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Optical pulse propagation in metal nanopatrticle chain waveguides
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Finite-difference time-domain simulations show direct evidence of optical pulse propagation below the
diffraction limit of light along linear arrays of spherical noble metal nanoparticles with group velocities up to
0.06c. The calculated dispersion relation and group velocities correlate remarkably well with predictions from
a simple point-dipole model. A change in particle shape to spheroidal particles shows up to a threefold increase
in group velocity. Pulses with transverse polarization are shown to propagate with negative phase velocities
antiparallel to the energy flow.
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Investigations of the interaction of light with metal nano- model which treats the particles as point dipdfefnterac-
particles have led to a wealth of knowledge about the fundations between adjacent nanoparticles in such plasmon
mental electromagnetic processes occurring on length scal@gaveguides were shown to set up coupled plasmon-polariton
smaller than the wavelengthof light.!> Near-field investi- modes, which lead to coherent energy transport along the
gations of the optical properties of single noble metal nanoparticle arrays. The point-dipole model allowed for the de-
particles have confirmed the century old prediction that lightermination of the dispersion relatio(k) of the plasmon
at the surface plasmon resonance frequency interact®odes which is shown in the inset of Fig. 1 for both longi-
strongly with a single metal nanoparticle and excites a cotudinal moded. (electric field parallel to the chain aiand
herent collective electron motion, or plasn?o”nFor a par- transverse modes (electric field perpendicular to the chain
ticle with a diameteD <\, the light-matter interactions lead axis) in the nearest-neighbor approximation. The group ve-
to an oscillating homogeneous polarization of the nanoparocity vy for energy transport given byw/dk is highest for
ticle volume, resulting in an oscillating dipole field. For the k=/2d modes, which can be excited using local exci-
spherical Au and Ag nanoparticles in air, the dipole plasmorfation at the plasmon resonance frequeiigy of a single
resonance frequencies lie in the visible part of the spectrumnanoparticle. Group velocities up to 10% of the velodcityf

Advances in particle synthesis and fabrication enable dight in vacuum were predictett.Also, a variety of different
study of the electromagnetic interactions between metajuiding geometries such as 90° corners and tee structures as
nanoparticles in ordered arrays with various particle spacingwell as an all-optical switch were suggested for the routing
d. Such nanoparticle arrays exhibit collective dipole reso-of electromagnetic energy on the nanoscal&unctional
nances. Fod=\, the collective dipole resonance frequen- macroscopic analogues to such network structures operating
cies and the lifetime of the plasmon oscillations are influ-in the microwave regime have been demonstrated.
enced predominantly by far-field dipolar interactions with a  Up to this point, all experimental investigations of plas-
d~! distance dependencé.For closely spaced metal nano- mon waveguide structures consisting of closely spaced noble
particles @<<\), interactions mediated by the high local
electromagnetic fields near the particle surface dominate ]
with ad ™2 distance dependence. Far-field polarization spec- 244 E
troscopy on ordered linear arrays of closely spaced Au nano-
particles indeed showed a distance dependende bf the
interparticle couplind:®

An intriguing application of the interaction between metal
nanoparticles is the construction of waveguides for electro-
magnetic energy at visible or near-infrared frequencies. It L -
was shown that far-field interactions between Au particles in . S d
a grating can establish a surface plasmon-polariton bandgap 2.28+ 2 e _k_ A
in analogy to photonic crystals, allowing for the construction 1
of line defect waveguideslt has also been shown that the 224
minimum size of these defect waveguides is determined by
the diffraction limitA/2n of light due to the large spacing
between adjacent particles that is necessary for the establish- g 1. (Color onling Resonance energies for the longitudinal

ment of the bandgap. _ . E., squares and transverse Hy, circles collective plasmon

Two recent publications have discussed the possibility 0énodes of Au nanoparticle arrays of different lengths with an inter-
guiding electromagnetic energy with a lateral confinemenparticle spacing of B as obtained by finite-difference time-domain
below the diffraction limit of light in ordered one- simulations. The inset shows the dispersion relatigk) for this
dimensional arrays of metal nanoparticles with interparticlegeometry calculated using a point-dipole mo¢Ref. 11, with the
spacingsd<\, using either extended Mie thedfyor a  collective modes marked by circles.
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metal nanoparticles have focused on the collediivgphase Electric Field Transmission1 i
excitations of the long-wavelength modeave vectork 2,56 T————T————1————————
=0)."®14 Although electromagnetic energy cannot be trans- 2eo] @) L=Tb) *]
ported using only this mode, we have shown that far-field ] ! i
measurements of the=0 mode in combination with the i PN rd 1 =
point-dipole model can be used to extract the maximum ~24] T 1 2
group velocities. However, there has been no direct demon- 2,0l St 1
stration of pulse propagation in plasmon waveguides, either 5 A 1t
in experiments or simulations. o 28] e
In this paper, we demonstrate optical pulse propagation in 2.324 P I R
plasmon waveguides consisting of Au nanoparticles using 1 o 1 ]
finite-difference time-domaifFDTD) simulations. The pre- z'zsjl‘__,-—‘i i s
dictions of the point-dipole model for the dispersion relation 2244 .

