APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 9 26 AUGUST 2002

Observation of coupled plasmon-polariton modes in Au nanopatrticle chain
waveguides of different lengths: Estimation of waveguide loss
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Near-field interactions between closely spaced Au nanoparticles were characterized by studying the
spectral position of the extinction bands corresponding to longitudibaland transverseT)
plasmon-polariton modes of Au nanoparticle chains. Far-field spectroscopy and finite-difference
time-domain simulations on arrays of 50 nm diameter Au spheres with an interparticle spacing of 75
nm both show a splittingAE between thd. and T modes that increases with chain length and
saturates at a length of seven particled &= 65 meV. We show that the measured splitting will
result in a propagation loss of 3 dB/15 nm for energy transport. Calculations indicate that this loss
can be reduced by at least one order of magnitude by modifying the shape of the constituent
particles. ©2002 American Institute of Physic§DOI: 10.1063/1.1503870

In a recent paper, a method was proposed for guidinglicular (transverse mode€) to the chain axis. The simulation
electromagnetic energy below the diffraction limit at visible volume is chosen as a rectangular box of dimensions
frequencies using ordered arrays of closely spaced nobl&000 nm<400 nnix400 nm and refractive index. The
metal nanoparticles.Energy transport in these plasmon nanoparticle arrays consist of Au spheres with a diameter
waveguides relies on near-field coupling between surfac® =50 nm and a center-to-center spacthg 75 nm, and the
plasmon-polariton modes of neighboring particles. In con-material response of Au is modeled using a Drude model
trast to conventional optical waveguides, the minimum sizewith a bulk plasmon frequenay,=6.79x 10% rad/s and an
of the guided modes is not limited by the diffraction limit electron relaxation time=4fs. In order to determine the
A/2n of light, enabling the fabrication of nanoscale optical particle resonance frequenciEs 1, we initialize the simu-
devices. This type of guiding due to near-field coupling wadation volume with an electrostatic fielH(t=0) polarized
recently demonstrated experimentally in macroscopic struceither along(L modes$ or perpendicula(T mode$ to the
tures operating in the microwave regifhét the submicron  chain axis. The upper inset of Fig. 1 sho&ét=0) for a
scale, a theoretical analysis of plasmon waveguides was doRgirticle chain consisting of seven particles for longitudinal
using a point-dipole model, allowing for the determination of polarization. This initial field is chosen to resemble the
the dispersion relatiom(k) and group velocities for en- =0 waveguide mode, as described in detail elsewhaiee
ergy transport:* The predictions of the point-dipole model field is then allowed to evolve for 35 fs, and its time-
for the collective (in-phasg excitation of the long- dependencé(t) is analyzed. The simulations produce the
wavelength modéwavevectok = 0) of plasmon waveguides correct optical response of a single Au nanoparticle irf air,
consisting of 80 Au nanoparticles were confirmed using farvalidating the calculation method.
field spectroscopy. A Fourier transform of the time evolution &(t) at the

Energy transport in plasmon waveguides relies on theenter of each nanoparticle in the arrays allows for the de-
excitation of modes with a finite wave vectdk£0). The  termination of the plasmon resonance energigs . Figure
functional form w(k), the group velocity, and the energy 1 showsE(t) at the center of a nanoparticle located in a
propagation loss all depend on the number of directly interseyen particle array. The oscillating field decays with a
acting nanopatrticles. In this letter, we investigate this opticahamping constant corresponding to the relaxation tinud
near-field interaction range via a determination of the colleCthe Drude model. The Fourier transform B(t) for this
tive plasmon resonance frequencies for structures with 3, $articular case is shown in the lower inset of Fig. 2 with a
and 7 Au nanoparticles using finite-difference time-domainciear resonance peak at 2.06 eV. Since all particles constitut-
(FDTD) simulations. The results are compared with far-fielding the arrays are excited in phase, the simulations allow for

extinction measurements on arrays of plasmon waveguides determination of the energies of the collectiw@ve vector
fabricated using electron-beam lithography. Additionally, ay — ) plasmon resonance modes.

simple mathematical formula is deduced relating the far-field | order to compare our simulation results with far-field

extinction data and the expected waveguide loss. extinction spectra of plasmon waveguides, we fabricated
~ Figure 1 outlines our simulation approach for the deterytiple sets of samples consisting of Au nanoparticles with
mination of the surface plasmon resonance eneif§iesof e same diameted =50 nm and center-to-center spacing

nanoparticles in plasmon waveguides, wherandT corre- 75 nm as in the simulation geometry for chain lengths of
spond to polarization alongongitudinal modeL) or perpen- 3 5 7 and 80 particles using electron-beam lithography on
indium tin oxide coated glass slides. In order to obtain far-
3Electronic mail: stmaier@caltech.edu field extinction spectra with a high signal-to-noise ratio,
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. L FIG. 3. (Color) (a) Collective plasmon resonance energies for both longitu-
FIG. 1. (Color) Time-dependenci(t) of the local electric field at the center i o (E.) and transverseH;) excitations for Au nanoparticle arrays of

of a nanoparticle in a seven particle plasmon waveguide as obtained byigerent lengths obtained via far-field spectroscepd circles and FDTD
FDTD simulations. The upper inset shows the distribution of the initial jnjations(black stars (b) Simulation results for the collective plasmon

electric field polarized along the chain axis on a linear color scale. The lowefogonance energies for transverse excitation of Au spheroids with aspect
inset shows the Fourier transformB(t), peaking at the collective plasmon ratios 3:1(blue diamonds

oscillation energyg, .

