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We demonstrate two-dimensional control of coherent modes of surface plasmons(SP) in a metallic array of
subwavelength apertures. SP mode intensity and propagation direction is manipulated by varying the wave-
length, incidence angle, and polarization of the excitation photons. We also demonstrate directional beaming of
light from this device. Finite-difference-time-domain simulations of the SP modes closely resemble the obser-
vations by near-field scanning optical microscopy. Calculated SP coupling efficiencies and transmission are
also presented.
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Recent works on extraordinary optical transmission1,2 and
light beaming3 in sub-wavelength periodically structured
metal films suggest a direction for fabricating optical devices
that operate below the diffraction limit and utilize the coher-
ent fluctuations of surface bound electron charges known as
surface plasmons(SP). Significant advances in this area may
be possible if SPs can be controllably converted to and from
free-space photons, and if their surface propagation can be
intentionally directed in two dimensions(2D).

Control of SPs can be achieved through adjustment of the
excitation parameters, periodicity of the structure, and di-
electric properties of the interface, so that a resonant cou-
pling condition results in propagation in a given direction
[Fig. 1(b)]. For a metal-dielectric interface the frequency of
SP oscillations is tied to the wave vectorkSP by kSP

=v /cÎ(emsvd ·ed) / (emsvd+ed), whereemsvd and ed are the
dielectric functions of the metal and dielectric.4 For photons
in a dielectrickx

0=v /cÎed sin u, wherekx
0=2p /l sin u is the

in-plane component with wavelengthl and incidence angle
u [Fig. 2(a)]. If a 2D periodic array of apertures is intro-
duced, conservation of energy and quasimomentum can be
satisfied if kSP=kx

0±mGx±nGy, where Gi =2p /ai si =1,2d.
This condition determines the allowed SP modes denoted
here assm;nd [Fig. 1].

In this Report, we demonstrate that SPs can form coherent
modes whose intensity and 2D propagation direction can be
manipulated by varying the wavelength, incidence angle, and
polarization of the excitation light. We also demonstrate the
reverse conversion of SPs back into light and observe direc-
tional beaming. We apply the finite-difference-time-domain
(FDTD) method to simulate the electromagnetic fields pro-
duced in this experiment. The simulations bear close resem-
blance to the observations with the propagation of SP modes
apparent.

To image the SP modes we employ a near-field scanning
optical microscope(NSOM-100 by Nanonics Imaging Ltd.,
Jerusalem, Isreal) [Fig. 2(a)]. The sample, a gold film on a
fused silica substrate with an array of subwavelength aper-

tures, rests on aXYZpiezoscanning stage, and is illuminated
from below with a Ti:Sapphire laser. The expanded 10 mm
wide laser beam is focused with a 300 mm lens on to the
array of holes, resulting in a 20 spread in the incidence angle
(wavelength resonance broadens by about 10 nm). A NSOM
fiber tip (no metallic coating) is maintained in contact with
the sample. Since the tip is within the decay length of the
evanescent SP field, the field can be converted into light that
propagates down the fiber.5 The photon counting rate is then
the measure of the evanescent field strength at the metal
surface. Figure 2(b) shows a surface plot of the field intensity
distribution over the gold film when the resonant excitation
condition
s−2;0d is met. A long straight SP mode emerges from the
hole array in agreement with this resonance. Also shown is
the exponential decay of this mode. The data is the intensity
integrated over the width of the mode. The fit(solid line)

FIG. 1. (Color online) (a) Dispersion curves for SPs and photons
(light) with kx

0. The dashed line represents the limiting case for
photons,u=900, which has maximum in-plane momentum. The pe-
riodic structure of the nanoarray allows excitation of SPs when the
momentum difference is equal to an integer multiple ofG. (b) In
two dimensions, SPs can be excited in a given direction by appro-
priately selecting the frequencyv and angleu of incident light. The
crossed circle represents the origin of the reciprocal lattice and
small circles represent the vertices. Excitation occurs whenkSP can
connect the origin ofkx

0 with one of the reciprocal lattice vertices,
i.e., when the dashed circle crosses a vertex.
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gives a decay length of 19±2mm with a background of 8%
of the maximum signal. The background may be due to a
free space beam parallel to the surface and oscillations due to
interference with the SP.

We model the electromagnetic fields by the FDTD
method. The code used here employs a nonstandard finite
difference (NSFD) algorithm8,9 that is similar to the Yee
algorithm10 but with more accuracy on a coarses,l /10d
grid.11 The Yee and the NSFD algorithms were modified for
stability for negativee and positive conductivitys encoun-
tered for SP frequencies.12 The heart of the method is to
replace in the regions of negativee the Maxwell curl equa-
tion for H with its frequency domain analog(i.e., ]E /]t
→−ivE), but retain the time-dependent form of the curl
equation forE as well as the time stepping features of the
Yee algorithm.10 To retain the time-updating feature of the
curl equation forH, a second-order accurate extrapolation of

H at the current time from the values at the two previous
time steps of the curlE equation is used. The simulations are
carried out at fixed frequencies, either corresponding to the
wavelengths examined in this experiment or those where the
SP modes are resonant. An incident wave is turned on over
ten periods, and the simulation is run long enough for a
steady-state solution to be developed(usually 10–20 addi-
tional periods). Mur absorbing boundary conditions are em-
ployed, and the incident-wave-scattered wave formalism de-
scribed by Taflove13 is used. Since the field transmission is
relatively small above the metal, the reflected field from the
numerical boundary is very small and does not affect the
simulation of SPs. In the present calculation we use a uni-
form spatial grid withDx=Dy=Dz=50 nm. The time step is
Dt=t /120, wheret is the period, which is sufficient for nu-
merical stability and fields that are accurate to the 2–5 %
level.

