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Simulation results for optical metamaterials (MTMs) derived from active
coated nano-particle (CNP) inclusions for operation in the visible range of
the spectrum between 400nm and 700nm are presented. Several examples
of opticd MTMs designed with these inclusions are characterized,
including two-dimensional (2D) CNP metafilms; three-dimensional (3D)
periodic CNP arrays; and 3D random CNP distributions. The properties of
these optical MTMs are explored using effective medium theories that are
applicable to these inclusion configurations. The effective permittivities and
refractive indexes of these optical MTMs are compared and contrasted to
the scattering properties of their active CNP inclusions.
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1. Introduction

The literal translation of “metamaterials’ (MTMs) means beyond materials. This name has
been given to a class of artificial materials that have electromagnetic responses which are
beyond what nature provides, i.e., that have an effective electric permittivity and/or magnetic
permeability which are specifically engineered. For decades researchers have acquired
reasonable control over substances and materials and have engineered their intrinsic
mechanical and thermal properties, such as with plastics. It is only recently that they have
acquired the physical understanding to tailor the electromagnetic responses of materials, as
well as the technological capabilities to fabricate them. In this paper we will present a class of
MTMs specifically focusing on their operation between 400nm to 700nm in the visible
portion of the electromagnetic spectrum, i.e., optical MTMs.

Materials may be classified from an electromagnetic perspective by the values of their
permittivity and permeability. The terms “double positive” (DPS), “epsilon negative” (ENG),
“double negative” (DNG), and “mu negative” (MNG) are designations frequently used now
in the optics, physics, and engineering communities for the classification of materials based
on the signs of their electric permittivity and magnetic permeability [1], [2]. It is also now
well understood what the appropriate signs of the corresponding derived quantities: the index
of refraction and the wave impedance, are[1], [2].

At microwave frequencies, MTMS have proven successful in accessing all four quadrants
of the permittivity permeability space, i.e.,, DPS, ENG, DNG, MNG responses have been
demonstrated at microwave frequencies. On the other hand, optical MTMs have proven to be
more challenging, primarily due to material losses and difficult fabrication issues.
Nonetheless, opticdl MTMs show significant potential for realizing new, interesting and
useful optical phenomena and devices that can be designed to meet specific applications [1],
[2].

To realize some of the more interesting properties of optical MTMs, it is necessary for the
electric permittivity or the magnetic permeability or even both of them to take on negative
real values with very small imaginary values [3]. One of the conveniences of nature is that
there are naturaly occurring materials exhibiting negative permittivities at optical
frequencies, i.e.,, metals. Interesting and desirable optical properties from coated nano-
particles (CNPs), which require these negative permittivities, have been demonstrated,
including resonant source and scattering configurations [4], as well as transparency and
invisibility [5], [6-9].0n the other hand, one of the major obstacles in realizing metamaterials
at optical frequencies is the lack of naturally occurring media exhibiting any magnetic
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response, i.e., the relative permeability is always essentially unity. It has been shown at
microwave frequencies that a magnetic dipole moment can be induced and an overal
magnetic response can be realized by imbedding in a non-magnetic host material, inclusions
made from non-magnetic materials of appropriate designs (parallel nano-wires, split ring
resonators, etc). Many of these designs have been successfully scaled or generalized to optical
frequencies [10-12]. It has also been demonstrated theoretically that by arranging nano-
spheres in a ring configuration to create an “optical nano-circuit” [13], a magnetic dipole
moment can be realized at optical frequencies via the displacement current induced in the ring
by the incident optical field. Obtaining the polarizabilities of the individual inclusions used to
congtruct an artificial medium, one can then define the effective electric permittivities and
magnetic permeabilities that govern the electromagnetic responses of waves interacting with
it.

Many of the most notable successes to date in realizing optical MTMs include achieving
negative index materials (NIMs). Severa of the largest effective negative index values in
MTMs near and at optica wavelengths have been experimentally demonstrated using two
dimensional planar arrays of coupled plasmonic particles and strips. For example, effective
NIM behavior has been demonstrated with gold nano-rod configurations [14], gold layered
fishnet geometries [15] and metallic split ring resonator arrays [16]. Although effective
material parameters of these configurations have been reported, it must be emphasized that
strictly speaking a planar mono-layer array of these inclusions form a film and not a bulk
material. Consequently, the claims that DNG or NIM optical MTMs have been achieved is a
bit misleading. A better designation for these systems of inclusions would be a “metafilm”. In
fact one of the mgjor obstacles in achieving true optical MTMs is the alignment of multiple
layers of these metafilms. Although there has been some very recent successes [17] i.e,, it is
technologically difficult to arrange nanometer sized inclusions in the well-defined three
dimensional arrays as is needed to produce the desired large bulk MNG or DNG responses.
Another issue that plagues MTMs at optical frequencies is the large losses inherent in the
materials, typically metas, used to achieve the resonant electrically small inclusions. In this
paper, both metafilms and bulk three dimensional optical MTMs comprised of sphericaly
shaped, electrically small (highly sub-wavelength), resonant inclusions will be reported. The
introduction of a gain medium into these spherical inclusions will be investigated as a means
to combat the high losses that plague many current optical MTM realizations.

Recent work on resonant electrically small CNPs, formed as a set of concentric spherical
shells [10-12], has demonstrated that they have highly tunable polarizabilities. The sizes of
these CNPs at optical frequencies are on the order of tens of nano-meters, making them
attractive candidates for use as inclusions in potential realizations of optical MTMs. Current
nano-fabrication capabilities encompass the successful synthesis of CNPs, and many of their
optical properties have verified experimentally [10]. To achieve resonant tuning of these
spherical CNPs at optical frequencies, one must incorporate plasmonic materials, such as
metals, into the shells. Unfortunately, the polarizabilities of these plasmonic-based structures
remain dominated by high absorption losses at optical frequencies. In an attempt to counter
these intrinsic losses, active media in multi-layered spherical plasmonic nano-shelled particles
has also been investigated [18]. In this paper we report the optical properties of a highly
resonant, nanometer-sized, active dielectric sphere that is coated with a silver plasmonic shell
and their use as inclusions to realize optical MTMs. The basic active CNP was studied
extensively in [18]. Several examples of optical MTMs designed with these active CNP
inclusions will be presented, and their behaviors will be characterized. In particular, the
effective material properties of these optical MTMs will be explored using effective medium
theories that are applicable to a variety of inclusion configurations. Two-dimensional (2D)
mono-layers of these active CNPs, which form metafilms; three-dimensiona (3D) periodic
arrays of these active CNPs; and 3D random distributions of these active CNPs will be
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described. The effective permittivities and refractive indexes of these optical MTMs will be
compared and contrasted to those of their active CNP inclusions.

