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Abstract: We compute the effective medium properties for rikgpe metallodielectric
composites of interacting spheres and isolated reilte We show the nonlinear index
enhancement increases significantly faster thanlittear absorption as particles interact or
become elongated.
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1. Introduction

The design of nanostructured materials with propgsignificantly different from their constituerigsa current area
of strong interest. One thrust in this area idggiesg materials with simultaneously high nonlin€t_) absorption
and low linear absorption. A potential candidatedalize this is resonant metal nanoparticlescivpiroduce high
local field enhancements, resulting in significarehhanced nonlinearities. While the field enhameet outside
the particles has been extensively studied forisgnapplications, comparatively few studies systiécadly
investigate the effect of resonant metal nanogasgtion the metal NL response or composite lineaogdtion. We
use a combination of numerical simulations andotiffe medium theory to compute the linear and eobarent of
the Kerr-type NL effective medium properties inanposite of resonant metal nanoparticles in a digtehost.

2. Theory

The linear and the enhancement of the NL effeatiaslium properties of random distributions of snisditropic
spherical nanoparticles embedded in a homogenesmisypic host are computed using Eq. 1 and 2][1, 2
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Hereg, g andey, are the linear dielectric functions in the compmsinclusion and host respectively, E is the elect
field, V, is the total volume of a unit celf® is the third order susceptibility%yis the third-order susceptibility

enhancement and E > is the volume averaged E field in the unit cdlor nanoparticles arranged in orthogonal
crystal lattices such as cubic or orthorhombic texcivith the E-field polarized along a principleshere the x-
axis, we can use Eq. 1 and 2 to compuieand g,i,xxxx(s). A NL refractive index enhancement@an be computed
using Eq. 3 wherg,is the complex NL refractive index and n andre the real and imaginary parts of the linear
refractive index.
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3. Methods

We simulate silver (Ag) nanoparticles embedded aomstant index of refraction of 1.5. For Ag, weela surface
scattering corrected Drude model fit of Johnson@hdsty data [3] shown in Eq. 4
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wheree,=5.451,0,=1.474x10° [rad/s], andl, , the fitted bulk electron scattering rate is 8850° [s'] . The
surface scattering ratg,, is given byAvdr = 2.8x10% where A is set to Iy = 1.39x18 m/s is the Fermi velocity in
silver, andr is the radius of the particle, set to 5 nm forsathulations.

Simulations are performed in frequency domain usiticyowave Studio [4], a finite integration techog& code.
Tetrahedral meshing is used to realize physicalistic field distributions with minimal mesh gréensity. The
tangential electric and magnetic fields are serdm on along the x and y boundaries respectiaffgctively
creating periodic boundary conditions in the x grdirections. The effective medium propertiesthen computed
using Eq. 1-3. Numerical convergence tests inditaat the linear properties angg,> have an error <2% and
that g,xxxx(?’) values are within 10% of the fully converged rée$mtt all simulations discussed here.

4. Resultsand Discussion

4.1 Interacting Spheres

First we consider the effect of varying the paetiskparation in an orthorhombic lattice of parfioléth varying x
and y spacing. The unit cell is 30 nm long along direction of propagation and contains a 10 nnmédiar Ag
sphere in the center. For a square lattice theaetiiis 24 nm in length (dx) and width (dy), ocesponding to a
volume fill fraction of 0.03. For the case where=dy=24 nm, interparticle interactions were founde small (no
significant change of the plasmon resonance r@dtwthat of isolated particles). To vary intetfzde interactions,
dx or dy is set to 12.5 or 15 nm while dy or dadjusted to maintain the same unit cell volumeafbsimulations.

