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Fig.1. Bow-tie plasmonic nanoantennae
and enhanced local fields calculated for
_ =0.5, 0.8 _m

Fig. 2. Cross-sectional view of local
EM field factors in 2D arrays of Au
disks for the diameter-gap ratio of 10.
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The photon is the ultimate unit of information: unmatched speed and data packaged in a
signal of zero mass. Current developments in optical technologies are being directed toward
nanoscale devices with subwavelength dimensions, in which photons are manipulated using
near-field optical phenomena. Although light is clearly the fastest means to send information to
and from the nanoscale, there is a fundamental incompatibility between light at the microscale
and devices and processes at the nanoscale. For most materials, light–matter interactions
decrease as (a/_)2, where a is the structure size and _ is wavelength. However, metals which
support surface plasmon modes can concentrate electromagnetic (EM) fields to a small fraction
of a wavelength while enhancing local field strengths by several orders of magnitude. For this
reason, plasmonic nanostructures can serve as optical couplers across the nano–micro interface:
metal–dielectric and metal–semiconductor nanostructures can act as optical nanoantennae and
enhance efficiency such that the optical cross-sections increase in magnitude from ~a2 to ~_2.

1. Plasmonic Nanoantennae. Within this project we study various plasmonic
nanoantennae and their applications for sensing molecules and manipulating light.
1A. Bow-tie nanoantennae. Among most efficient optical antennae are bow-tie plasmonic
nanoantennae and their arrays. With the aid of strong theoretical input, such optical nano-
antennae can be designed to focus micrometer-scale light
into nanoscale volumes with high spatial and spectral
control of the concentrated energy. In Fig. 1 we show our
calculations for bow-tie nanoantennae that efficiently
concentrate light (_=0.5, 0.8 _m) in the 10-nm gaps
between the two wings, with a local field enhancement up
to 104. Xu and Shalaev are currently developing bow-tie
nano-antennae using focused ion beam milling and e-beam
lithography. First nanoantenna fabricated by Xu showed the
sub-wavelength localization of EM energy and has been
successfully used for nano-photolithography well beyond
the diffraction limit.
1B. Periodical arrays of spherical nanoantennae. Our theoretical and experimental studies of

two-dimensional (2D) metal nanoparticle arrays, acting as
arrays of nanoantennae, yield quantitative estimates of their
electromagnetic (EM) field factors, revealing a critical
relationship between particle size and interparticle spacing
(see Fig. 2). A new theory based on the RLC circuit analogy
has been developed to produce analytical values for EM
field enhancements within the arrays (Nano Letters, in
press). Numerical and analytical calculations suggest that
the average EM enhancements for Raman scattering (G )
can approach 2 ¥1011 for Ag nanodisks (5¥1010 for Au) and
2¥109 for Ag nanosphere arrays (5 ¥108 for Au). Radiative
losses related to retardation or damping effects are less
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Fig. 4. Two chains of 51 aminoacids in
human insulin (upper panel). SERS
spectra  for human insulin, humilin, and
its analog, LysPro (lower panel).
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Fig.3: Silver-glass film at various
metal filling factors.

critical to the EM field enhancements from periodic arrays compared to that from other
nanostructured metal substrates. Theoretical calculations are in agreement with our experimental
observations. These findings suggest a straightforward approach for engineering nanostructured
arrays with direct application toward surface-enhanced Raman scattering (SERS) and SERS-
based biosensors with unsurpassed sensitivity.

2. Prorein Sensing with Percolation Films. In our studies we showed that metal-dielectric
films at the percolation threshold (also referred to as
semicontinuous metal films; Fig. 3) can be employed as
highly sensitive SERS biosensors. Semicontinuous metal
films are prepared by thermal evaporation of metal onto a
dielectric substrate at ultra-high vacuum. In the deposition
process, small and isolated metal islands are formed first; as
the metal coverage increases, the islands coalesce, forming
irregularly shaped clusters of fractal geometry on the
substrate. The cluster size increases as the film grows and
diverges as the film approaches the percolation threshold,
where an “infinite” percolation cluster of metal is formed
and an insulator-to-metal transition occurs. Percolation films
are formed by fractal clusters
of all sizes, from the size of
individual particles to the

“infinite” fractal cluster that spans over the whole film. In our
studies we showed that semicontinuous metal films provide
localization of optical excitations in the nanoscale “hot” spots that
act as a fractal set of nanoantennae and make possible the
detection of bio-molecules with high sensitivity.

