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n astonishing variety of optical re-

sponses can be generated by the

collective excitation of free elec-
trons at metal—dielectric interfaces, better
known as surface plasmons.'? For thin Au
and Ag films, light can couple strongly with
plasmons to produce a characteristic loss
of reflectance at a specific angle of inci-
dence, whose sensitivity to changes in sur-
face dielectric provides the basis for biosen-
sors based on surface plasmon resonance
(SPR)."? For metal nanoparticles and nano-
structured films, interaction with light can
result in localized surface plasmon reso-
nances (LSPRs) with wavelength-selective
extinction, which is sensitive to surface di-
electric as well as particle size and shape.?*
Anisotropic particles such as nanorods are
especially useful for producing LSPRs with
high quality factors and are very sensitive to
medium and surface effects, comparable to
that of conventional SPR.>~7

The plasmonic responses of compos-

ite metallodielectric nanomaterials and
the dispersion relations which define
them are even more intriguing. Periodic
metal nanoparticle arrays are known to
produce LSPRs, which are often tightly lo-
calized between particles, and can be
modulated by changes in diameter-
spacing ratio and other structural
factors.®® Nanoparticle arrays have been
employed in SPR'® and other plasmon-
enhanced sensing modalities such as
surface-enhanced Raman scattering"’
and can also be useful for energy
transport’*'® or as photonic band
gaps'® ?° depending on their dimen-
sions. Nanorod arrays have particularly
exciting potential in the context of
metamaterials: a precise tuning of par-
ticle shape and interparticle coupling can
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ABSTRACT Hexagonal 2D arrays of Au nanorods support discrete plasmon resonance modes at visible and

near-infrared wavelengths when coupled with light at normal incidence (k). Reflectance spectra of nanorod arrays

mounted on a thin Au baseplate reveal multiple resonant attenuations whose spectral positions vary with nanorod

height and the dielectric medium. Simulations using 3D finite-element method calculations reveal harmonic sets

of longitudinal standing waves in cavities between nanorods, reminiscent of acoustic waves generated by musical

instruments. The nodes and antinodes of these quarter-wave plasmon modes are bounded, respectively, at the

base and tips of the array. The number of harmonic resonances and their frequencies can be adjusted as a function

of nanorod height, diameter-spacing ratio, and the refractive index of the host medium. Dispersion relations

based on these standing-wave modes show strong retardation effects, attributed to the coupling of nanorods via

transverse modes. Removal of the metal baseplate is predicted to result in resonant transmission through the Au

nanorod arrays, at frequencies defined by half-wave modes within the open-ended cavities.

KEYWORDS: nanorods - plasmonics - arrays -
produce a negative refraction index at
visible to near-infrared wavelengths?' or
provide near-field focusing for subwave-
length imaging.??

Here we present experimental and com-
putational studies on the plasmonic re-
sponse of two-dimensional (2D) hexagonal
arrays of Au nanorods to normal incident
light (k). Localized plasmon modes are gen-
erated as longitudinal standing waves con-
fined between nanorod elements, a funda-
mentally different response than the
interaction of light with individual
nanorods®*~2° or the coupling of 2D nano-
rod arrays with in-plane polarized light (k, ),
resulting in plasmonic band gaps.'® 2%’
Reflectance spectra of nanorod arrays on a
Au baseplate reveal the existence of mul-
tiple harmonics at visible and NIR wave-
lengths, which can be finely tuned by
changes in nanorod height and the dielec-
tric medium. The LSPR modes can be simu-
lated and parametrized by three-
dimensional finite-element method (FEM)
analysis, enabling the dispersion relation to
be correlated with material function.

nanophotonics - dispersion relation
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Figure 1. Field-emission scanning electron microscope (FE-SEM) images and vis—NIR reflectance spectra of 2D hexagonal arrays of Au
nanorods on metal baseplates. (a—c) Cross-sectional view of Au nanorod arrays in Al,0; membranes (h = 344, 649, and 790 nm; a = 98
nm); (d—f) vis—NIR reflectance spectra of Au nanorod arrays in Al,0; membranes; (g—i) plan view of freestanding Au nanorod arrays (h =
315, 715, and 933 nm; a = 105 nm); (j—I) vis—NIR reflectance spectra of freestanding Au nanorod arrays (in air). Reflectance spectra
were acquired with a Lambda 950 spectrophotometer (Perkin-Elmer) using s-polarized light (6; = 8°); discontinuity at 850 nm caused by

change in photodetector. Scale bar = 250 nm.

