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We demonstrate that it is possible to combine several small metallic particles in a very compact
geometry without loss of their individual modal properties by adding a gold metallic film underneath. This
film essentially acts as a “ground plane”” which channels the optical field of each particle and decreases
the interparticle coupling. The localization of the electric field can then be controlled temporally by
illuminating the chain with a chirped pulse. The sign of the chirp controls the excitation sequence of the

particles with great flexibility.

DOI: 10.1103/PhysRevLett.100.117402

Some metallic subwavelength objects have the ability to
enhance and localize the field of an incoming light at a
specific wavelength corresponding to the excitation of a so-
called localized surface-plasmon (LSP) mode [1,2]. It was
recently shown that it is possible to control the near-field
localization in time and/or space inside a complex metallic
nanostructure using specifically designed light waves [3—
5]. For example, varying the instantaneous frequency, the
polarization, or the amplitude allows creating constructive
interferences between the different modes of the nano-
structure in order to confine light in well defined hot-spots.
Early simulations used simple chirped pulses with a con-
stant polarization. The creation of hot spots shortly local-
ized in time (during a few ten femtoseconds) was
evidenced this way, as well as apparent negative group
velocity inside two-dimensional metallic tips [6,7]. The
purpose of this Letter is to design a simple subwavelength
metallic three dimensional structure which exhibits several
LSP modes associated to nonoverlapping electric field
distributions. The interest of such a structure is to create
multiple addressable light spots whose excitation can be
time-controlled using a custom designed chirped light
pulse. Specifically, we show that simple parallelipipedic
gold particles can be used as building blocks for that
purpose, provided that the interparticle coupling efficiency
is minimized in order to keep the field localized around
mainly one particle at the LSP wavelength. The multi-
resonant character of the structure proposed here makes
it particularly suitable for light control at the nanoscale.
The first part of the Letter is devoted to the study of the
spectroscopic properties of the proposed structure; the
second part focuses on the interaction between its multiple
LSP modes with a chirped femtosecond pulse to localize
light in space and time.

The numerical simulations are performed with the
Green’s tensor method [8,9]. This method is adapted to
the study of finite-size, two or three dimensional scatterers,
embedded in a stratified background. It relies on the reso-
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lution of the Lippmann—Schwinger equation for the elec-
tric field. A great advantage of the Green’s tensor method is
that only the objects of interest need to be discretized. The
boundary conditions at infinity are included in the Green’s
tensor of the stratified background. Details can be found in
a recent review [10]. The gold permittivity data are from
Palik [11].

The system consists in a chain of six gold particles
aligned along the y-direction, Fig. 1. The y side has a
constant length @ = 50 nm, while the x side of each par-
ticle increases from d = 50 nm to d = 100 nm with steps
of 10 nm. The thickness is 20 nm, and the spacing between
each particle is e = 10 nm. The entire system is illumi-
nated from the silica substrate under total internal reflexion
by an s-polarized plane wave (the incident electric field is
parallel to the x axis), which forms a 8 = 45° angle with
the normal to the interface. Each particle exhibits three
LSP modes associated to each of its three sides (for the
smallest particle, two of these modes are degenerate). In

FIG. 1. Geometry of the system. The incident wave propagates
parallel to the yz plane; the incident electric field is parallel to
the x axis. Gray objects are made of gold; white objects are in
silica (e = 2.25).

© 2008 The American Physical Society
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this Letter, the incident wave is coupled to the mode
corresponding to the longest side of each particle, whose
resonance wavelength increases with the particle width d.