. 0 1'0 2I0 3'0 4'0

and the pulse group velocities for energy transport for plas- p
mon waveguides consisting of spherical nanoparticles are Ikl (urm™)
confirmed. We also show that local excitation of transverse FIG. 2. (Color onling (a) Dispersion relations(k) for plasmon
plasmon mo_des leads to annparallel gr_oup and_phase _Velo%aveguides consisting of spherical particles for both longitudinal
ties. Extending our analysis to spheroidal pgrtlcles with ar(isquare}3 and transversetriangle3 modes obtained by finite-
aspect ratio of 3:1 we demonstrate the ability to tune andjitference time-domain calculations. Also shown are the positions
improve the guiding parameters of plasmon waveguides. of thek=0 modes(circles obtained from in-phase excitations and

FDTD simulations that solve the full set of Maxwell's the functional dependence predicted by the point-dipole model
equations on a grid are a powerful method to model light{Ref. 1) (dotted lines. (b) For both longitudinal(squares and
matter interactions in complex systefisWe have previ- transversétriangles modes the transmitted electric figlshown on
ously shown that using FDTD simulations we can accuratelythe top axis normalized to the field inside the first parjidte a
reproduce  spectroscopic  properties  of  plasmorselected particle is highest when the first particle is excited at the
waveguides:® Our calculations model plasmon waveguidesband center.
consisting of up to nine periodically spaced Au nanoparticles
with a diameterD =50 nm and a center-to-center spactg  panonarticlé the corresponding energy decay lengths are
=75nm. The S|mulat|on volume measures 1)8(@[0)0 a, =3 dB/50 nm andv;=3 dB/20 nm.
X 400 nnt. The particles are surrounded by a medium with a
refractive indexn= 1 (vacuun). The material response of Au
is modeled using a Drude model with a bulk plasmon fre-
quencyw,=6.79x 10*° rad/s and an electron relaxation time
Torude— 4 fS in order to closely match the bulk dielectric

The obtained values fory and « rely on the analytical
but approximate point-dipole model of plasmon waveguides.
In order to determine the functional form of the dispersion
relation w(k) with a more realistic model, we simulated the
function of Au (Ref. 16 in the vicinity of the single particle propaggtlon of electromagnetm energy throug_h plasmon
resonances, . Wavegu!de structures_ using FDTD _ca_lculatlo_ns. _ The
In order to determine the collective resonance energie¥@veguides were excited with an oscillating point-dipole
E, 1 of the particle chains, the simulation volume is initial- Placed at a distance af=75nm to the center of the first
ized with an electrostatic field chosen to resemblekhed ~ Nanoparticle of the waveguide. In consecutive runs, the
mode profile polarized either paralldl mode$ or perpen- point-dipole source was driven continuously at various fre-
dicular (T modes to the chain direction. The field is then duencies in the vicinity oE,. The field distribution along
allowed to evolve for 35 fs, and its time dependence is anathe nanoparticle chain structure was then analyzed to deter-
lyzed to determine the resonance energies as described mine the wave vectok of the propagating waves. Figure
detail elsewher&.Figure 1 shows the energidg 1 of the  2(a) shows the thus computed dispersion relation for both
collectivek=0 modes for plasmon waveguides composed ofongitudinal (squares and transversétriangles excitations,
1 to 6 Au nanospheres for both the longitudinal polarizationas well as the results for tHe=0 modes obtained by plane
L (squaresand transverse polarizatioh(circles. The peak wave excitation(circles. The dotted lines indicate the dis-
splitting AE between thé- and T modes increases with par- persion relation calculated using the point-dipole model. The
ticle chain length and saturates ME =200 meV for chain obtainedw(k) data are in excellent agreement with the pre-
lengths of five particles. Similar trends were observed in exdictions from the point-dipole model despite the limitations
periments using far-field spectroscopy of plasmonof the latter. Figure @) shows the electric field amplitude at
waveguides fabricated using electron beam lithography otthe center of the last nanoparticle for longitudinal excitations
ITO coated glass slidé< The peak splitting and the known (squares Note that the waveguide loss is minimum at the
functional form of the point-dipole dispersion relatiasik) center of the dispersion band, as expected since the group
allow for the calculation of the maximum group velocitigs  velocity is maximum at this poirit The corresponding field
and the energy decay lengthf thek= 7/2d modes’® For ~ amplitudes for transverse modésiangle$ were monitored
a peak splitting of 200 meV, we find, = 1.6X 10" m/s for  in particle 2 because of the relatively higher loss under trans-
longitudinal and vqr=6.6X 10° m/s for transverse excita- verse excitations, which together with the reflections makes a
tions. Assuming a plasmon decay time 4 fs for a single  monitoring at the last particle difficult.