2. Optical properties of CNP inclusions

The optical properties of the active CNP are determined by calculating the scattered fields
that result from an incident linearly polarized monochromatic plane wave. The scattering
geometry is depicted in Fig. 1; it consists of two concentric spherical regions embedded in
free space. All of the materials making up the CNP are assumed to be homogeneous, isotropic
and non-magnetic, i.e, x =1 for i =12. The plane wave is incident on the CNP from the
surrounding free space region. The active CNP is represented by the layered sphere bounded
by R, Its core is defined by the outer radius R; and by the permittivity ¢ and

permeability 1, . The plasmonic shell surrounds the core and is defined by the permittivity ¢,
and permesability 1, and by theradii R, and R, of itsinner and outer boundaries, respectively.
The core permittivity in the absence of gain takes on the value for silica, SO,, which is
g =205¢,. In our investigation the simulations were performed assuming that the
dimensions of the active CNP were R;=8nm and R,=10nm with a resonance peak positioned
at the free space wavelength: A, =491.2nm.

L A

Eo

Fig. 1. Plane wave scattering from a CNP. The core, which is defined by ¢,, 4, , is assumed

to be silica. The coating, i.e., the second layer, is a plasmonic material defined by &,,4, .

The CNP is surrounded by free space. For an active CNP, the core region includes an active
material.

When a linearly polarized plane wave is incident on a concentricaly layered spherical
particle, the electric and magnetic fields in each region can be expanded into transverse
electric (TE) and transverse magnetic (TM) vector spherical harmonics denoted, respectively,
as m(p,0,¢) and n(p,0,¢) [19], [20]. The scattered electric and magnetic field in each

region, for instance, can then be written in the well-known form
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_ = Lo2n+l, L
E =E (i) ﬁ[an 2(p.6,9)+ib,A2(p,6,9)] M
n=1

Hm=—E0JZJE2<—D”%[bn*f:,(p,e,@—ianﬁéf;w,m] @

Enforcing the electromagnetic boundary conditions, i.e., the continuity of the tangential
electric and magnetic fields at each interface between each material region, a matrix system
of equations for the scattered TE and TM field coefficients, respectively, a, and b,, is

obtained and solved.

The scattering cross-section and absorption cross-section are defined from the scattered
and incident fields via Poynting's vector. The scattering cross-section is defined as the total
integrated power contained in the scattered field normalized by the irradiance of the incident
field. The absorption cross-section is defined by the net power flux through a surface
surrounding the concentric shells normalized by the incident field irradiance, and is thus a
measure of how much energy is absorbed by the concentric shell structure. Consequently, the
total scattering cross-section, absorption cross-section and extinction cross-section are defined
from the ratio of the scattered or absorbed power to the incident irradiance, lin., and can be
expressed in terms of the scattered field coefficients as:

P 27 2 2
am=m=?zn:(2n+1)(|an| +[o,[*) ©)
Ps g 2 2
gws:T:—F n (2n+1)(Re{an}+|an| +Re{b,} +|b,| ) (4)

O =0y +0., ®)

where B =2r/4,, with A, is the free-space wavelength incident on the CNP. The

corresponding scattering and absorption efficiencies are defined as the cross sections
normalized by the geometric cross section of the particle.

Oscat

Qun =222 ©
zr

Que =2 ©
zr

Qi = Qe + Qu ®

As was shown in [18], the extinction cross section of the passive CNPs is dominated by
absorption in the size regime of the particles studied here. It was aso shown that for the
nanometer dimensions of the plasmonic shell under consideration, any neglect of the size
dependence of the permittivity by using either a bulk material model or a simple Drude model
leads to erroneous results. In particular, these ssimplistic models ignore significant effects
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such as size dependent broadening and diminished resonance strength. Consequently, the size
dependencies of the plasmonic shell material were included in the models used in the
following simulations. To include this size dependence, the dielectric function of the
plasmonic material was modified by imposing the mean free path effect in the Drude
component of the dielectric function by introducing a size dependent damping frequency [21].
Therefore the total electric response of the plasmonic shell due to both interband transitions
and Drude electrons can be described as,

{;‘((0, R) = gDrude (CU, R) + ZlntBand ((0) (9)

2 2
w, . I(R) o,

+1
T(R*+@* (T (R?+a)

Epge (@R =1— (10)

where w, and T" are, respectively, the plasma and collision frequencies. The half width of
the resonance

AV,

(R =T_+ (11)

where A is a constant term assumed to be approximately unity, i.e, A~1. Theterm V. is

the Fermi velocity.

It was shown in [18] that when gain is introduced into the core of the passive CNP, the
losses associated with the plasmonic shell and the core could be overcome. It was aso
demonstrated that new and enhanced resonance characteristics could be realized which differ
from those associated with the passive CNP. In particular it was shown that with the addition
of gain in the core, the absorption efficiency may become negative while narrowing the
response from hundreds of nanometers to a few nanometers. This behavior was shown to be
indicative of light amplification over an extremely narrow frequency range; it demonstrated
the presence of a super resonance (SR) lasing state for the active CNP.