The optical response of this system strongly depends on
the coupling between each adjacent particle. Figure 2(a)
shows the absorption spectrum per volume unit for each
particle incorporated in the whole chain lying on a semi—
infinite silica substrate without gold layer. The vertical
solid lines at the top of the figure indicate the position of
the LSP resonance for each individual particle (e = o0).
Two effects can be observed. The first one is due to the
short length of the chain (350 nm), which makes that the
excitation of any particle LSP is spread in the whole chain
by nearest neighbor coupling. More precisely, it appears
that the larger the particle, the higher its sensitivity to the
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FIG. 2 (color online). Absorption spectrum computed in each
particle of the system of Fig. 1 (a) without and (b) with the
underneath gold film. The vertical solid lines at the top of each
figure indicates the position of the LSP resonance of each
isolated particle (a) without and (b) with the underneath gold
film.

other particles: the d = 60 nm particle has only one peak,
whereas the d = 90 nm and the d = 100 nm particles
present several secondary maxima. The larger the particle,
the more it is sensitive to this effect since a larger facet
intercepts more field than a smaller facet. This increases
the reactivity of a large particle to the excitation of a
smaller neighboring particle. This strong interparticle cou-
pling can be modified by the presence of an underlying
gold film as sketched in Fig. 1. This is visible in Fig. 2(b),
where absorption spectra are shown for the geometry
where the chain is separated from a 40 nm-thick gold
film by a 20 nm-thick silica spacer. Let us emphasize
that the delocalized LSP mode propagating on the gold
film cannot be excited by the incident field, which is
s-polarized [12]. The interaction of each individual particle
with the film shifts its plasmon resonance to the red by
about 30 nm (for the d = 50 nm particle) to 110 nm [for
the d = 100 nm particle ; compare vertical lines in
Figs. 2(a) and 2(b)]. Each particle in the chain presents
now essentially one absorption peak, much narrower than
the peak computed without the metallic film. This effect is
particularly visible for the particles with side d = 50, 80
and 90 nm. The origin of this phenomenon is the following:
when the gold film is added, the field remains mainly
concentrated between the particle and the gold film, which
decreases the particle-particle coupling with respect to the
film-particle coupling [13]. The smallest particle now res-
onates around A = 650 nm, the largest one around A =
950 nm. As in the previous case, the interaction between
each particle induces an additional redshift, less important
than that observed without a film: for particles of size d =
60, 70, 80, and 90 nm, this shift is, respectively, 11, 23, 27,
and 38 nm. Hence, the system now exhibits six well
defined resonances, whose wavelength increases regularly
with the particle width. This relation between the fre-
quency and the localization of light can be used to coher-
ently control the optical near-field around the structure.

Indeed, by tuning the phase delay between the spectral
components of an incoming pulse, it is possible to excite
successively each particle in a specific sequence. In order
to demonstrate this, the chain is illuminated with a light
pulse whose large spectrum covers the six resonances of
the system. The same incidence angle and polarization as
previously are used. The pulse is synthesized by a sum of
planewaves, which are sampled every nanometer. The
amplitude and phase of each spectral component has
been chosen in order to produce a pulse of homogeneous
amplitude and decreasing instantaneous wavelength on a
time of 200 fs, Fig. 3. The wavelength evolves from
1.0 pm at r = —100 fs to 570.0 nm at ¢+ = 100 fs.

Maps of the electric field amplitude just above the chain
as a function of time are shown in Fig. 4. The field was
computed 30 nm above the vacuum-silica interface. When
the pulse impinges on the metallic system, the LSP reso-
nance of each particle is successively excited. Because of
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FIG. 3. Time evolution of the instantaneous wavelength during
the pulse, at x, y, z = 0. The gray horizontal bands represent the
width of each peak for the particles d = 60 nm to d = 100 nm
(see numbers inside the gray areas). The gray vertical bands
represent the corresponding time width of the effective pulse
seen by each particle. For the d = 50 nm particle, only the
position of the resonance and the corresponding time have
been reported. Inset: envelope E(f) of the pulse amplitude, at
x,y,z=0.

