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Electromagnetic energy transport along arrays of closely spaced metal
rods as an analogue to plasmonic devices
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The transport of electromagnetic energy along structures consisting of arrays of closely spaced
metal rods (spacirg0.2 cm) was investigated in the microwave regime at 8.0 GHz3.7 cm).

The dispersion relation shows that information transport occurs at a group velocity of 0.6¢c. The

electromagnetic energy is highly confined to the arr@@96 within a distance of 0.05from the

array). The propagation loss in a straight array is 3 dB/8 cm. Routing of energy around 90° corners

is possible with a power loss of 3—4 dB. Analogies to plasmon wires consisting of arrays of nm-size

metal clusters are discussed. ZD01 American Institute of Physic§DOI: 10.1063/1.1337637

In a recent paper, a method was proposed for the guidings=0.05\¢). They were fixed in position using a Styrofoam
and switching of visible light using plasmon wires, which construction that showed negligible guiding properties. The
consist of arrays of closely spaced metal nanoparticies. first rod was a center-fed dipole driven at 8.0 GHz using a
Whereas an optical mode in conventional optical waveguideslP 8620 C sweep oscillator. The distribution of the EM field
has a minimum size ok/2n (above the diffraction limit of along the array was studied by local power measurements
light), plasmon wires do not suffer from this limitation. Fur- using a 1-cm-long probe dipole and a HP 8472 crystal detec-
thermore, it was shown that light can be guided efficientlytor connected to a HP 415E power meter. These measure-
around sharp cornerdending radiug\) akin to photonic ments were performed at a distance of QA% om the array
crystal structured,in contrast to conventional waveguide to avoid significant interference with the propagating EM
technology. wave. None of the structures were terminated with imped-

As a large-scale analogue to nanoscale plasmonic deénce matching loads to obtain standing-wave patterns for
vices that operate in the visible part of the electromagnetig@hysical analysis. Full-field EM simulations were performed
(EM) spectrum, in this letter we discuss the propagation obn these structures using antenna simulation softivarehe
EM energy along cm-scale periodic structures in the radiofsimulation, the axis of the rods were chosen to be inzhe
requency(rf) regime, similar to linear Yagi antenna arrdys. direction and the center of the first r¢source is located at
The geometry of such an array is pictured in the inset of Fig(X,y,z)=(0,0,0).

1. It consists of a dipole source and a series of equally spaced Figure 1 shows the dispersion relation for EM waves
metal rods with a heighh and an inter-rod spacing It is propagating on a linear array of 101 copper rods determined
well known experimentalfand theoretically’ that such ar- by EM simulations at various frequencies from 6.0 to 9.5
rays show guiding properties as longhes. -<0.5, wherenp ~ GHz. The decrease in slope with increasing wave vektor

is the free-space wavelength of the EM wave emitted by the
source’™" Under this condition, the phase velocity of the

guided wave is less than the free-space velocit€onven- 10 1°°

tional Yagi antenna arrays are aimed at radiating out EM -

energy into the far field and have inter-rod spacings on the . o4

order of \¢/4. In this letter, we will describe structures with ] e ofmeasuremsnt

a significantly smaller spacing of/20, which allow for a r

more efficient guiding of energy around sharp corners. A% ! - g 03 .

smaller spacing between adjacent rods results in a sloweg - I <

phase velocitf’ and a stronger confinement of the EM i 0.2

waves to the structure due to an increased near-field cou

pling. We describe EM simulations and experiments that ex- l o

amine the propagation of energy in straight arrays, sharg t

corners, and tee structures. We will conclude by discussing Source Launched Wave

the link to nm-sized plasmon wire structures. 0 — — T T 0:0

P 0 300 600 900 1200 nls

Three structures consisting of arrays of Cu rods were )

investigated, namely, a straight line, a corner, and a tee struc-

ture. The rods have a diameter of 1 mt0.002 (), @  FiG. 1. Dispersion relation for EM waves propagating on a linear Yagi
height of 1.4cm=0.37\¢), and were spaced 2 mm apart array consisting of 101 Cu rods obtained by EM simulations. The rods have
a diameterd of 1 mm, a heighth of 1.4 cm, and were spaced ky

=2 mm apart. The inset shows a schematic of such a Yagi array including
3E|ectronic mail: haa@daedalus.caltech.edu a source element.
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FIG. 2. Distribution of the absolute value of taeomponent of the electric-
field vector|E,| in thex—y plane for a linear array of 101 rods. The rods are FIG. 3. Distribution of|E,| in thex—y plane for a corner structure consist-
1 mm in diameter, 1.4 cm long, and spaced 2 mm apart. The gray scale iag of two linear arrays of rods that make a 90° angle. The rods are 1 mm in

exponential in the magnitude §,| and spans about {@rders of magni-  diameter, 1.4 cm long, and spaced 2 mm apart. The gray scale is exponential
tude. The inset shows both the measuisgliaresand simulatedthin solid  in the magnitude ofE,| and spans about f@rders of magnitude. The inset
line) power at a distance of 0.A5rom the array. shows both the measurésquaresand simulatedthin solid line power at

a distance of 0.06from the array on the outside of the corner.