To realize an active CNP in the following simulations, gain was introduced into the core
material through the permittivity via a canonical complex refractive index model:

e . =n"—k*+i2kn (12)

core

where n and k are, respectively, the real and imaginary parts of the refractive index. For
optical gain the imaginary part of the refractive index k takes on negative values, i.e., optical
gain occurs when k< 0. In Figs. 2(a) and 2(b) the scattering and absorption resonances for
the 10nm active silver CNP are shown near the SR wavelength, A =491.2nm, where the

gain term approaches its SR value: k = -0.453. At A __, this SR value of k corresponds to a

gain coefficient of o =27k /A, ~—-10"cm™ . Recently, gain values ashigh as | | ~10°cm™
have been demonstrated in quantum dots [22], [23]. Because of their nanometer size and
achievable large gain values, quantum dots are an attractive candidate for the gain medium
required for this application.

The scattering, absorption, and total efficiencies associated with the CNP's passive
resonance are shown in Fig. 2(c). It is obvious that in the passive case the resonance is
absorption dominated and broad with a width of approximately 100nm. In the active case the
responses of the resonance are enhanced several orders of magnitude and they have widths of
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only afew nanometers. The active SR state is accompanied by negative absorption efficiency
values, which indicates emission of radiation and signifies a lasing state. The optical MTMs
presented here will be investigated near the conditions needed to excite this CNP SR state.
The resulting SR state effects will be compared to those associated with the passive lossy
CNP.

srattering, k=-0453 Ahzorption, k=—0.453
1500
1250 =300
& 1000 é—IDEIEI
& 750 o
00 —1500
250 2000
460 480 500 5320 340 460 430 500 520 3540
A [nm] A [nm]
C) Passive CINP, Scattering v 2 Absorption

Chent

' ' ' '
' ' ' ' ' '
e el e Be Be B

Fig. 2. Results for a CNP with R;=8nm and R,=10nm and with its resonance peak at
Ares = 491.2nM . (a) Super resonant scattering cross-section when the CNP is active; (b)

Super resonant emission cross-section when the CNP is active; and (c) Absorption dominated
scattering when the CNP is passive.

In determining the effective material properties of 2D metafilms and 3D MTMs, it is
necessary to determine the polarization response of the inclusions to an applied field. Because
of the electrically small size of the CNPs, their designs inherently suppress higher order
multipole fields leaving only the dipole field response. Therefore, the CNPs may be
considered as dipole scatters and, with out loss of accuracy, the interaction of the incident
excitation field with the CNPs may be described solely by the electric and magnetic dipole
moments of the CNP. By equating the fields scattered from a CNP with those generated by an
electric or magnetic dipole, the effective electric and magnetic dipole moments are
determined. The corresponding electric and magnetic polarizabilities can then be expressed in
terms of the TE and TM Mie coefficients of the scattered field, a, and b,, respectively.
Because of the spherical symmetry of the CNP, the scattering response is isotropic.
Conseguently, the electric and magnetic polarizabilities, o and ¢, , of the CNP can be

expressed as scalar quantities. The effective electric and magnetic dipole moments, p and
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m, of the CNP are then defined in terms of the corresponding polarizabilities and the
corresponding local electric and magnetic fields, E _and H, , which are acting on it, as:

loc ?

ﬁ =0 Eoc s m= -0 H (13)

loc
In determining the polarizabilities of an individual CNP, the local electric and magnetic field
values are calculated at the origin of the CNP and are determined from those of the incident
plane wave. After equating the fields scattered from the CNP with those radiated by the
corresponding  effective electric and magnetic dipoles, the electric and magnetic
polarizabilities are then obtained as:

i 67e,b, @ =i 6ra,

E ﬂ3 ! M T ﬁS

These definitions will be used exclusively in the subsequent calculations of the effective
parameters for the optical MTMs discussed below.

3. Two Dimensional CNP metafilms

In this section a metafilm consisting of a single layer array of active CNP inclusions will be
described. The optical properties of this metafilm will be derived following the generalized
sheet transition conditions (GSTCs) proposed by [24]. In the GST Cs approach the boundary
conditions at the metafilm are determined by replacing the discrete polarization distribution of
scatterers by continuous effective electric and magnetic polarization surface densities. Thisis
achieved by determining the boundary conditions for the macroscopic fields that are
discontinuous across the metafilm. The macroscopic field is defined as the sum of the
incident field and the spatially averaged field of the film; this choice removes the variationsin
the field due to the discrete nature of the scatterers. By spatially averaging the field across the
metafilm, the average sheet electric and magnetic polarization densities in the plane of the
film are defined in terms of the electric and magnetic dipole moments of the individual
scatterers. To determine the electric and magnetic dipole moments of the scatterers in the
metafilm, the local field that is acting on each scatter in the film must be calculated. To
clarify, since each CNP inclusion is now located in the proximity of several other CNPsin the
film, the local field is no longer equal to the incident plane wave value that was used for the
local field in the polarizability calculation. The local field acting on each inclusion in the
square array isinstead calculated as the sum of the incident field and the field scattered by the
film. However, the contribution from a circular disc of radius R centered at the position of the
inclusion where the locd field is being calculated must be excluded to avoid double counting.
The radius of the disc is chosen so that the field resulting from the sheet electric and magnetic
polarization densities is equal to the field distribution resulting from &l of the inclusions,
minus the contribution from the inclusion where the local field is begin calculated. In essence,
the disc region represents the inclusion under consideration and is introduced in order to take
into account the contribution of that individual discrete inclusion while properly taking into
account the spatially averaged electric and magnetic polarization densities of the sheet. For
the quasi-static limit of the inclusions: SR, — 0, and for a square periodic array of period: d,

it has been shown by [25] that R=0.6956d . After determining the macroscopic field for an
array of inclusions embedded in free space, the GST Cs take the form,

(14)

0" _

a,xH| =-iweyd E

7=0" a |z:0 + i X VI[O!I\Z/IZSH z,a/]z:O (15)
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0" -

E| X =iy H,o| - ViI0EE, .0 ¥4, (16)

o o
DZ|Z:O, =-V- (gans : Er.a/

) (17)

z=0

Bz|::o— =V (Uohys - Ht,w|zzo) (18)

