivity of the spheres £,>1, there is an en-
hancement of the displacement current inside the inclusions.
In its turn, this current causes the magnetic activity near the
lowest TE resonance. As a result, the local magnetization
attains the sign opposite to the magnetic field H of the elec-
tromagnetic wave. Finally, these local magnetic modes will
produce a macroscopic (bulk) magnetization with negative
magnetic permeability [Re(u,) <0]. The fundamental or
first Mie magnetic resonance frequency w)’=mc/rVe, can
be expressed as the ratio between the wavelength in vacuum
at resonance N, and the radius of the sphere r as follows:
rVeg/N*=0.5. Due to the long-wavelength limit x<1 (i.e.,
r<\;*), which is needed for the validity of the effective
medium theories,?!?? this condition requires large permittiv-
ity of the spheres £,>1 (in our situation, SiC with £,=6.8).
Our numerical calculations below explicitly demonstrate the
described effect of the negative permeability, due to the ad-
justed size of the inclusions and fill factor, to satisfy the Mie
resonance condition above.

IV. FINITE DIFFERENCE TIME DOMAIN
CALCULATIONS

In order to further test the validity of Lewin-Maxwell-
Garnett calculations, FDTD analysis of the scattering prob-
lem was conducted. It was assumed that SiC particles have a
complex permittivity that obeys a simple model for a lossy
medium with conductivity, og;c, implemented as FDTD
method for lossy dielectric media.*’” The Drude model for
MgB, was implemented using FDTD-PLRC (piecewise lin-
ear recursive convolution) technique,*® following the general
PLRC methodology. The implementation of the semi-infinite
simple cubic lattice of spheres (Lewin’s arrangement) was
based on the PEC (perfect electric conductor) and/or PMC
(perfect magnetic conductor) periodic boundary conditions,
with the grid terminated with UPML (uniaxial perfectly
matched layer) on both sides, and the transmitted and re-
flected fields are sampled for the same polarization as the
incident field. The sampled fields are then used to find the
reflection S;; and the transmission S, coefficients. The co-
efficients Sq; and S;,, in turn, are employed in the calculation
of the &, and p,; from the extraction procedure.*” The
spherical inclusions with radii rg;c are embedded into the
MgB, matrix with the fill factor f. The radii and the fill
factor constitute the free parameters and are used to calculate

the Seff’ Iu’eff’ and neff'

V. RESULTS
A. Low-energy plasmon mode

(a) Defects are excluded (low losses). Figure 1(a) displays
the optical calculation results generated by the low-energy
plasmon mode (rg;c=120 nm and f=0.3). These results cor-
respond to the “ideal” polycrystalline MgB, matrix where
the additional losses due to the scattering of electrons by
defects are excluded (smallest plasmon losses). From this

PHYSICAL REVIEW B 76, 195123 (2007)

..... Re(n,)-FDTD
“ e Im (n_) ~FDTD
- - Re(ne")—Lewin

Im(neﬂ)—Lewin

He(ne")—MG
L= Im(n_)-MG

eff’

600 610 620 630 640 650 660 670 680 690 700
Wavelength (nm)
(a)

= Loss Ratio - FDTD
----- Loss Ratio — Lewin
= = = Loss Ratio - MG

Loss Ratio
o
o
T
-

2

. =T S I I I I ]
600 610 620 630 640 650 660 670 680 690 700
Wavelength (nm)

S
L g

—— Re(u,,) - MG

200 T IM(i ) = MG
R}
- - He(ueﬁ) - Lewin

s Im(u ) — Lewin

Il Il Il Il Il Il Il Il Il
600 610 620 630 640 650 660 670 680 690 700
Wavelength (nm)
(c)

FIG. 1. Extended Maxwell-Garnett (MG), Lewin, and FDTD
calculation results for (a) the real, Re(n,), and imaginary, Im(n, ),
parts of the effective index of refraction ng, (b) the loss ratio k
=[Im(n,z)|/|Re(n,z)|, and (c) the real, Re(u,y), and imaginary,
Im(ge,gp), parts of the effective permeability u,/. The metamaterial
parameters (low-energy plasmon dielectric function, polycrystal-
line MgB, with no defects) are as follows: low plasmon losses y
=0.002 eV, ,=193¢eV, rgc=120 nm, &gc=6.8+0.01i, and

£=0.23.

figure, the NIM bands occur in the visible range within the
620 and 655 nm for random arrangement and within 620 and
660 nm for regular arrangement. One can see that the nega-
tive refraction index band, as calculated by the FDTD model,
appears within the same region as Lewin’s arrangement be-
tween approximately 620 and 665 nm.