. . _lected in mputer-operated micr trometer an n-
8100 plasmon waveguides of each type were arranged in gc ed in a computer-operated microspectrometer and co

5 L . . verted to extinction data.
100x 1.00'“m grid W'Fh aspacing of Jum, as shown in the Figure 2 shows a typical far-field extinction spectrum for
scanning electron microscope inset of Fig. 2 for plasmon

waveguides consisting of seven nanoparticles. The particl lasmon waveguides consisting of seven Au nanoparticles
guide 9 - P ) Partiti&3ken at normal incidence illumination for both longitudinal
were previously shown to exhibit an almost spherical in-

| Ik . . (thick line L) and transverse polarizatigthin line T). The
plane symmetry. Crosstalk between adjacent structures ISiongitudinal extinction peak a,=2.06 eV and the trans-

expected to have a negligible effect on the particle interac;, oo peak aE;=2.12 eV are shifted with respect to the
tions since it takes place via far-field scattering of the i”di'single-particle dipole plasmon resonance Ea=2.10 eV,
vidual nanoparticles with a distance dependencedof, \hich was determined on grids consisting of individual
whereas near-field interactions of adjacent particles in eacHanoparticles with a large interparticle spaciithe fact that
waveguide show a2 dependence and dominate at small; measurable peak splitin§E =|E;—E, | occurs between
distance$. Far-field spectroscopy on these samples can thuge two extinction peaks indicates that polarization-
be expected to reflect only near-field optical interactionsgependent near-field particle interactions are present. Since
Transmission measurements on the XA00uM grids  oyr jllumination geometry excites all particles constituting
were performed in an inverted optical microscope with thethe waveguides in phase, the extinction peaks correspond to

halogen light source focused to a spot siz&00um, and &  resonant collective plasmon oscillations of each nanoparticle
polarizer allowed for the selective excitation of the longitu- chain®

dinal or transverse modes. The transmitted light was col-  Figure 3a) shows the energieE, 1 of the collective

modes for plasmon waveguides with 1, 3, 5, 7, and 80 par-
ticles for bothL andT polarizations as obtained by far-field
experimentgred circles. The peak splitting\ E between the
longitudinal and the transverse modes increases with particle
chain length and saturates AE=65 meV for about seven
particles. The observed trend i 1 is in qualitative agree-
ment with Mie-theory calculations for silver nanoparticle
chains in aif’!° Figure 3a) also shows the results of the
FDTD simulations described herefblack stars In order to
model the presence of the glass substrate 1.5) in the
simulations, the medium surrounding the particles was taken
to have an effective refractive index= 1.2 for the transverse
190 2.00 210 220 290 240 250 mode. The effective index for the modes is slightly lower
(n=1.15) due to a stronger confinement of the optical near
field, which reduces particle—substrate interactions. Experi-
FIG. 2. Far-field extinction spectrum of plasmon waveguides consisting ofnent and simulations are in good agreement. Note that
seven Au nanoparticles for the longitudirftlick line L) and the transverse \whereas the dipole model of plasmon waveguides predicts

(thin line T) mode of collective excitation. The peak positidiisandE+ are that nearest-neighbor interactions dominate in plasmon
shifted relative to the single-particle plasmon resondigelue to optical

near-field interactions. The inset shows a scanning electron micrograph (Wavegmdegl the increase in peak splitting between partide

the plasmon waveguide structures. chains with three and five particles suggests that also second-
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nearest-neighbor interactions need to be taken into accouBt;=360 meV for the transverse mode, corresponding to an
to correctly describe the waveguide properties. attenuation coefficient=2.7x10° m~! and an energy loss
The peak splittingAE is a direct measurement of the of 3 dB/130 nm, a factor~9 less than in the nanosphere
particle interaction strength which in turn determines thecase. Further optimization of waveguide geometry and ma-
bandwidthB_1=2|E,—E_ 1| available for transport fot terial is expected to allow for energy propagation over sev-
and T modes>® In our caseB, =95 meV (23 TH2) for the  eral hundred nanometers.
longitudinal mode. The interaction strength also puts an up-  In summary, we have examined the near-field interaction
per limit to the group velocity 4, 1 for energy transport?  range of Au nanoparticles in plasmon waveguides via the
and this together with the resistive damping of the oscillationdetermination of the peak splittin§E between the longitu-
determines the minimum energy loss of propagating wavedinal and transverse plasmon-polariton collective mode exci-
in plasmon waveguides. This loss was previously estimatethtions for waveguides of different lengths. We have shown
to be on the order of 3 dB/500 nm for small silver particles inthat far-field measurements allow for a quick estimate of the
air using both a point-dipole modeénd calculations based minimum waveguide loss via a determination of the peak
on Mie theory! The plasmon wave attenuation coefficient splitting AE and the homogeneous linewidEhof the plas-
a1 which describes the exponential attenuation of the elecmon oscillations, requiring no near-field measurements. With
tric field of the propagating plasmon wave is givendyr  appropriate geometries and materials, plasmon waveguides
=I'2v 4 1 with " being the homogeneous linewidth of the should allow for efficient guiding of electromagnetic energy
plasmon dipole resonance. Using simple algebraic manipulasver distances of several hundred nanometers, opening the
tions, it follows that at the poirk= 7r/2d of maximum group  way for the fabrication of highly integrated optical devices
velocity a| tXd=I'/B_ 1, which can be calculated using operating below the diffraction limit of light.
guantities obtained from far-field measurements alone. In the ) )
case of 50 nm Au sphereE =180 meV, as obtained directly The authors would I|k_e to thank Rlche_\rd Muller and Paul
from the far-field measurements and confirmed using neaflaker of the Jet Propulsion Laboratory in Pasadena for ex-
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We thus obtaine, ~2.5x 10’ m~* for the fabricated struc- Engineering of Materials at Caltech, and the Air Force Office
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