With the electric and magnetic polarization density dyadics defined as

77 =

&ES = agii + agé’yé’y +0gsd,a, (19)
e = OAA, + LA A, + 0T, (20)

where &, , 4, , & are unit vectors, and the effective electric sheet polarizabilities per unit

area, ., are expressed in terms of the averaged particle polarizabilities, <aE,”. > , as

N (@ )

N <aE,xx>
4R

> _
Qs =

(21)

&y —

Ogg=———F—— (22)

2 _ N<aE,zz> 23)

where N is the number of inclusions per unit area in the film. Similarly the effective sheet
magnetic polarizabilities, o), can be expressed in terms of the average particle magnetic

polarizabilities, (e, ;). &

oy =z (2)
1+ N <Z{I“:"{XX>
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s =m (25)
4R
LD (26)
N <aM'ZZ>
2R

3. 1 Scattering froma CNP metafilm

The scattering of a normally incident plane-wave from a metafilm consisting of an array of
regularly spaced active CNP inclusions was first investigated. Applying the GSTCs at the
plane of the metafilm, one can calculate the resulting transmission and reflection coefficients
[26] using the individual CNP inclusion polarizabilities defined in Eq. (14). This scattering
geometry isillustrated in Fig. 3.

—

—

E
-+ e LA
ﬁrg’?,x H!mJ'r
refl.p [ >

WP
99000000 -
o M | B Z,

By

Fig. 3. Normally incident plane wave scattering from the CNP-based metafilm

Upon applying the GSTCs at the plane of the film, the transmission, T, and reflection, T,
coefficients take the form:

1-(B12)° aons

T=
1+(B12) oo +i(B12) (a2 —aX)

(27)

B —i(B12)(os + k)
1+ (81220 +i(B12) (0 — )

(28)
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The irradiances of the transmitted and reflected beams are then proportional, respectively, to
the square amplitude of (27) and (28), i.e., they can be expressed as:

|Epane]” =~ t|Eie|” (29)

|Ea| = r|Enel’ (30)

where the transmittance, t=|T|2, and the reflectance, r =|1"|2. Thus the amount of energy
absorbed by the metafilm can be quantified by defining the absor ptance as,

a=1-t-r (31)

Results were obtained for the changes in the reflection, transmission and absorption
coefficients as the gain in the core of the active CNPs, as well as the spacing, d, between the
CNPs in the square periodic metafilm, were varied. The 2D density plotsin Figs. 4, 5, and 6
depict these gain variation results. The gain values were varied from the passive scenario:
k=0 to k=-0.353, the latter being a significant value yet still below the SR value, through
the SR value at k =-0.453, to just above the SR value at k =-0.463. The spacing values
were varied over arange of 100nm, from 30 nm to 130nm.

Transmittance , k=0 Transmittance, k=—0 353 Transmittance , k=—0453 Transmittance , k=—0463

b, o —
460 430 500 520 540 460 430 500 520 540

460 450 500 320 540
# [nm] 1 [nm] 2 [nm] A [nm]

a TP 1 0 TP 1 i TR 1 0 TR 1
[ E § - [ ' - [ . E o - I [ 3 -

460 480 500 520 540

Fig. 4. Transmittance of metafilm for varying gain values in the core of the active CNP inclusions.
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Fig. 5. Reflectance of metafilm for varying gain values in the core of the active CNP inclusions.
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Fig. 6. Absorptance of metafilm for varying gain values in the core of the active CNPinclusions.

For the passive case little change is observed in the reflectance as the spacing is varied.
The main feature that is apparent in Figs. 4, 5, and 6 occurs when the spacing becomes
smaller, i.e. when the density of the passive CNPs becomes larger. One observes that the
transmittance is reduced by as much as 30% near A =491.2nm, and the absorption

increases. This increase in absorption can be attributed to the higher surface density of
inclusions, each of which is inherently highly absorbing. As the CNPs are more densely
packed in the passive metafilm, a larger fraction of the incident field is interacting with the
inclusions. This increases the amount of energy that is removed from the incident field; and,
consequently, the transmission is reduced and the absorption is increased.

The corresponding transmittance and reflectance results for the active metafilm show
significant changes as the gain and spacing are varied. As observed for the passive cases,
there is little change in the relative transmittance and reflectance values as the separation
distance is varied when the gain values are very small. However, as the gain is increased, a
significant departure from the passive case behavior is observed. For particular values of the
gain and the spacing between the inclusions, the transmittance decreases to zero near the
CNP's resonance wavelength 4. On the other hand, the corresponding reflectance may

attain values larger than those for the passive case and can even become larger than unity in
some instances.

An example of an active metafilm that shows properties which are significantly different
than the corresponding passive case occurs when the spacing d = 51nm, and the gain value
k=-0.463. In this configuration the transmittance is reduced completely to zero at
A =495nm, while the reflectance becomes unity. This behavior occurs just slightly past the
CNP's resonance wavelength. In Fig. 7 this behavior is compared explicitly to the passive
case whose cross sections have been taken from the data presented in Figs. 4 and 5 for the
separation distance d = 51nm. In this configuration the metafilm is essentially acting like a
narrowband mirror, reflecting al incident radiation just dlightly above the CNP's resonance
wavelength 4, = 491.2nm. The active metafilm under these operating conditions can be
thought of as acting like a plasmonic material with a plasma wavelength value that can be
specifically designed viathe geometry. In particular, the geometry of the CNP can be tuned to
achieve localized plasmon resonances having different resonant wavelengths by selecting the
appropriate inner and outer radii values of the CNP.
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Fig. 7. Comparison of active and passive metafilm for the operating parameters, k = —0.463,
d = 51nm. Under these conditions the active metafilm takes on characteristics of a plasmonic
material with a plasma wavelength of 4 = 491nm

When gain is present at values at, or above the SR gain values, compensation for the
losses due to the electron scattering and interband absorption in the thin silver outer layer
occurs. Under these operating conditions the coupling efficiency of the incident field to the
localized plasmon of the CNP particle is maximized at 4. In this wavelength region the
metafilm behaves like a lossless plasmonic material and therefore takes on characteristics
reminiscent of a lossless Drude material. In such a material the reflectance quickly
approaches unity for operation above the bulk plasmon wavelength. From this point of view,
the CNP resonance defines the “plasma wavelength” for the entire metafilm. When the
plasmon oscillations of each CNP are excited coherently throughout the metafilm, the
reflectance is maximized. Coupling between the particles moves the metafilm’'s resonant
wavelength to a value dlightly larger than the individual CNP's resonance wavelength 4, .