FIG. 2. (Color online) (a) The sample rests on top of the NSOM
piezostage. Laser wavelength, angle, and polarization can be varied
to achieve 2D control over SPs. The hole array consists of periodic
perforations created by a focused ion beam in a 150 nm Au film
deposited onto a transparent 0.16 mm thick fused silica substrate
with a 5 nm adhesion layer of Ti. Inset: SEM image of a section of
the 637 array of ,200 nm holes(ax=840 anday=950 nm). SP
intensity on the Au surface is measured by counting photons that
couple into a 200-nm-aperture optical fiber.(b) NSOM image dem-
onstrating a SP mode created by a nanoarray. The region of high
intensity corresponds to photons from the array of holes. Excitation
wavelengthl=760 nm, incidence angleu=50°; coupling condition
is s−2;0d. Also shown is the intensity integrated over the width of
the mode with an exponential fit(decay length 19±2mm) (Ref. 7).

FIG. 3. (Color online) 2D control of SP modes is achieved by
varying the laser wavelengthl [(a) versus(b)], incidence angleu
[(b) versus(d) versus(g)], or polarization[(b) versus(c)]. Vector
diagrams represent calculated wave-vector coupling conditions with
kSP [light gray (blue online)], kx

0 [dark gray(red online)], and G
(black). Solid, dashed, and dotted lines represent decreasing SP
mode intensity. Images are normalized by their peak intensity and
saturated 50%. The sample is rotated byf=5° to eliminate sym-
metrical coupling conditions. SP modes coming from the lower
parts of images are from nearby arrays on the same sample.(e) and
(f) represent 2D cuts, taken 50 nm above the surface, of calculated
FDTD field intensities after 53 and 63 fs propagation time, respec-
tively. (h) shows SP coupling efficiencies[same conditions as(f)]
predicted by FDTD calculations as a function of array hole
diameter.
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In this work we focus on varying the excitation param-
eters:u ,l, and polarization. We keep the angle between the
light incidence plane and array axis,f [Fig. 2(a)], constant,
although in principle it can be used as an additional param-
eter. Figures 3(a)–3(g) provide a demonstration of SP mode
switching. Frame(b) has a pronounced straights−2;0d mode
and a weaker, slightly off-resonance, diagonals0;−1d mode.
By keepingu constant and decreasingl, we increase both
kSP and kx

0 and are able to turn thes−2;0d mode off and
increase the strength of thes0;−1d mode, as shown in frame
(a). In frame(d), l is kept fixed andu is reduced, i.e.,kx

0 is
decreased whilekSP remains constant, which turns off the
straight mode while keeping the diagonal mode at nearly the
same strength. Note that, as predicted by the coupling con-
dition calculations, the angle of thes0;−1d mode with re-
spect to theX axis is modified compared to frames(a) and
(b). By increasingu, on the other hand, we can turn both
modes off, as in frame(g). Finally, the polarization provides
an additional parameter for SP control. If the incident laser
polarization is rotated fromp to s, then the momentum con-
servation condition does not change. However, the electric
field vectorE of the incident light is now perpendicular to
the direction of propagation of thes−2;0d mode. Since SPs
are longitudinal electron density waves, excitation in the di-
rection perpendicular toE does not occur, as in frame(c).
Figure 3 demonstrates that by varying the excitation param-
eters in a fairly narrow interval we are able to turn SP modes
on or off, or modify their strength and direction. It is impor-
tant to note that SP mode switching is not limited to the cases
illustrated here: Fig. 1(b) suggests a wide variety of possible
switching configurations and exit angles. Such a degree of
control is particular to 2D surface structures, and is not pos-
sible when SPs are excited using zero- or one-dimensional
structures.14,15

Frames(e) and (f) of Fig. 3 give the calculated FDTD
field intensities 50 nm above the surface for incident condi-