the decaying wavelength, the particle placed further away
from the light source is excited first; then each particle
from the widest to the narrowest follows: the energy seems
to propagate backward, Fig. 4. The field is remarkably
confined within each particle during the pulse and does
not extend further away than the particle immediately
shorter than the excited one, which demonstrates the
good spatial localization of the electric field with time.
Moreover, the amplitude of the field inside each excited
particle follows the amplitude of the incident pulse.
Figure 5 shows the average amplitude E), of the electric
field inside each particle of the chain as a function of time.
The full width at half maximum of E,, inside each particle
is a few ten femtoseconds and decreases with the side from
50 fs for the d = 90 nm particle down to 25 fs for the d =
50 nm particle. The field in the largest particle has roughly
constant value during the entire pulse duration. This figure
shows that the time scale of the pulse seen by each of the
five smallest particles is much shorter than the whole pulse
duration: the light is temporally confined by the coupling to
LSP. Two sets of three movies can be found in the auxiliary
materials [14]. The first set (labeled a) and the second set
(labeled b) correspond, respectively, to the system without
and with the gold film. They show the evolution of the
mean field amplitude inside the chain as a function of time
for three different pulses. The first is the previously de-
scribed pulse (the movie is simply a full time sequence
corresponding to Fig. 5), the second is the exactly reversed
pulse where the wavelength increases with time, and the
last one has an increasing wavelength from —100 fs to O fs
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FIG. 4 (color online). Amplitude of the electric field normal-
ized to the maximum amplitude of the incident field at the
different times corresponding to the maximum of field amplitude
above each particle. The field was computed 30 nm above the
silica substrate.

followed by a decreasing wavelength from O to 100 fs. The
result is a field maximum going forth and back along the
chain. The amelioration of the field localization and propa-
gation due to the gold film appears clearly. These movies
emphasize the high degree of control that can be achieved
for the localization in space and time of the LSP inside the
chain.

Another interesting point is the relation between the
time for which E), reaches its maximum inside one par-
ticular particle and the time at which the instantaneous
wavelength of the incident pulse matches its LSP wave-
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FIG. 5 (color online). Average electric field amplitude E, in-
side each particle of the chain, as a function of time. The vertical
gray areas are the same as in Fig. 3.

length computed from absorption spectra [Fig. 2(b)]. In
Fig. 3, the horizontal gray bands represent the width at half
maximum for the absorption peaks in Fig. 2(b). This
wavelength interval reported on the horizontal axis defines
a time interval (vertical gray bands) during which the
instantaneous wavelength matches the plasmon mode of
each particle. The larger time interval (22 fs) is obtained
for the d = 90 nm particle, and decreases with the width of
the particle down to 13 fs for the d = 60 nm particle. As
the absorption peak of the d = 50 nm particle is very wide
due to interband transitions in gold at short wavelengths,
the width of the plasmon mode cannot be defined, and only
the position of the maximum and the corresponding time
have been plotted. These time intervals have been reported
in Fig. 5. It appears that, for all particles, the time of
maximal E, lies outside the corresponding window. This
fact shows a clear delay between the time for which the
incident wavelength corresponds to the LSP wavelength
and the response of the particle. Moreover, by evaluating
from Figs. 2(b) and 3 the precise time at which A(r) =
Arsp, We find an average delay of about 10—20 fs with the
E, peak time in each particle. The reason for this delay is
not clearly understood, but further calculations showed that
a strong correlation exists with the coherence time of the
LSP mode, deduced from the full width at half maximum
of each absorption peak in Fig. 2(b), which is also about 10
to 20 fs. This delay indicates the time that a particle needs
to adapt to the rapid change of frequency it experiences.
As a conclusion, we have shown in this Letter that it is
possible to combine several small metallic particles in a
very compact geometry without loss of their individual

modal properties by adding a gold metallic film under-
neath. This film essentially acts as a ““ground plane” which
channels the optical field of each particle and decreases the
interparticle coupling. The localization of the electric field
can hence be controlled temporally by illuminating the
chain with a chirped pulse. The sign of the chirp controls
the excitation sequence of the particles with great flexibil-
ity. Finally, a comparison between the time at which the
field is maximum in one particle and the time for which the
wavelength of the incident chirped pulse corresponds to the
LSP wavelength of the same particle indicates that the
particles need a delay of few tens fentoseconds to adapt
to the rapid change of frequency it experiences. This delay
is correlated to the LSP mode coherence time.
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