The characteristic parameter of the effective wave attenu-
ation (or loss ratio), k=|Im(neff)/Re(neff), is less than 1
within most of the NIM band (620—655 nm), with very low
numbers (k<<0.2) in the 630—645 nm region, as shown in
Fig. 1(b) for the Maxwell-Garnett, Lewin, and FDTD mod-
els. Figure 1(c) is included to show the negative permeability
as described in the previous section.

(b) Defects are included with moderate density. In the
second set of calculations, which correspond to moderate
losses (polycrystalline MgB, matrix with moderately devel-
oped defect structure), the Drude parameters, w,=1.68 eV
and y=0.02 eV, were obtained from the averaging of the
experimental single crystal data®* over polycrystalline grain
orientation (rg;c=150 nm, £=0.3) The optical calculation re-
sults are demonstrated in Fig. 2. The NIM behavior is ob-
served within the 750—825 nm range for Lewin’s model and
750-850 nm for FDTD. The loss ratios for both Lewin and
FDTD models are still very low (~0.2) within the same
frequency range (~750—820 nm) and less than 1 in the en-
tire NIM band.

(c) Defects are included with high density. In order to
further test the stability of our model for even higher losses,
in our third set of calculations, we have used the following
parameters: ®,=2.0 eV, y=0.25eV, % f=03, and rgc
=150 nm. As was mentioned above, this situation corre-
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FIG. 2. Extended MG, Lewin, and FDTD calculation results for
(a) the real, Re(n,), and imaginary, Im(n,), parts of the effective
index of refraction n,g, (b) the loss ratio k=[Im(n,z)|/[Re(n, )|,
and (c) the real, Re(u,s), and imaginary, Im(u,z), parts of the
effective permeability u, s The metamaterial parameters are as fol-
lows: w,=1.68 eV, y=0.02 eV, &gjc=6.8+0.01i, rg;c=150 nm, and
f=0.3 (low-energy plasmon dielectric function, polycrystalline
MgB, matrix with enhanced losses).

sponds to the MgB, host as a highly defected matrix.’®
Again, in this situation with extremely high losses, both the
FDTD and Lewin models predict a negative refraction index
band within ~700-870 and ~700—825 nm, respectively, as
shown in Fig. 3(a). The loss ratios of both the models are less
than 1 in the entire band and less than 0.5 within most of the
band.
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FIG. 3. Extended MG, Lewin, and FDTD calculation results for
(a) the real, Re(n,y), and imaginary, Im(n,), parts of the effective
index of refraction n,g, (b) the loss ratio k=[Im(n,z)|/[Re(n, )|,
and (c) the real, Re(u,z), and imaginary, Im(u,z), parts of the
effective permeability u,z. The metamaterial parameters are as fol-
lows: ®,=2.0eV, y=0.25¢€V, &gc=6.8+0.0li, f=0.3, and rgic
=150 nm (low-energy plasmon dielectric function, polycrystalline
MgB, matrix with high plasmon losses).
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FIG. 4. (a) Extended MG, Lewin, and FDTD calculation results
for (a) the real, Re(n,), and imaginary, Im(n,), parts of the effec-
tive index of refraction n,; and (b) the loss ratio k
=[Im(n,)|/|Re(n,z)|. The metamaterial parameters (high-energy
plasmon dielectric function) are as follows: w,=6.3 eV, y=0.1 eV,
rSiC=7O nm, SSiC=8.0+O.1i, and f=03

B. High-energy plasmon mode: High losses

We also analyzed the situation when the high-energy,
~6.3 eV, plasmon mode of MgB, generates the dielectric
function discussed above. Since the appropriate negative re-
fraction index band is centered at the visible/UV edge, in this
specific calculation, the permittivity of the SiC spheres was
taken as=8.0+0.1i.*3 Figure 4 displays the results of the
FDTD and effective medium calculations, with parameters
w,=6.3eV.,* y=0.1 eV, r5c=70 nm, and f=0.3. It can be
seen that there is a negative refraction index band in the
visible regime with acceptable loss ratios (<0.5).