tions comparable to those examined in(a) and (b) [s0;−1d
and s−2;0d modes, respectively]. The calculations were car-
ried out for free standing Au films. Frame(e) clearly shows
the propagation of thes0;−1d SP mode in the same direction
as, and similar features to, the experimentally observed SP.
We also simulated the fields for an unrotated sample atl
=667 nm, which, employing the measured dielectric
constants,6,7 should be the resonant frequency to create de-
generates0;1d and s0;−1d modes for a 50° incidence angle.
Both of these modes are observed in the simulation, whereas
the SP observations in frames(a) and(e) show the efficacy of
altering the frequency and incidence conditions to select the
s0;−1d mode. The simulation in(f) is for an unrotated
sample withl=752 nm, which is the resonant frequency for
u=50° using the measurede.6 Again, the SP mode clearly
appears, with its features, especially the convergence of two
submodes about 10mm after the nanoarray, resembling Figs.
2(b) and 3(b). The utility of the FDTD method in predicting
and analyzing SP modes is thus confirmed. For the same
conditions as in(f), frame (h) shows the SP coupling effi-
ciency predicted by FDTD calculations as a function of hole
diameter for arrays in a 150 nm thick Au film. The coupling
efficiency is calculated by integrating the Poynting vector
component in the direction of the SP propagationsxd over the
normalsy-zd plane, and taking its ratio to thez component of
the incident Poynting vector integrated over the area of the
holes. Since this ratio varies withx, the efficiency plotted in
Fig. 3(h) is the maximum in the region of the SP’s—typically
1–2 mm past the end of the array. When normalized to the
area of the holes there is a resonant efficiency of almost 20%
for diameter 300 nm at 50°. This type of maximum, attrib-
uted to Fabry-Pérot resonances, has also been seen in simu-
lations of transmission through single holes.16

To fulfil the potential for miniaturization of optical de-
vices, the details of the conversion of light to SP modes and

FIG. 4. (Color online) Conversion of SPs into free-space photons[conditions as in Fig. 3(b)]. (a) Surface of constant light intensity in the
space above the array. The tip is held at constantZ positions forXY scans. The isosurface shown corresponds to a photon counting rate of
46 kHz. The laser beam illuminating the sample from the negativeZ side excites SPs via array coupling. Two SP modes,s0;−1d ands−2;0d,
run along the air-gold interface; their evanescent fields are confined to a small volume above the surface. Two propagating beams, labeled
A and B, emerge out of the array as SPs are converted back into photons via array coupling. Inset: illustration of in-coupling and
out-coupling conditions. SP modes−2;0d is produced whenkSP=kx

0+2G. Light beams A and B have in-plane components of wave-vectors
kx

A=kSP+G and kx
B=kSP+2G, and absolute values of wave-vectorskA=kB=2p /l. Data were not corrected for anisotropy from the tip’s

acceptance angle.(b) ThreeZ-cuts show beam A in the center and B moving to the right. Also from FDTD calculations aZ-cut of field
intensity (after 38 fs propagation time) and light transmission versus hole diameter.
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back to light again from structures designed for SP manipu-
lation must be understood. To gain insight into the light in-
tensity distribution near the surface, we set our scanning
stage to hold the tip at a fixed heightZ above the surface. By
takingXY scans as a function of the tip height we are able to
map out the volume distribution of light intensity above the
array, as shown in Fig. 4. We observe two SP modes propa-
gating along the surface, and two out-of-plane beams of
light, labeled A and B. Since the apertures are too small to
allow direct light transmission, we attribute the beams to
SP-to-light conversion on the air-metal interface. Beam B
emerges at an angle equal to the angle of incidenceu of the
excitation laser, representing zero-order diffraction, i.e., the
conversion condition that is identical to the plasmon excita-
tion condition. Beam A is first-order diffracted, i.e., the con-
version condition differs from the excitation condition by
one G-vector. This measurement confirms the highly direc-
tional nature of free-space light from subwavelength aper-
tures down to a few microns away from the surface, suggest-
ing exciting possibilities in photonic device miniaturization.

The frame in Fig. 4(b) labeled FDTD gives the calculated
results for a scan at 4.05mm above the surface. The scan
shows evidence of the A and B free-space beams and closely
resembles the fine structure of the experimental scan. The
transmission efficiency, also shown in Fig. 4(b), is calculated
as in Fig. 3(h), except that the SP Poynting vector is replaced
by the z-component of the Poynting vector and this is inte-
grated over thex-y plane 2mm above the film(above which

this integrated quantity does not appreciably change). A reso-
nance similar to that in Fig. 3(h) is seen at 300 nm hole
diameter.

The method presented for 2D control of SP mode propa-
gation directions and intensities is a step toward complex
plasmon-based photonic devices. Combining it with other
methods of adjusting light-plasmon coupling, such as coating
the surface with a variable layer of dielectric,17 liquid
crystals,18 or nonlinear optical material19 may allow addi-
tional degrees of control of SP mode propagation using elec-
tronic and optical methods. Placing additional arrays on lines
of SP mode propagation may allow localized, directional out-
coupling of light at points away from the excitation spot;
thus fast and complex microscale optical routers and
switches may be constructed using simple focused-ion beam
or lithographic fabrication techniques. Adding mirrors,15,20

lenses,15 beamsplitters, interferometers,20 or plasmon
waveguides21 are other ways to guide SPs. In addition, the
local density of electromagnetic energy in SP modes may be
orders of magnitude greater than in the excitation laser beam,
especially if the SP modes are focused using lenses or mir-
rors. These intense fields can be used for controlled spectro-
scopic surface-enhanced Raman scattering studies of single
molecules,22 and allow fabrication of highly sensitive chemi-
cal and biological sensors. As an inverse problem, SP diffrac-
tion can be used for recognition of periodic structures on
surfaces.
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