indicates a decrease of the group velocity of the EM wave
Near the zone boundary at/s the ratioh/\ approaches
0.5, as predicted by linear antenna thebfAt the excitation transport around 90° corners.

frequency of 8.0 GHz the phase velocity is @65 Figure 3 shows the distribution ¢E,| in thex—y plane
Figure 2 shows the distribution of the absolute value oftq; 5 corner structure consisting of two linear arrays of rods
the z component of the electric-field vect(,| in thex-y  hat make a 90° angle. The gray scale is exponential in the
plane for a linear array of 101 rods. The gray scale in thismagnitude of E,| and spans four orders of magnitude. The
field plot is exponential in the magnitude (,| and spans  jnset shows both the measured and simulated power at a
four orders of magnitude. The inset shows both the measureglsiance of 0.15¢ on the outside of the corner, normalized
(squaresand simulatedthin solid line power at a distance {g the power obtained at the position of the source. As for the
of 0.15\¢ from the array, normalized to the power obtainedstraight line, simulation and experiment are in reasonable
at the position of the source. Most of the energy emitted byagreement. As expected, power is lost in turning the corner
the source is lost due to radiation into the far field, as seen igue to radiation into the far field. The ratio of the power in
the field plot and in the inset as an initial drop in the mea-the sidearm to the power in the main arm is 3—4 dB. The
sured power after rod number 1. A standing-wave pattern iglecrease in power is due to radiation and back reflection at
recognized, indicating weak attenuation along the array anhe corner. We also examined a tee structure in which an EM
strong reflection at the end points, as will be quantified. Theyave was injected into the stem and splitted into the two side
period of the standing wave obtained by simulation and exarms. The ratio of the power in one side arm to the power in
periment are in excellent agreement. The discrepancies in the stem was determined to be of about 8 dB. This is roughly
measured and simulated power can, in part, be attributed tQvice the power lost in the corner structure. At present, it is
the finite diameter of the probe dipole, which causes an avinvestigated whether transmission around corners can be op-
eraging out of the sharp features seen in the simulatiortimized by placement of additional rods that frustrate radia-
About 90% of the energy is confined within a distance oftion into the far field and reduce back reflection.
0.05\¢ from the array, demonstrating strong guiding of the  Another discontinuity that is worth mentioning is the
EM wave by the array. The propagation lagsof the EM  breaking of the perfect periodicity in the array. It was found
wave and its reflection coefficierR can be estimated by that the guiding properties of these arrays are not signifi-
assuming that the standing-wave pattern results from EMantly altered when rods are displaced by as much as 50% of
waves that travel back and forth along the array. From suckhe inter-rod spacing from their original positions. Simula-
an analysis we determined that~3 dB/8cm and R  tions show that straight arrays with random displacements of
~75%. The remaining 25% of the power is radiated into thea subset of the rods still demonstrate strong guiding and
far field at the end of the array, as can be seen in the fieldomparable attenuation. If near-field coupling would be
plot. It is important to note that radiation loss only occurs atdominant, the transport would be extremely sensitive to a
the two ends of the linear array. More generally, radiationbreaking of the perfect translation symmetry, because the
loss occurs at each discontinuity in the structure where thstrength of near-field coupling is strongly dependent on the
EM wave changes direction. For the design of more complespacing ¢1/s%). This strong distance dependence is well
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array structures it is important to quantify the losses at such
discontinuities. For this purpose, we have investigated the
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known from Faster resonance energy transteit. is thus  onstrated theoretically that functionality can indeed be ob-
concluded that the intermediate-field and far-field terms playained at this length scafe.
an important role in the transport. For this reason, In conclusion, we have shown by experiment and simu-
fabrication-induced deviations from perfect translation sym-ation that in the rf regime EM waves can be guided along
metry in array structures can be tolerated. three-dimensional structures consisting of closely spaced
At this point, it is worthwhile to note a few analogies metal rods. Significant losses mainly occur when the wave
and differences between cm-scale metal-rod arrays and plashanges direction due to radiation into the far field and re-
mon wires, consisting of nm-size noble metal clusteFar  flections. It is anticipated that these radiation losses will be
the excitation of EM waves in metal-rod arrays, we used a rhegligible for plasmon wire structures operating in the opti-
dipole antenna. Arrays of metal clusters can efficiently becal regime and transporting EM energy by near-field cou-
excited near the surface plasmon resonance frequ8ay.  pling. Such structures could potentially be among the small-
Au, Ag, and Cu clusters, this resonance occurs at opticadst structures with optical functionality.
frequencies and is associated with a resonantly enhanced ab- ) ) )
sorption cross section. Due to the enhanced absorption cross 1N€ authors would like to thank Bill Bridges for useful
section, a strong coupling between the metal particles can gliscussions and for letting them use his microwave labora-

obtained even for cluster sizes that are small compared to tH@"Y at Caltech. This work was sponsored by the National

interparticle spacing. If nm-size spherical clusters with a di->Ci€nce Foundation.
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