
Nonlinear pulse routing in plasmonic couplers

José R. Salgueiro1,∗ and Albert Ferrando2,3,∗∗

1Universidade de Vigo, Departamento de Física Aplicada, E. E. Aeronáutica e do Ezpazo, As Lagoas, s/n, 32004 Ourense, Spain.
2Institut de Ciència dels Materials, Universitat de València, Paterna 46980 Valencia, Spain.
3Departament d’Òptica i Optometria i Ciències de la Visió, Universitat de València, Dr. Moliner, 50, Burjassot, 46100 Valencia, Spain.

Abstract. We present a system able to discriminate pulses according to their duration with potential applica-
tions in all-optical signal multiplexing. The device is based on a directional coupler with nonlinear cores and
metallic claddings with dimensions in a nanometric scale. Simulations are carried out using the FDTD tech-
nique for ultrashort pulses of femtosecond order. It is shown that the device is able to separate such pulses
respect to a time-width threshold which depends on the total energy of the pulse.

1 Introduction

Modern technology pursues the increase of communica-
tion capabilities requiring from fast processing systems to
discriminate and route information and also from minia-
turized components leading to a high encapsulation rates.
In such a way, plasmonics has come into play to put op-
tical devices into the nanoscale [1] even though important
drawbacks, as the high losses associated to such devices,
have to be overcome.

The implementation of all-optical operations is very
important in order to achieve high processing speed and
so exploiting nonlinear properties is one of the the most
valuable resources available at the time. In such a way
there is a great interest on the use of pulses to increase
optical power density and induce the nonlinear response
with a reasonable power. Up to now different nonlinear
systems using metals have been studied mainly in the con-
tinuous wave regime (CW), particularly the nonlinear di-
rectional coupler for optical power switching [2]. Nev-
ertheless, modeling such systems for their use with ultra-
short pulses has proved to be difficult as it is revealed by
the scant number of works available at the moment on the
matter, which additionally deal with quite simple systems
as metal-dielectric interfaces [3, 4] or single slot waveg-
uides [5, 6].

In this work we present a device to perform all-optical
switching based on the input pulse duration. In a previ-
ous work [7] we already explored the possibility of all-
optical switching based on total pulse energy. The mech-
anism presented here is an alternative operation mode for
the same device which in principle would not require from
any physical modification to operate in one or another way,
being consequently more versatile.
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2 Device description

The directional coupler is assumed to lie in the plane XZ,
being z the propagation direction, and is formed by two
slot waveguides. The two dielectric cores show the non-
linear Kerr response and are embedded into metallic linear
claddings. The field is assumed to be a TM mode with
one magnetic and two electric components, Hy, Ex and Ez.
A reference wavelength λ0 = 800 nm is chosen and nor-
malized units used, scaling the spatial coordinates by the
wavenumber k0 = 2π/λ0 and the time by the reference fre-
quency ω0 = 2πc/λ0, being c the vacuum speed of light.
This means that a space normalized unit equals to about
127 nm while a normalized time unit equals to 0.42 fs.

Cores are modeled using an instantaneous response.
On the other hand metallic claddings are modeled by the
additional differential equation (ADI) technique [8] using
a classical Drude model dependent on two parameters, the
plasma frequency and the electronic collision frequency
(which accounts for losses). Those parameters for silver
at the reference wavelength are ωp = 1.30 × 1016 Hz and
Γ = 2.93 × 1013 Hz. The computation domain is sur-
rounded by proper perfect matching layers (PML) and a
source is implemented using the Total field/Scattered field
technique, to generate pulses of Gaussian shape (spatial as
well as temporal) at one of the cores (first core).

Energy of pulses is measured at a particular z-position
in any of the cores by integrating in space (transversal co-
ordinate, x) and time the power flux in the propagation
direction, i.e. the z component of the Poynting vector
S z = ExHy.

3 Operation results

The key of the device operation is the ability of the cou-
pler to pass energy to the second core from the first one
(the excited one) after propagation along a distance named
beat length (linear regime). For the simulated coupler this
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Figure 1. Normalised output energy at the excited core (solid
lines) and second core (dashed lines) against input pulse width
for three different energy pulses. Points (a), (b) and (c) corre-
spond to cases with the same label in figure 2.

Figure 2. Simulation for three pulses of energy W = 2.25 and
different time width: a) ∆t = 10, b) ∆t = 15, c) ∆t = 40. Lines
d0 and db mark the source and output positions.
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Figure 3. Sketch of the device operation to discriminate different
time-width pulses.

length is about zb ∼ 57. When pulses have enough en-
ergy a nonlinear response is triggered, beat length changes
and inter-core energy transmission is incomplete up to the
point that it is fully suppressed if pulse energy is enough
(energy switching) [7]. Pulse time-width also influences
coupling as power density changes (if total energy is the
same) and so it is also expected a change in the switching
response when the pulse duration is modified. Actually,
for a fixed energy, a longer pulse carries a lower density

and so the system should work more as it were in a linear
regime. This is clearly seen in figure 1 where the output
energy after propagation for a beat length is plotted against
the pulse duration for three different pulse energies. The
output at the excited core (continuous lines) is large for
low duration pulses as the system operates in a nonlinear
regime and almost all the energy remains in the excited
core. Transferred energy (dashed lines) is consequently
low. Increasing the pulse duration makes the solid curves
to decrease to zero as the nonlinear effect is weaker and
a larger fraction of the energy passes to the second core.
The effect takes place at larger pulse-width for high pulse
energy as the nonlinear response depends on energy den-
sity. Optical losses are responsible for a total output en-
ergy fraction less than the unity (see figure 1, but due to
the short length of the device (beat length around 7.5 µm)
such losses are assumable (about 30% of the input energy).
In figure 2 we show a particular simulation for three pulses
of the same energy but different time width illustrating the
three switching regimes. In subfigure (a) a short pulse trig-
gers the nonlinearity and the coupler only passes a fraction
of the energy to the second core. In (b) the longer pulse
makes a big amount of the energy to switch to the second
core, reducing the signal at the output of the excited core.
In the third case an even longer pulse produces a full en-
ergy transfer to the second core since it is now in a linear
regime.

According to this system performance the device is
useful to separate shorter pulses from larger ones as illus-
trated in figure 3. The time-width threshold for discrimi-
nation is determined by the total energy of pulses and can
be adjusted according to the requirements of every partic-
ular case. Also this threshold can be easily reconfigurable
(changing pulse energy) resulting a very versatile device.
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