RESULTS AND DISCUSSION

Au nanorod arrays of uniform height and aspect ra-
tios (h = 315—933 nm; AR = 3.9—13.3) were prepared
as previously described by galvanostatic electrodeposi-
tion in nanoporous anodized aluminum oxide (Al,O5)
templates, conditioned in a 5% polyethyleneimine solu-
tion to assist adhesion during Au evaporation and to
control the rate of nanorod growth.?®?° The relative
standard deviations in nanorod height in each sample
are on the order of 4—7% (Figure 1a—c). The hexago-
nal 2D arrays are further defined by nanorod diameter
(d), periodicity (a), and diameter-spacing ratio y = d/(a

A@%\HA!N[() VOL.2 = NO.12 = LYVERS ET AL.

— d), all of which are predetermined by their nanopo-
rous templates. Optical reflectance spectroscopy of the
Au nanorod arrays supported in Al,O; reveals several
pronounced dips or minima at visible and NIR wave-
lengths (Figure 1d—f). The number of resonant attenu-
ations increases with nanorod height and are accompa-
nied by a pronounced shift toward longer wavelengths.
The optical response of the nanorod arrays is superfi-
cially similar to the LSPRs described for isolated Au
nanorods,>*3%3" but the plasmon modes involved are
very different (see below). It is worth mentioning that
earlier optical reflectance studies of colloidal Au in
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nanoporous Al,O; membranes were limited to visible
wavelengths and could not clearly reveal the resonant
attenuations spanning the NIR region 3233

Exposure of the Al,O5-supported Au nanorod ar-
rays to aqueous KOH solutions, followed by careful
washing and removal of solvent with a critical point
dryer, resulted in freestanding Au nanorod arrays with
local hexagonal order (Figure 1g—i).?% These also pro-
duce reflectance spectra with resonant attenuations
but with fewer modes and at different wavelengths, in-
dicating the critical influence of the dielectric medium
on the nanorods’ plasmonic response (Figure 1j—I).
These minima become less pronounced with increased
aspect ratio, an effect attributed to the loss of 2D order
due to local aggregation, whereas no such loss in qual-
ity factor is observed in the case of membrane-
supported Au nanorod arrays. The wavelength-
dependent responses of the nanorod 2D arrays to lin-
early polarized light can be simulated under periodic
boundary conditions using FEM analysis. The x,y dimen-
sions of the simulation domain (a\/3/2 X a/2), where
ais the center-to-center distance between rods, provide
the minimal structure required to describe the triangu-
lar lattice under periodic boundary conditions, with in-
cident light propagating in the —z direction and polar-
ized along the y axis (Figure 2). The simulation domain
contains up to four different regions along the z dimen-
sion: (i) above the array (z > h), a dielectric region of suf-
ficient thickness (t > \) to calculate far-field reflec-
tance with minimal interference from near-field effects;
(i) within the array (0 < z < h), the metallodielectric re-
gion comprises two quartered Au nanorods embed-
ded in the host medium; (iii) below the array (z < 0) the
monolithic 50 nm Au baseplate; and (iv) a sublevel
vacuum region (t = 1 wm) for calculating far-field trans-
mittance. The boundary conditions along the xz and yz
planes assume perfect electrically and magnetically
conducting walls, respectively, whereas the simulation
domain in the z direction is terminated by nonreflecting
xy planes.