VI. DISCUSSION

We have analyzed our metamaterial optical response for
both low-energy and high-energy dielectric functions of the
MgB, host, with experimentally verified plasmon frequen-
cies and corresponding levels of losses. As follows from the
results (Figs. 1-4), the negative refraction index effect exists
inside the visible regime for all scenarios, if the size and fill
parameters of the metamaterial are adjusted.

In all of the situations considered, the negative refraction
bands are well pronounced (|neff| =1) with the bandwidths
around 10 nm and small loss ratios. The main difference is
the position of the negative index bands. The low-energy
plasmon dielectric function generates the negative refraction
index band in the visible close to the red edge, and the high-
energy plasmon generates the band close to the visible/UV
edge. It should be noted that the low-energy plasmon mode
and the high-energy plasmon mode could, in principle, coex-
ist. This coexistence stems from the fact that they are well
separated in energy scale with AE~4 eV and describe inde-
pendently the dielectric function in different frequency
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ranges. Indeed, both simultaneously coexisting plasmon
modes were reported recently in an experiment.*’ Hence, the
metamaterial could produce negative refraction index effect
on both ends of the visible spectrum, depending on the size
of the SiC inclusions (rg;c=70 nm for the visible/UV edge
and rg;c=150 nm for the red edge).

It should be mentioned that the losses in MgB, are very
sensitive to fabrication processes, which affect the defect
structure,’’*! and hence can vary in a wide range. Since
even the unfavorable scenario (Fig. 3) with largest possible
losses known from the existing literature (~100 times larger
than the theoretical losses) provides the NIM band with loss
ratios less than 0.5, we believe that the proposed metamate-
rial is a good candidate for practical applications.

As we have already mentioned, the negative refraction
index effect in our metamaterial is based on combining the
Mie resonance and the plasmon Drude resonance to reach the
effective negative permeability and permittivity simulta-
neously. The main difference between the NIM designs?*#6-30
based on a similar approach and our metamaterial is the us-
age of a MgB, matrix with extremely low loss plasmon
mode located within the visible range of frequencies. Ac-
cording to the theoretical calculations (Ref. 33), this favor-
able MgB, plasmon low-loss situation is a consequence of
both strong dynamic screening of the low-energy plasmon
mode and the lack of particle-decay channels, due to the
large energy gap ~5.0 eV.
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VII. CONCLUSIONS

The proposed negative index metamaterial is the mixture
of SiC nanoparticles and the polycrystalline MgB, in a nor-
mal state at room temperature. The design parameters are
adjusted to produce the negative index of refraction band in
the visible regime for both the low-energy and the high-
energy plasmonic dielectric functions. Negative refraction
index effect exists not only in the situation of a regular lattice
arrangement of nanoparticles but also for randomly distrib-
uted nanoparticles. The main advantages of the proposed
metamaterial are the optical isotropy and the low level of
losses in a scattered wave: we were capable to achieve two to
three times smaller losses than in other noble-metal-based
metamaterials in the optical frequency range.'>!S Similar
level of losses was also reported recently'>!# in the near-
infrared region, and not in the visible regime. The proposed
metamaterial is optically isotropic: the negative refraction
index effect does not require special directions of the inci-
dent plane wave with respect to the surface of the sample.
This property is a consequence of the constituents of the
metamaterial: the optically isotropic polycrystalline MgB,
matrix and spherical (hence isotropic) SiC inclusions. We
believe that the favorable combination of both low losses and
optical isotropy makes the metamaterial attractive for appli-
cations.
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