205402-2



OPTICAL PULSE PROPAGATION IN METAL . .. PMSICAL REVIEW B 67, 205402 (2003

750 ——
6001 @
525 @ iy
£ 450 @
E3751@
_§ 3001 @
8 25/ @ i ]
o 1 ]
150 @ A ]
7541 @ |
1 e é Ty |
20 40 60 80 100
Time (fs)
FIG. 3. (Color) (a) Pulse peak
. positions over time in a plasmon
b) —» Pulse propagation waveguide consisting of spherical
t Phase propagation particles for both longitudinal

(black squares and transverse
(black triangleg polarization. The
spheres along the ordinate indicate
the position of the Au nanopar-
ticles. Snapshots of thgly) com-
t=ty+ At ponent of the electric field in the
xy plane for longitudinal(trans-
versg polarization are shown in
t=ty+2At the upper(lower inset. (b) Time
snapshots of the electric field for
transverse pulse propagation
t=to+ 3At showing a negative phase velocity
with an antiparallel orientation of
the phase and group velocities.

(o 1=ty + 4At
t=tg+ 5At
=ty + 6At

t=ty+TAt

=1

t=ty+ 8At

t=ty+ 9At

The previous analysis has produced an accurate descrifpcal dipole source with a pulse centered at the resonance
tion of the dispersion relation, but provides no direct evi-energy Eo=2.4 eV corresponding to th&=w/2d modes
dence for the possibility of information transport using opti- with the highest group velocities. The width of the pulses
cal pulses. We have therefore also examined the propagatiamas chosen to be 95% of the bandwidth of the dispersion
of pulses through these plasmon waveguides by driving theelation for either polarization in order to keep the pulse
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FIG. 4. (Color) Pulse peak positions over time in plasmon waveguides consisting of spheroidal particles with an aspect ratio 3:1 for both
longitudinal (squaresand transversériangles polarizations. Shown are data for particles with the same volume as the spherical particles
of Fig. 3 (case I, black datapointand for particles with an increased volume but the same short axis and surface-to-surface (spaeing
I, blue datapoints The spheroids along the ordinate indicate the position of the Au nanoparticles. The insets show field distributions of
transverse pulse propagation through the waveguides for déeedr insei and case I(upper inset

Position (nm)

length (30 fs) well within the total simulation time of 125 fs. are anti-parallel. This is illustrated in Fig(l8, which shows
The upper inset of Fig. (8 shows a snapshot of the ten electric field snapshots spactt=0.166 fs(~10% of a
x-component of the electric field in the-plane for longitu-  cycle atE,) apart. The wave packet is seen to move away
dinal polarization on a linear color scale. The periodicity offrom the source while the individual phase fronts travel to-
the field distribution along the chain confirms that the pulseyards the sourc¥, since for transverse modes a positive
is centered around thk=7/2d mode corresponding t0 @ group velocity, required for causality, occurs at negative
wavelength of 4 particle spacings. An analogous snapshot fqgavevectorsk, as seen in the dispersion relation depicted in
the y-component of the electric field for transverse polariza-the inset of Fig. 1. Plasmon waveguides could thus serve as
tion is shown in the lower inset. Movies of the pulse propa-3 relatively simple model system for the investigation of
gation can be V|ewec'i.onl|n1é.'.|'he main part of Fig. @  negative phase velocity systems and be of value in the
shows the pulse position, defined as the location of maxipresent discussions regarding the unique properties of these
mum field amplitude, over time for both longitudin@lack systemg®1°
squares and transverséblack triangleg excitation. Linear The previous analysis dealt exclusively with spherical
fits of the datasets y|e|d values for the group velocities Ofpartic'esl Recent'y’ it was shown that rod_shaped nanopar-
vgL=1.7x10" m/s andvg;=5.7x10° m/s, in good agree- ticles with their long axis oriented perpendicular to the wave-
ment with the estimatesy, and v4 from the point-dipole  guide chain axis show an increased inter-particle coupling
model (vq =0.94v;, andvgr=1.1577). The energy decay compared to spherical particles that have the same particle
lengths obtained from the pulse propagation simulations argolume and center-to-center spacfhgdditionally, gold na-
al =3 dB/140 nm ande} =3 dB/43 nm, respectively. Both norods with an aspect ratio of 3:1 were also shown to exhibit
are between a factor 2—-3 higher than the energy decagn increase in plasmon decay time by about a factor 2—3 due
lengths calculated using the point dipole model with a plasto a resonance shift away from the interband transition
mon decay timer=4 fs. This discrepancy may be due to the edge® In order to analyze the effects of the particle shape on
finite size of our waveguide, resulting in a discrete spectrunihe group velocities for pulse propagation, we performed
of allowed modes. Nevertheless, these FDTD calculation&DTD simulations with pulsed local excitations as described
guantitatively confirm the possibility of using plasmon above on two plasmon waveguides consisting of spheroidal
waveguides for information transport with>0.01c. particles with an aspect ratio of 3:1 and their long axes ori-
The FDTD calculations clearly show the occurrence ofented perpendicular to the waveguide axis. In the first case,
negative phase velocities in these plasmon waveguides whéhe spheroids were chosen to be of the same volume and
excited in a transverse mode. For the transverse pulse, tl@nter-to-center spacird= 75 nm as the 50-nm Au spheres
group velocity and thus the direction of energy propagatiordescribed above, corresponding to a short @xis34.7 nm
and the phase velocity of the individual wave componentsind a long axi€=104 nm. The lower inset of Fig. 4 shows