Introduction of TE-polarized light normal to the ar-
ray plane (E, = E,; k = —k,) produces reflectance spec-
tra with resonant attenuations similar to those ob-
served in the reflectance measurements. Peak matching
can be achieved in most cases by adjusting the permit-
tivity of the dielectric medium (Figure 3a—c). For ex-
ample, an excellent fit is obtained for the resonances
produced by Au nanorods in Al,O; membranes with AR
= 10.2 and diameter-spacing ratio vy of 1.85 (h = 649
nm; d = 63.6 nm; a = 98 nm) by applying an effective
refractive index (n.¢) of 1.61, which lies within the range
of established values for bulk Al,O; at visible to NIR
wavelengths (n = 1.58—1.62).3* Simulated spectra of
freestanding Au nanorod arrays in air exhibit fewer
resonance peaks as expected; however, peak matching
is compromised by the heterogeneous spacing be-
tween nanorods in the experimental samples and also
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Figure 2. FEM simulation domain for modeling the plasmonic response
of Au nanorods in a 2D triangular lattice under periodic boundary con-
ditions. Left, 3D view of simulation domain. Center, x,y cross sections
(a\/3/2 X a/2; a = 98 nm; d = 72 nm) of quartered Au nanorods (blue)
embedded in a host medium (red); z = 0: plane joining Au nanorods
and baseplate; 0 < z < h: Au nanorods embedded in host dielectric; z
> h: host dielectric and vacuum region without Au nanorods. Right, y,z
cross section of simulation domain. Vacuum region below the Au base-
plate not shown.

by inhomogeneous peak broadening due to surface
roughness or variations in n & under ambient condi-
tions (Figure 3d—f). In particular, an increase in relative
humidity may cause moisture to collect between the
freestanding nanorods, which can be compensated for
by adjusting n. to be greater than n,,.

The FEM simulations also reveal near-field optical re-
sponses associated with the multiple LSPR modes of
the Au nanorod arrays (Figure 4). The localized reso-
nances are aptly described as a series of longitudinal
standing waves, with an increasing number of harmon-
ics at higher frequencies. The LSPRs are laterally con-
fined between two nanorods and further bounded by
a node at the metal baseplate (z = 0) and an antinode
at the top of the array (z = h). The electromagnetic (EM)
fields are strongest at the antinodes between the
nanorod tips, with enhancements in local field factors
|Eioc(N)/Eo(N)] of up to an order of magnitude. Localized
EM fields between Au nanorods can also be observed
under nonresonant (nr) conditions, but the field factors
do not exceed the sum of incident and reflected light.

The resonance condition for the coupling of Au
nanorod arrays with k, illumination is akin to the
quarter-wave harmonics produced within the acoustic
cavities of certain types of musical instruments.>® Most
of the LSPRs confined within the nanorod array exist as
higher-order modes; in the example above, the reso-
nance bands at 0.97, 1.35, 1.65, and 1.86 eV (A—D) rep-
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Figure 3. (a—c) Experimental and simulated reflectance spectra of Au nanorod arrays in Al,O; on a 50 nm baseplate. Simulated

reflectance spectra (A = 400—1900 nm) are normalized by E(\) in the far-field region (at the top of the simulation domain); cal-
culated peak wavelengths are within experimental error of measured values (£2.5 nm). (a) h = 344 nm (AR = 5.3; y = 1.96; n ¢
= 1.625); (b) h = 649 nm (AR = 10.2; y = 1.85; n. = 1.61); (c) h = 790 nm (AR = 11.0; y = 2.74; n¢ = 1.50). (d—f) Experimen-

tal and simulated reflectance spectra of freestanding Au nanorod arrays on a 50 nm baseplate: (d) h = 315 nm (AR = 3.9; y = 2.6;
n=1.1);(e) h=715nm (AR = 8.8;y = 3.4;n = 1); (f) h = 933 nm (AR = 13.3; y = 2.0; n = 1.07). For additional parameters af-

fecting relative peak intensities, see Supporting Information (Figure S1).3°

resent the fifth, seventh, ninth, and 11th harmonic, re- A systematic variation of h in the FEM simulations
spectively. However, it should be emphasized that the  of the Au nanorod arrays reveals the progressive in-
standing waves within the array are affected by the cou- ~ crease in the number of reflectance minima and their
pling of transverse plasmon modes between nanorods ~ resonance wavelengths with aspect ratio (Figure 5). It
(see below) and are thus distinct from the multipolar is interesting to note that the resonance linewidths be-

LSPRs described for isolated nanorods which require ex-  €ome narrower as h and AR increase: for example, the
citation of longitudinal plasmon modes.233°31:37 fwhm values of the resonances between 0.9 and 1.0 eV
(N = 1250—1400 nm) decrease from 0.15 eV or 180
nm for 350 nm rod arrays (AR
Frequency1 (ev) = 4.9) to 0.07 eV or 80 nm for