Farther away from 4., the field no longer strongly couples to the CNP plasmon modes; and,
therefore, the characteristics of the metafilm no longer appear similar to a lossless plasmonic
material but rather take on characteristics that can be attributed to the intrinsic permittivity of
the silver used in the outer layer of the CNP and of its dielectric core.

As can been seen from Fig. 6, the metafilm exhibits a net gain, a< 0, for wavelengths

below 4. and anet loss, a> 0, for wavelengths above 4, when the gain values are at, or
above the SR gain value, i.e. when the metafilm acts like a lossless plasmonic material. 4, .
This is shown explicitly in Fig. 8 at the SR gain value as, d, is varied from 40nm to 70nm.
At A, the net loss and gain is zero, a=0, however there is a net gain above and net loss

below this wavelength . These features mimic the gain and loss behaviors of the individual
active CNP inclusions at wavelengths above and below 4, [18]. . It is interesting to notice

that the skin depth of silver 6,, =25.7nm near 4, is more than an order of magnitude

larger than the 2nm thickness of the layer of silver used in the outer coating of the CNP.
Consequently, it was unexpected that the metafilm would act as a highly efficient mirror
given that such a small amount of silver is used in the metafilm compared to a silver slab of
the equivalent thickness t., . = 60nm.

film
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Fig. 8. Absorptance, showing net gain, a<0, fori<4_and net loss a>0 , for
A> 4, inthe CNP metafilm operating at the SR gain value k = —0.453 asthe spacing d is
varied over the range of 40nmto 70nm.

For the active cases having gain values at or above the value needed to excite the SR, the
reflectance and transmittance properties of the metafilm are impacted by the couplings
between the individual active CNPs. For small distances between the CNPs, the resonance of
the metafilm is broader than for an isolated CNP due to the strong couplings between the
inclusions. Asthe inclusions are moved further apart, the couplings decrease and the metafilm
begins to demonstrate attributes that resemble those of a narrowband mirror due to the
coherent plasma oscillations of the individua inclusions making up the metafilm. Beyond a
critical spacing, which in the case when k=-0.463 is near d =80nm, the scattering
characteristics begin to resemble those of the individual inclusions, where the reflectance and
transmittance profiles narrow to a few nanometers about A4 . and attain values greater than

unity. This strong enhancement can be explained by the fact that for large separation
distances the evanescent coupling between the inclusions is extremely weak and the
individual inclusions interact with the incident field as though they were isolated. The
response to the incident field a A _, therefore, approaches that of the individual CNP.

Consequently, the metafilm radiates energy into the primary directions defined by the dipole
radiation pattern lobes of the active CNP, thereby generating wave fronts (in accordance with
Huygens principle) which are forward and counter propagating relative to the direction of
propagation of the incident plane wave [18]. Moreover, as characterized by the negative net
absorption of the metafilm shown in Fig. 6 for larger values of d, when the source is operating
at the resonance wavelength, A, this configuration acts as a beam splitter which, in contrast

to a traditional beam splitter that produces two beams whose individual amplitudes are less
than that of the incident field, would create two beams whose amplitudes are larger than that
of the incident field.

4. Three dimensional arrays of CNPs- CNP crystals

The effective medium properties of a three dimensional array of CNP inclusions were also
studied. The same inclusions used in section 3 for the two dimensional CNP metafilm were
used to achieve these three dimensional arrays of CNPs. As discussed above, bulk quantities,
such as the effective permittivity and permeability, are not valid descriptions of the
electromagnetic properties of the metafilm since its thickness is not uniquely defined.
Therefore, the metafilm’s optical properties had to be established through the interface
conditions in terms of the uniquely definable electric and magnetic polarization surface
densities. These quantities were related directly to the electric and magnetic polarizabilities of
the inclusions themselves, as given by the expressions (19)-(26). Following this GTSC
approach led to accurately derived optical properties. In contrast, bulk effective material
guantities can be meaningfully defined in the case of athree dimensional array of inclusions.
The approach taken here to determine the effective permittivity of a three dimensional
square lattice of active CNP particles followed that proposed in [27]. In applying this
approach the lattice was assumed to be square periodic so that the period was the same in all
three Cartesian directions, {x, y, z} and the embedding medium was assumed to be free
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space. The lattice period,d , as well as the size of the inclusions, r, was restricted to be
much smaller than the excitation wavelength so that fd <1 and fr < 1. Theincident plane

wave was assumed to propagate along the positive z-axis. With these assumptions the
complex effective permittivity of the lattice takes the form,

gl attice — 1+ ! (32)

@ i+| ﬁ3 _1
n\a. 6rg,) 3

Eatice = gllax + igluat (33)

where n is the number density of the inclusions with units of [m™®] and ¢ is the electric
polarizability of the inclusion as defined above in (14). Expression (32) is similar to the
familiar Clausius-Mossotti form of the effective permittivity of a random distribution of
scatterers, but has been modified by the term, i3°/(6zc,), added to the inclusion
polarizability in the denominator. This extra term results from the periodicity of the inclusions
in the lattice. It takes into account the coherent scattering interactions between inclusions,
effectively canceling any losses arising from incoherent scattering effects that would
otherwise arise in arandom distribution of inclusions.