The inset in Fig. 1(b) displays the composite liredasorption, showing strong absorption due tontngoparticle
plasmon resonance. The plasmon resonance peakifesdand increases ~15% as the particle separaimduced
from 24 nm to 12.5 along the x-direction. The pabkorption coefficients correspond to 1/e deptiaéen 50 and
65 nm. Figure 1(a) shows the enhancement of theréitactive index in the host. This factor is cdexp
indicating that coupling exists between the real mmaginary parts of the host and composite refrachdex. One
physically intuitive way to understand this is tonsider the effect of changes in the host refractindex on the
location and strength of the plasmon resonance $gecifically, a small change in the host or isua refractive
index causes a shift in the location of the plasmesonance, whereas a small change in the hostclrsion
absorption affects the strength of the plasmonnasce. These effects influence both the real anadjinary parts
of the composite response, which can be mathenigtéogressed in terms of a complex enhancememfac
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Fig. 1: (a) Enhancement of the host nonlinear irfdexlifferent interparticle separations. (b) Ent@ment of the inclusion nonlinear index.
Inset: Composite linear absorption. Solid and dddimes represent spline fits to the real and insy parts of the enhancement factor.

Figure 1(a) shows that the peak NL index enhancéimereases as the interparticle separation deesegleng
the x-axis, with an order of magnitude increaseuairtg when the center to center particle sepamagoreduced
from 24 nm to 12.5 nm along the direction of pdation. This increase can be largely attributethé“focusing”
of near field radiation between particles as theytaought closer together along the x-directidime enhancement
of the inclusion complex NL refractive index is shoin Fig. 1(b). Decreasing the interparticle sagian along the
x-axis results in a factor of 3 improvement in fheak NL index enhancement as the interparticleragipa is
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reduced from 24 nm to 12.5 nm. This increase prédately results from the significant increasecifm, in Eq. 3 as
the frequency is reduced. From these results meetfie peak enhancement of the host and inclusiafinearity
respectively increases 65 and 20 times fastertti@finear absorption as dx is reduced from 24 a5 nm.

4.2 |solated Spheroids of Varying Aspect Ratio

The second geometry we discuss is isolated spteobidarying aspect ratio (AR). The initial unéllcconsists of a
10 nm diameter Ag spherical nanoparticle centened 28 nm cubic cell, resulting in a fill fractiaf ~0.024.
Prolate spheroids of different AR are created drddides of the unit cell are adjusted to mininiigerparticle
interactions. Both the unit cell and particle voks are held constant for all simulations.

Figures 2(a) and (b) respectively show the indexaenement factor for the host and inclusion noaliitg.
We observe the same trends in the enhancement dfilthrefractive index with increasing AR as for deEasing
particle separation shown in Fig. 1, with a facdd and 7 increase in the NL index enhancemeniehbst and
inclusions respectively as the AR increases frorto 13. The inset in Fig. 2(b) shows the compositedr
absorption, which increases by ~50% as the ARdeeased from 1 to 3. In this case, the enhanceofehte host
and inclusion nonlinearity is found to increasepeedively 7 and 14 times faster than the lineapgtison.
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Fig 2: (a) Enhancement of the host nonlinear réfradndex for isolated prolate spheroids of diéier aspect ratios. (b) Enhancement of the
inclusion nonlinear refractive index. Inset: Corsip® linear absorption. Solid and dashed linesesgmt spline fits to the real and imaginary
parts of the enhancement factor respectively.

5. Summary and Conclusions

The composite linear absorption and the enhanceofdhie host and inclusion NL refractive index aedculated
for orthorhombic lattices of resonant metal nanbglas embedded in a dielectric host. For spheriaaoparticles
the peak enhancement of the host and inclusionéffiactive index increases 65 and 20 times fastar the linear
absorption as the interparticle separation is redutom 24 to 12.5 nm along the x-direction. Fsolated
spheroids, the peak host and inclusion NL indexaanBment increases 7 and 14 times faster thanirtber |
absorption as the AR is increased from 1 to 3.s Bignificant improvement of the NL index enhancatrrelative
to the linear absorption may have implicationshia lesign of NL optical devices.
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