1.0 ‘? T T 7 1150 nm rod arrays (AR =
0.9 6 16.0). This bandwidth reduc-
0.8 tion can also be observed in
0.7 5 the experimental reflectance
§ 0.6 4 spectra (Figure 1d—f) and is
g 051 presumed to be characteristic
% 0.4 3 of the stricter resonance con-
® 0.3 2 ditions imposed by higher-
0.2 Cc order modes.
0.1- D 1 Similar progressions in
0.0 . . ’ : ; . ’ 0 resonance modes can be gen-
400 600 800 1000 1200 1400 1600 1800 D c B A nr erated by increasing n_g (Fig-
Wavelength (nm) ure 6). The tunability of these
Figure 4. FEM simulations of local electromagnetic fields of 649 nm Au nanorod array in Al,O; (AR = modes with n is limited rela-
9.0; Y = 2.77; ny = 1.61) excited at normal incidence (E, = E,). Left, reflectance spectrum with reso- tive to the range of accessible

nance bands A—D (A = 1280, 922.5, 752.5, and 667.5 nm, respectively); right, standing quarter-wave
modes A—D confined between nanorods. Local EM fields are strongest near the nanorod tips; EM fields

wavelengths by adjustment of

at a nonresonant half-wave mode (\,,, = 1550 nm) are shown for comparison. nanorod height; nevertheless,
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Figure 5. Simulated reflectance spectra (normalized) of Au
nanorod arrays in Al,O; as a function of height (h) and as-
pect ratio (AR) (d = 72 nm; y = 2.77; n = 1.61). Ah = 100
nm per plot; see Web-Enhanced Object 1 for semicontinuous
variation in h.

the resonance peak positions are highly sensitive to
their environment and shift by many hundreds of na-
nometers per refractive index unit (RIU). In the example
below, resonance bands A—D experience linear shifts
in wavelength with respect to n (AN/An = 767, 636, 456,
and 379 nm/RIU, respectively), up to more than twice
that reported for isolated plasmon-resonant
nanorods.”” 7 The magnitudes of these shifts were con-
firmed experimentally by collecting reflectance spectra
from freestanding Au nanorod arrays immersed in
aqueous DMSO mixtures: adjusting the refractive in-
dex of the medium from n = 1.33 (100% water) to 1.45
(80% DMSO) caused LSPR bands A and B to shift to-
ward longer wavelengths by roughly 850 and 720 nm/
RIU, respectively (Figure 6C and Supporting Informa-
tion). Discrepancies between the calculated and
measured AN/An may be attributed to limited peak
resolution, caused by optical interference by the sol-
vent or loss of periodic order in the nanorod array.

The standing-wave LSPRs are strongly dependent on
the coupled transverse modes between closely spaced
nanorods but appear to be decoupled from localized
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longitudinal modes. Evidence for decoupling comes
from reflectance measurements using TE-polarized light
at variable angles of incidence (£, = E, cos 0; + E, sin
0,); no significant changes in LSPR peak position or in-
tensity are observed with an increase in 6, (Figure S3 in
Supporting Information). The coupling between trans-
verse modes and its subsequent effect on standing-
wave LSPRs can be strengthened by increasing
diameter-spacing ratio -y, as demonstrated in FEM cal-
culations of Au nanorod arrays with constant h and a
but variable d (Figure 7a). At first glance, the shifts in
LSPR peaks with increasing y appear similar to those
observed with increasing h or n. (cf. Figure 5), but the
local field factors between nanorods also increase with
v due to stronger transverse coupling, intensifying the
open-cavity modes (Figure 7b).? It is worth noting that
the quality of the LSPR modes again increases with d
and . This indicates that the LSPR modes are tightly
confined within the interstitial cavities between Au
nanorods and are thus relatively free from damping
effects typically associated with changes in particle
volume.?