4.1 Effective Permittivity of the CNP Crystal

The effective permittivity of the CNP crysta was calculated for several lattice periods and
gain values. As with the CNP metafilm studies, the gain values for the CNP crystal were
varied from the passive scenario; k=0 to k =-0.353, through the SR value at k =-0.453,
tojust above the SR value at k =-0.463. The lattice spacing, d, was varied over arange from
25 nm to 50nm, which maintained spacing values within the limits consistent for the validity
of expression (32), i.e., to maintain fd < 1. The volume fraction of inclusionsin the crysta is

defined as f =V /d®, where V = 47r®/3 is the volume of the CNP inclusion used. These
values of d correspond to a volume fraction range: 0.03< f <0.26.

Refg), k=0 Relea), k=-0353 Re{ga}, k=—0453 Refeny} , k=—0.463
50 50 50

g g = )
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Fig. 9. Real part of the effective permittivity of the CNP crystal.
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Fig. 10. Imaginary part of the effective permittivity of the CNP crystal.

The real and imaginary parts of the effective permittivity of the CNP crystal, which were
obtained with the expressions (32), are shown, respectively, in Figs. 9 and 10. The effective
permittivity exhibits a resonance that is near the resonance wavelength of the CNP inclusions,
4.« This resonance wavelength coincides with the peak value of ¢, and will be denoted
ash.... . it signifies a resonance associated with the entire volume of the crystal lattice. As
can be seen from Figs. 9 and 10, the lattice resonance wavelength, 4. , exhibits tunability

with the lattice spacing. It shifts to longer wavelengths as the lattice period is decreased and
approaches the CNP resonance value, A, as the lattice spacing is increased. For the cases

where the gain is below the SR gain value, ¢, takes on mostly positive values, but exhibits
some negative values for lattice periods around 25nm as seen in Fig. 11. When the gain in the
core of the CNP inclusions is increased above the SR gain value, ¢, takes on negative values
for source wavelengths below 4., ad remains positive for those above A, These

observations are consistent with those discussed above for the metafilms. In particular,, the
coupling efficiency of the incident field to the localized plasmon of the CNP particle is
maximized when the gain reaches the SR value at which point the absorption efficiency (7) of
this inclusion becomes negative. The collective response of the inclusions then produces
behavior indicative of a plasmonic materia, i.e., the effective permittivity becomes negative.
These features are emphasized in the more detailed cross sectional plots extracted from Figs.
8 and 9 at the lattice spacings of 25nm, 35nm, and 45nm given in Figs. 11, 12, and 13.

attice *
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Fig. 11. Real and imaginary part of the effective permittivity as the lattice spacing is varied.
Thegaininthe CNPwas set to k =-0.463, above the SR gain value.
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Fig. 12. Real and imaginary part of the effective permittivity as the lattice spacing is varied.
Thegaininthe CNP was set to k =-0.353, below the SR gain value.
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Fig. 13. Real and imaginary part of the effective permittivity as the lattice spacing is varied.
Therewas no gainincluded, i.e.,, k =0 so that the CNP inclusions were passive.

When gain is present in the core of the inclusions, &, may cross through zero and

become negative in the region below 4. . The wavelength for which ¢, =0 depends on
both the gain value in the CNP as well as the lattice period of the crystal. In the case with the
gain value k =—-0.353 and lattice spacing d = 35nm, thiswavelength is A = 455.5nm. At this
zero crossing the effective permittivity is purely real; i.e., & =& - Although only one
zero crossing is observed for &, the real part of the permittivity becomes zero at two
wavelengths. One zero occurs a A, Where ¢, transitions from positive values above
Aice 10 NEgative values just below 4. . The second occurs at a wavelength that is below
Aice » Where g, changes sign again, transitioning from negative values to positive values as
it re-passes through zero. At these two zero crossings the effective permittivity becomes
purely imaginary; i.e., &_,., =i€, - The wavelength below 4. for which £ =0 similarly
depends on both the gain value in the CNP core as well as the lattice period of the crystal. For
example, in the case with the gain value k =-0.353 and the lattice spacing d =35nm, this
wavelength is A4 = 470.7nm . As can be seen from these examples, the wavelengths where the
complex permittivity becomes either purely real or purely imaginary in general do not
coincide. These zero crossings have implications for wave propagation in the crystal lattice,
as discussed next.

4.2 Effective Index of the CNP Crystal

In characterizing the properties of the CNP crystal, not only is the effective permittivity
important, but so to isthe index of refraction. The latter controls the propagation properties of
electromagnetic waves in the CNP crystal. Therefore, the behavior of the effective complex
refractive index of the CNP crystal lattice was also explored. Because of the electrically small
size of the CNPs, the magnetic response is negligible, so that x4, = 4, . The effective complex

refractive index of the lattice can then be defined as
Nlanice =\ Eatice = N T iklax (34)

where n,and k, are, respectively, the real and imaginary parts of the effective complex

index. The real part describes the effective phase velocity of a wave traveling through the
CNP lattice; the imaginary part describes the decay or growth of a wave propagating through
the CNP lattice. The real and imaginary parts of the effective complex index corresponding to
the results shown in Figs. 11-13 are shown, respectively, in Figs. 14 and 15.
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Fig. 15. Imaginary part of the effectiveindex of the CNP crystal.

From Fig. 15 it is obvious that when gain is present in the core of the inclusions, the
lattice may exhibit both effective gain, k_, <0 and, loss k,, > 0. The transition between gain
or loss occurs at the wavelength, 4, _,, wherethe real part of the refractive index is identically
zero, i.e., where n, =0, and, consequently, the imaginary part of the effective permittivity is
dso zero, £, =0. It isimportant not to confuse the wavelength, 4,_,, where the complex
index is zero with the lattice resonance wavelength 4., . Therefore at 4,_,, only evanescent
waves having uniform phase throughout the crystal may exist.