We demonstrated unique sensitivity of semicontinuous
metal films for characterizing biologically important
molecules. Specifically, using SERS on semicontinuous metal
films we performed the SERS sensing of human insulin,
humulin, and its simulant LysPro (also referred to as
humulog) developed by Eli Lilly drug company. In these
experiments, we were able to clearly distinguish these two
very similar insulins, which have, however, very different
clinical effects. Humulog is known to be far more efficient in
treating patients with diabetes despite the fact that it has the
same mass and chemical composition as humulin and differs
from the latter only by switched positions of two out of 51
aminoacids, namely, lysine and praline at the B28 and B29
positions in the end of B chain (Fig. 4; upper panel). The SERS
characterization performed by our team is highly sensitive and allows us to optically detect and
distinguish these two nearly identical insulins at sub-monolayer, 25 amol quantities (Fig. 4;
lower panel).
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Fig.5. LHM based on metal nanowires 

Fig. 6: Array of gold nanorods
nanowires

Fig. 7: _/2 plasmon resonance
in array of gold nanowires

3. Left-Handed Photonics. Left-handed photonics can revolutionize the present-day
optics and its numerous applications. The phenomenon is based on novel left-handed materials
(LHMs) having simultaneously negative dielectric permittivity _ and magnetic permeability _.

In this case, the refractive index is also negative, n=-√(|__|), as
first shown by Veselago. EM waves in such media propagate
in a direction opposite to that of the flow of energy. There are
no known naturally occurring left-handed materials, but proof-
of-principle experiments first by UCSD team (Smith et al.)
and later by other teams have shown that purposefully
designed structures can act as LHMs at m i c r o w a v e
wavelengths. In this project we are exploring the possibility of
scaling up this negative refraction to the optical range.

Materials with negative refractive indices are expected to have very unusual properties; in fact,
they require revising many laws of conventional optics, including very basic ones such as Snell’s
law. One very exciting application made possible with a negative refractive index is “super-
lensing” using a slab lens.  As shown by Pendry, evanescent decay can be removed with such a
lens and thus focusing well below the wavelength scale should be achievable.   The applications
to microscopy, nano-photolithography, and other areas could be breathtaking. Recently we
suggested a new type of left-handed material that has negative refraction in the visible and near-
IR (Optics Express 11, 735 (2003)). This material consists of arrays of closely-spaced pairs of
parallel metal nano-wires placed in a dielectric host (Fig. 5). The structure of two parallel
needles forms an open current loop which acts as a telegraph line and has a current resonance.
Such a loop is “closed” through the displacement current and supports resonant modes with
negative magnetic permeability _ above the resonance. For normally incident light with electric

field polarized along the wires and magnetic field perpendicular to
the pairs of wires, both _ and _ can be negative at certain
frequencies, including the telecommunication wavelength of 1.5
_m. In this project we work on engineering LHMs for the optical
range and applying these materials for various nanophotonic
applications, including lensing light
to the nanoscale. To guide our
experiments, we developed a theory
for such left-handed materials.

We plan to fabricate LHMs
for the optical range and

experimentally demonstrate their negative refraction.  In our first
preliminary experiments, using e-beam lithography, we fabricated
an array of single 80x50x650 nm gold nanowires (see Fig. 6). Such
array of nanowires has a strong, _/2 resonance at 1.3 _m (see Fig.
7) and is characterized by negative permittivity _ at this
wavelength. As a next step, we will fabricate an array of pairs of
twin nanoneedles that have also a negative permeability _ and thus
act as a LHM.