205402-4



OPTICAL PULSE PROPAGATION IN METAL . .. PMSICAL REVIEW B 67, 205402 (2003

a snapshot of thg component of the electric field in they  spacing of 25 nm, at the limit of current electron beam li-
plane for the propagation of a transverse pulse centered at thieography fabrication techniques. The results from FDTD
resonance frequenci, for this system, showing th&  calculations are also shown in Fig. 4. The upper inset of Fig.
=m/2d periodicity. The main part of Fig. 4 shows the posi- 4 shows a snapshot of thecomponent of the electric field
tion of the propagating pulse peaks for both transverse paduring the propagation of a transverse pulse on this structure.
larization (electric field polarized along the long spheroid |n this case, the maximum group velocities increase to
axis, black trianglesand longitudinal polarizatiorielectric v5.17=1.06<10' m/s (blue triangles and v3.,, =5.4

field polarized along the short spheroid axis, black sqyares 107 m/s (blue squares The waveguide properties can thus
Also shown are linear fits to the datasets, corresponding Be optimized by tuning the particle geometry.

irgggm/\gepl’ﬂgg: I;S)I:lgs: :gr.:xnl(joserg/;r 2??h;r?:éyt):e?.led for I summary, FDTD simulations show that plasmon
spherical : art'clesv Fzr the trlans orse ?node the rela;{ o .nv_vaveguides consisting of closely spaced Au nanoparticles
pherical parti ’ ) v ' Ve llow for optical pulse propagation below the diffraction

crease in the group velocity compared to the case of spher'—

) . 0 . _imit. The shape of the dispersion relatiaitk) for spherical
f;lng:rt;rcgfs ;ﬁelszo orr:}/p,)hz\;een ;gﬁ:t?:tiéhrg ?ggggf;g gl; particles obtained from FDTD calculations closely agrees

L with that predicted by a point-dipole calculatith.For
e e oo he sphercal parices, he grovp velciles e abou
is 300%, while in this case the bandwidth does not Chango'OZ:_o'063 depending on polarization. The guiding prop-

appreciably when going from spherical to spheroidal par_%rnes can be optimized by changes in particle shape and

ticles. The fact thab, is not linearly related ta\E suggests spacing, resulting in group velocities of up to 022 geom-

that w(k) is strongly affected by the aspect ratio of the nano-emes that can be achieved using current fabrication tech-

particles. The observed behavior could be caused by the iy Jues such as electron beam - lithography. Plasmon

creased radiation damping of transverse modes due to a novil_aveguides thus have the potential to be applied in future
pIng ) Highly integrated optical circuits, to enable confinement and

homogenepus polarization along the long axis which in thI%ransport of electromagnetic energy below the diffraction
geometry is no longer small compared to the wavelength limit, and can be used as a model system for the study of

of the exciting light . . Iirght-matter interactions on the nanoscale.
The second case we investigated concerned plasmo

waveguides consisting of spheroids with the same center-to- This work was sponsored by the NSF Grant No.
center spacing but with a larger voluma=50 nm andc ECS0103543 and the Center for Science and Engineering of
=150 nm) than the 50-nm-diameter nanospheres. Note thaaterials at Caltech and the Air Force Office of Scientific
these structures show an interparticle surface-to-surfacBesearch.
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