A surprising feature is also apparent in Fig. 15. The effective gain of the CNP crystal can
attain values greater than those present in the core of the individual CNP inclusions. Just
below the zero-index wavelength, A, _,, the gain of the crystal approaches k,, = -1 while the
gains in the core of the CNP inclusions in all cases presented in Fig. 14 al satisfy k > -0.5.
In addition, for small lattice spacings in the range 25nm-30nm, an effective gain in the lattice
is observed even when the gain in the core of the CNP inclusions is well below the SR value,
i.e., when the individual CNP inclusions exhibit net absorption and their absorption efficiency
is positive. This can be attributed to an enhancement in the plasmon resonance that was
similarly responsible for the ¢, <0 values mentioned above when the gain in the core of the
inclusions was below the SR value and the lattice spacing was hear 25nm. To observe these
features more closely, more detailed cross sectional plots taken from Figs. 14 and 15 at lattice

spacings equal to 25nm, 35nm, and 45nm are presented in Figs. 16, 17, and 18 showing these
features more closely.
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Fig. 16. Real and imaginary part of the effective refractive index as the lattice spacing is
varied. Thegaininthe CNPis set equal to k =—0.463, above the SR value.
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Fig. 17. Real and imaginary part of the effective refractive index as the lattice spacing is
varied. Thegainin the CNPis set equal to k =—0.353, below the SR value.
k=0, d=25nm k=0, d=35nm k=0, d=45nm
175 = 12 — e ——
- e el Pt L et
5 1 =0 Z 06
0.75 ket 0.4 g 04 et
0.5 02 02
0.25 - gt —
400 450 500 550 600 &50 700 400 450 500 550 600 650 700 400 450 500 550 600 &50 700
Anm] A[nm ] A[nm]

Fig. 18. Redl and imaginary part of the effective refractive index as the lattice spacing is
varied. The CNPinclusionsare passive, i.e, k=0.

Thereal part of the effective index transitions from being less than unity for 4 < 4., , t0
greater than unity for 4> 4, The losses present in the crystal near 4. are the largest
when the lattice spacing is small enough to ensure significant coupling between the
inclusions. When the wavelength exceeds A, . the losses drop off considerably. For large
lattice spacings and, hence, the coupling between inclusions is weak, behaviors resembling
the CNP inclusions themselves ensue. For example, the imaginary part of the index, k,, ,
becomes very narrow and negative, and the crystal exhibits only gain. From these

observations it is apparent that the strength and width of the absorption/gain resonance may
be tuned by varying the lattice spacing, d, asis demonstrated in Figs. 15 and 16.

attice *

5. Random distribution of CNP inclusions

The effective permittivity and index of a random distribution of active CNP inclusions was
also investigated. The same gain values considered in the core of the CNP inclusions for the
metafilm and the 3D periodic array were again used for this study. Recall that these gain
values were: k={0, —0.353, —0.453, —0.463} . The Clausius-Mossotti formula [28] was

used to determine the effective permittivity of the volume of the random CNP inclusions.
With this approach the effective permittivity takes the form,
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noe. 3
grand = g;and + ig:and (36)

where n remains the number density of the inclusions with units of [m™] and ¢, remains the

electric polarizability of the inclusion as defined above in (14). This expression is a valid
representation of the effective permittivity given that the size of the scatterers satisfies the
guasi-static approximation, and the distance between the scatterers is large enough apart to
make any close range coupling negligible. These conditions require that fr <« 1 and that the

volume fraction of the particles, f, satisfy the constraint: f «1. Therefore, the volume
fractions used in the following simulations was limited to the range: f <0.01. Because the
system of inclusions was randomly distributed, the volume fraction was used instead of the
lattice period, d, to parameterize the volume density of scatterers. Therefore, the number
density that appearsin expression (35) was defined in terms of the volume fraction, f, and the
volume of theinclusions, V as n= f /V . The random nature of this metamaterial essentially
removes the coherent scattering effectsthat are present in the periodic case. Consequently, the
term i3°/(67¢,), which was present in the expression (32) for the periodic aray of
inclusions and was responsible for canceling the scattering losses from the individual
inclusions, is absent in expression (35).

5.1 Effective Permittivity of the Random CNP Medium

The results obtained from applying (35) are shown in Figs. 19 and 20. Immediately apparent
is the lack of tunability with the volume density of inclusions; this property can be seen from

the near vertical profile of ¢,,,,, and ¢, as the volume fraction is varied. In the periodic

lattice it was observed that changing the lattice period and, therefore, the volume density had
a noticeable affect on the position of the resonance. For the random CNP medium, there
appears to be no such dependence on the resonance wavelength as the volume fraction is
varied within the simulation range depicted in the Figs. 19, and 20, i.e, in the range
0.001f < 0.01. Also, as can be observed in Figs. 21 and 22, there is little effect on the width

of the resonance for both ¢, and ¢, asf is varied. Note that in Figs. 21 and 22 the

profiles of ¢, and &, have been normalized to the range [-1,+1] to allow better

observation of the relative width of the resonances. On the other hand, an enhancement in the
strength of the resonances is observed as the volume fraction is increased, as was shown in
Figs. 19 and 20.
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Fig. 19. Real part of the effective permittivity of the random CNP medium.
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Fig. 20. Imaginary part of the effective permittivity of the random CNP medium.

The main influence on the width of the resonance appears to be from the amount of gain
present in the core of the CNP inclusions. Thisis apparent in Figs. 21 and 22. For small gain
values below the SR gain values, wider resonances are observed. On the other hand, when the
gain in the core of the CNP inclusionsis at or above the SR gain value, the resonances narrow
to only a few nanometers. It is worth noting that the sign of ¢, , near the resonance may be
affected by the volume fraction when the gain in the core of the inclusions is at the SR gain
value, k=-0453. In particular, for very small volume fractions, f <0.001 , the imaginary

part of the permittivity is negative, i.e., €., <0, near the resonance, whereas for f >0.001

rand
it becomes positive, i.e., €, >0. For gain values in the core of the inclusions above the SR
gain value, k=-0453, the imaginary part of the permittivity becomes grictly positive, i.e.,

., >0, foral of the simulated volume fractions.
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Fig. 21. Normalized real part of the effective permittivity of the random CNP medium.
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Fig. 22. Normalized imaginary part of the effective permittivity of the random CNP medium.