The standing-wave LSPRs within the 2D nanorod ar-
rays can be used to describe dispersion relations with
k,. For an open cavity of height h, the wavevector and
its associated harmonics are simply defined as quarter-
wave modes:

= 2i+ 1)m

"~ 2n M

where 2i + 1 is the order of the observed harmonics.
The dispersion relation is assumed to be valid for all val-
ues of h but can vary with respect to other structural pa-
rameters such as ~y. Input values taken from Figure 5 (d
=72nm,y = 2.77, n = 1.61) indicate that the plas-
mon frequencies within Al,O5-supported Au nanorod
arrays are significantly retarded when compared with
propagating plasmon modes at a smooth Au—Al,O; in-
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Figure 6. Standing-wave LSPRs of Au nanorod arrays in Al,O; as a function of refractive index (n ) (h = 649 nm; AR = 9.0; y = 2.77).
(a) Simulated reflectance spectra illustrating red shifts for higher-order resonance bands A—D; (b) LSPR wavelengths plotted as a func-
tion of n, with AN/An as high as 767 nm/RIU; (c) experimental AN/An measurements using freestanding Au nanorod arrays immersed
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Refractive index (n)

in aqueous DMSO mixtures. See Web-Enhanced Object 2 for semicontinuous variation in n .
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Figure 8. (a) Dispersion relation for standing-wave modes (i = 2—5) of Au nanorod arrays in Al,O,
(d =72nm, y = 2.77, ne« = 1.61; cf. Figure 5), compared with light line in Al,O; (dark blue,
dashed) and for SPP modes at a planar Au/Al,O; interface (black). (b) Dispersion relations (i = 2)
of Au nanorod arrays in Al,O; with variable y (a = 98 nm, n_ = 1.61; cf. Figure 7).
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Figure 9. (a) Top: Simulated transmission and reflectance spectra of Au nanorod arrays supported
in Al,O; with no reflective baseplate: h = 649 nm; AR = 10.2; y = 1.85; n = 1.61; transmission
bands A'—C’ exist as half-wave cavity modes centered at 0.83, 1.20, and 1.49 eV, respectively. Bot-
tom: Reflectance spectra of Au nanorod arrays in Al,O; with Au baseplate, shown for compari-
son; transmission is negligible. (b) Local EM fields of half-wave modes A’—C’ and at an off-
resonance (quarter-wave) stop band (nr, 0.98 eV).

terface (Figure 8a). The dispersion relations also vary

modestly with respect to i and reflect the greater sensi-
tivity of lower-order harmonic modes to changes in ar-
ray height and the dielectric medium (cf. Figures 5 and

NTA NS ] ]
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6a). Further retardation is observed
with an increase in diameter-
spacing ratio y (Figure 8b), in ac-
cord with the previously discussed
role of coupled transverse modes on
plasmon confinement. The strong
retardation effect of the hexagonal
Au nanorod arrays on k, is a signifi-
cant departure from an earlier study
on the interaction of in-plane light
with Au nanorod “half-wave anten-
nae” on quartz, whose dispersion re-
lation was found to be quite similar
to that of a continuous Au/SiO, in-
terface.*

FEM analysis also suggests that
the supported Au nanorod arrays
may be converted from optical cav-
ity resonators into resonant trans-
mission filters, whose propagation
modes can be defined by a similar
dispersion relation. Far-field trans-
mission through nanorod arrays on
50 nm Au baseplates was found to
be negligible by both experiment
and simulation, although the latter
indicates nonzero transmission at
LSPR frequencies and suggests its
possible detection by near-field
methods. Removing the metal base-
plate creates open channels be-
tween nanorods, with resonance
conditions defined by antinodes at
the top and bottom of the array.
These modes are expected to exist
as half-wave harmonics; transmis-
sion bands associated with the sec-
ond, third, and fourth harmonic fre-
quencies (A’—C’) are shown (Figure
9). The LSPR modes previously asso-
ciated with resonant attenuations
are now out of phase by 90° and re-
placed with nonresonant stop
bands. These simulations show that
the function and resonance modes
of the nanorod arrays change com-
pletely upon decoupling from a re-
flective substrate.

The identification of standing-
wave modes within hexagonal 2D
arrays of plasmon-resonant nano-
rods gives rise to several interesting
opportunities for nanophotonics.