5.2 Effective Index of the Random CNP Medium

As was done for the CNP crystal, the effective complex refractive index for the random CNP
medium was also explored in order to characterize its wave propagation properties. Again,

assuming a negligible magnetic response, i.e., kg, =, the effective complex refractive
index of the random CNP medium is defined as

Nrand = Vgrand = nrand + ikrand (37)

where n,,is the real part of the effective complex index and k., is its imaginary part.

Figures 23 and 24 show, respectively, the real and imaginary parts of the complex effective
index for the same random CNP media used in the permittivity studies.
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Fig. 23. Real part of the complex effectiveindex of the random CNP medium.
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Fig. 24. Imaginary part of the complex effective index of the random CNP medium.
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As with the effective permittivity results, there is no effect on the resonance wavelength
as the volume fraction is varied. However, again the strength of the resonance is enhanced as
the volume fraction is increased. An enhancement in the effective gain, similar to that
observed for the CNP crystal, is also found in the random medium case. Figures 25-28 show
cross sectiona plots taken from the data in Fig. 24 at the volume fraction values:

f ={4x10° ,6x10° ,8x10° ,1x10°%} . This alows the trend in the enhancement of the

effective gain with the volume fraction, f, as well as with the gain value in the core of the
CNP inclusions, k, to be more easily seen.
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Fig. 25. Imaginary part of the complex effective index of the random CNP medium, gain in
CNP core above SR value, with avalue of k =-0.463.
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Fig. 26. Imaginary part of the complex effective index of the random CNP medium when the
gaininthe CNP coreis at the SR value, with k = -0.453.
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Fig. 27. Imaginary part of the complex effective index of the random CNP medium when the
gaininthe CNP coreis below the SR value, with k = —0.353.
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Fig. 28. Imaginary part of the complex effective index of the random CNP medium when the
coreispassive, i.e,, whenthe gainin CNP coreiszero (k=0 ).
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It was found that as the gain in the core of the inclusions is increased, the imaginary part of
the refractive index, k., goes from positive values when k is below the SR value, to

negative values when k isat or above the SR value. This behavior is shown in Figs. 25-28.
It is interesting to note that the effective loss is enhanced compared to the passive case when
there is gain present in the cores of the CNP inclusions and its value is below the SR value.
This effect can be seen by comparing Fig. 27 to Fig. 28. Therefore, these results indicate that
the random CNP medium exhibits either enhanced effective loss or gain in comparison to the
passive case, depending on the amount of gain in the core of the inclusions.

6. Conclusions

In this paper optical metamaterials based on active CNP inclusions, consisting of an 8nm
radius active dielectric core surrounded by a 2nm thick silver layer, were presented. In
particular, the effective material properties of these opticd MTMs were explored using
effective medium theories applicable to a variety of inclusion configurations. Two-
dimensional (2D) mono-layer metafilms; three-dimensional (3D) square periodic array
crystals; and 3D random distributions of these active CNPs were investigated.

The influences of the gain value in the core of the active CNP inclusions and of the
density of the inclusions were used as parameters to investigate the tunability of these MTMs.
In particular the transmittance, reflectance, and absortance of the active CNP metafilm were
investigated. It was found that under certain operating conditions the active metafilm can be
thought of as acting like a plasmonic material with a plasma wavelength that can be
specifically designed by selecting the appropriate inner and outer radii values of the CNP, i.e.,
by geometrically tuning the localized plasmon resonance. It was shown that for certain
configurations the metafilm may take on characteristics of a mirror, beam splitter or amplifier
depending on the value of the two dimensional array spacing and gain in the core of the active
CNP inclusion.

In the three dimensional square periodic array crystal the effective permittivity, as well as
the effective complex index were investigated. The 3D periodic array was found to have a
resonance near the localized plasmon resonance wavelength of the CNPs. This lattice
resonance was shown to have tunability with the lattice spacing. It was found that the
effective permittivity can be engineered to take on either ENG or DPS properties by selecting
appropriately the lattice period and the gain value in the core of the CNP. Consequently, the
effective complex index was shown to take on values where the real part may be less than
unity and may even become zero. The imaginary part was shown to take on both positive and
negative values representing effective loss or gain, respectively. In particular, effective losses
were observed despite the inclusions having no intrinsic losses, and effective gain values of
the crystal beyond the gain values used in the core of the active CNP inclusions were
observed. These gain enhanced properties are attributed to an enhancement in the plasmon
coupling to the incident field due to the periodic arrangement of resonant inclusions, as well
asto strong couplings between the inclusions themselves.

Similarly, it was shown for the 3D random distributions of active CNPs that a resonance
exists in the effective permittivity. However, neither the gain in the core of the CNPs, nor the
volume density of CNP inclusions for the random digtribution affected the resonance
wavelength. The only noticeable effect of the volume fraction or gain in the core values of the
CNP inclusions was on the strength of the resonance for the effective permittivity and
effective index. It was shown that generally a larger volume fraction of inclusions translated
into larger resonance strengths. The effective permittivity was also shown to take on both
ENG and DPS characteristics similar to the 3D period arrangement. An enhancement in the
effective gain, similar to that observed for the CNP crystal, was also found in the random
CNP medium case, where the effective gain values of the crystal beyond the gain values used
in the core of the active CNP inclusions were observed. As in the 3D periodic case effective
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losses were also observed despite the inclusions having no intrinsic losses. In contrast to the
3D periodic case, there were no zero index characteristics observed.

Acknowledgments
This work was supported in part by DARPA Contract number HR0011-05-C-0068.

#93076 - $15.00 USD  Received 26 Feb 2008; revised 22 Apr 2008; accepted 23 Apr 2008; published 25 Apr 2008
(C) 2008 OSA 28 April 2008/ Vol. 16, No. 9/ OPTICS EXPRESS 6716