One possibility is to combine nanorod arrays with
surface-emitting lasing materials to enhance optical
gain, as recently demonstrated with nanoparticle
dimers.>33° The nanosized cavities can also be engi-
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neered to enhance multiple resonance modes in the
NIR to support a variety of nonlinear optical effects.
Hexagonal 2D arrays of Ag nanorods can be expected
to produce very similar effects, with the added benefit

METHODS

Templated Synthesis of Hexagonal 2D Arrays of Au Nanorods. Nanopo-
rous Al,O5 templates were prepared by a two-step anodization
process reported by Masuda and co-workers.*'*? Strips of high-
grade Al foil (Sigma-Aldrich, 99.999%, 50 X 10 X 0.25 mm) were
sonicated for 1 h in trichloroethylene, followed by electropolish-
ing in 70% perchloric acid (70 mL) and ethanol (350 mL) for 5
min at 10 °C at 14.5 V using a dc power supply (Sorensen DCR 20-
40A) and a Pt wire mesh as the cathode. All samples where rinsed
thoroughly with deionized water before and after each step.
The electropolished Al foil was anodized for 18—24 hin 0.3 M ox-
alic acid solution at 5 °C at a constant voltage of 40 V with a
graphite plate (5 X 2 cm) as the cathode. The Al,O; was re-
moved using an etching solution of phosphoric acid (6% w/v)
and chromic acid (1.6% w/v) for 4 h at 60 °C. A second anodiza-
tion was carried out for 7—10 h as described above, followed by
dissolution of the underlying Al substrate in saturated HgCl, to
yield nanoporous Al,O; templates with thicknesses of 30—40
pm. Subsequent exposure to 0.1 M phosphoric acid for 1 h at
30 °C yielded hexagonally ordered pores with periodicities (a) of
95—105 nm and mean diameters (d) of 60—75 nm. The nanopo-
rous templates were then soaked in a 5% polyethyleneimine so-
lution (M,, = 25 000) for 5 h at room temperature, followed im-
mediately by multiple washes in deionized water (6 X 10 min).
The templates were dried in a vacuum oven for a minimum of 8 h
at 100 °C then coated with a 50 nm layer of Au by thermal
evaporation.

Electrodepositions were performed at ambient temperature
under galvanostatic conditions using a commercial Au plating
solution (Orotemp 24, Technic Inc.), with a Pt wire counter elec-
trode and a saturated calomel electrode (SCE) as a reference. The
Au-backed templates were placed in a homemade Teflon elec-
trochemical cell as previously described.?® Nanorods were grown
at a constant current density of 1.26 mA/cm? and observed to
be approximately linear with respect to the delivered charge. All
nanorod arrays were characterized by FE-SEM (Hitachi S-4800),
followed by image size analysis using a commercial software
package (SigmaScan Pro 5).

Optical Reflectance Measurements. Reflectance measurements
were performed on a visible—NIR optical measurement system
(Perkin-Elmer Lambda 950) with a fixed-angle reflector (8°) and
calibrated against a diffuse reflectance standard (Spectralon
SRM-99). Specular reflectances were generated using either s-
or p-polarized light and a spot size commensurate with the size
of the nanorod array (ca. 5 mm) and dispersed within a 150 mm
diffuse integrating sphere. Optical measurements of Au nano-
rods on 50 nm metal baseplates performed in transmission
mode did not produce detectable signal.

Finite Element Method Analysis. The wavelength-dependent re-
sponse of the nanorod arrays to linearly polarized light at nor-
mal incidence was simulated under periodic boundary condi-
tions using a commercial full-wave 3D FEM package with an
adaptive meshing routine (COMSOL Multiphysics with RF mod-
ule). The simulation domain comprises four distinct geometries:
the Au nanorod array (2 quarter rods plus baseplate), the porous
host medium (typically Al,O5, n = 1.61), and two vacuum re-
gions (n = 1) above and below the array with sufficient thick-
ness for simulating far-field reflectance and transmission, respec-
tively. Complex dielectric values for Au nanorods were
interpolated from bulk optical constants reported by Johnson
and Christy.** FEM simulations of the harmonic propagation of
electromagnetic waves were performed on a PC workstation
with the assumed absence of free charges and were found to
be sufficient for matching with experimental measurements.
Reflectance spectra were produced according to eq 2:

www.acsnano.org

of higher-quality resonances at visible frequencies.*° Fi-
nally, the dielectric matrix itself can be modified to pro-
vide complementary material function that can exploit
the resident field factors within the resonant cavities.

)

_ Eoe — E\?
et

where E,, and E; represent the intensities of the total and
incident electric fields, respectively.
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