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We propose an ultra-compact nonlinear plasmonic direc-
tional coupler for switching of ultra-short optical pulses.
We show that this device can be used to control the rout-
ing of ultra-short pulses using either the energy or the
duration of each individual pulse as switching parame-
ters. The coupler is composed of two cores of a nonlinear
dielectric material embedded into metallic claddings.
The intricate nonlinear spatiotemporal dynamics of
the system is simulated by the Finite-Difference Time-
Domain (FDTD) technique. © 2022 Optica Publishing Group
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The interactions of electromagnetic radiation in metallic4

structures has come out to the field of plasmonics which has5

quickly developed great scientific and technological interest for6

nanophotonics. In fact, such structures containing metals are7

able to confine light to distances much shorter than wavelength8

—typically two orders of magnitude shorter— and to overpass9

the usual diffraction limits [1, 2]. This effect, which is extremely10

desirable to fabricate ultra-compact waveguiding devices[3–5],11

has, however, a serious drawback: it introduces an inherent high12

loss at optical frequencies inasmuch as metals do not behave13

as perfect conductors for the infrared or visible range of the14

spectrum. Nevertheless, in a nanometric scale these losses may15

become an acceptable inconvenience, balanced by the advan-16

tages described above, and so the achievement of functional17

devices results in a real possibility[6].18

On the other hand, strong confinement at nanometric scales19

naturally induces extremely high intensities that cannot be ig-20

nored in the design of nanometric plasmonic waveguiding de-21

vices with dielectric cores. For this reason, in the analysis of22

ultra-compact plasmonic devices with light confined in dielectric23

cores with a typical width one order of magnitude smaller than24

the carrier wavelength, nonlinear effects are expected to play25

a crucial role and they should be considered in the design pro-26

cess. On the other hand, additional functionalities are expected27

to come to light from the use of nonlinear effects to carry out28

all-optical processing of signals. In fact, different nonlinear plas-29

monic devices were already described[7–9] as slot waveguides30

or directional couplers and functional systems demonstrated for31

optical limiting, self-phase modulation, second harmonic gener-32

ation or logic gates. The best studied devices operate, however,33

in a CW regime.34

The possibility of using ultrashort pulses increasing the35

power density is definitively an advantage to efficiently trigger-36

ing the nonlinear response with a reasonable amount of energy.37

Modeling such systems is more difficult, however, as nonlin-38

ear spatiotemporal effects come into play, specially in highly39

dispersive materials as metals. Nonlinear plasmonic systems40

with ultrashort pulses are in such a way little studied. Only few41

works can be found where plasmonics is combined with short42

pulses, mainly focused on simple devices as surface plasmon43

polaritons (SPP) in metal-dielectric interfaces[10–16] or single44

slot waveguides [17, 18].45

In this work we study switching by ultrashort pulses in a two46

slot waveguide plasmonic directional coupler, simulating the47

system by the finite-difference time-domain (FDTD) technique.48

In the following we will then describe the system as well as the49

way to model its metal and nonlinear dielectric layers. Section50

describes the linear regime and the evaluation of the coupler51

beating length discussing its dependence on the pulse time-52

width. Then two studies on the device as an optical switch will53

be carried out, one based on pulse energy and the other on pulse54

duration.55

The device is formed by two parallel identical planar waveg-56

uides with dielectric nonlinear cores embedded in metallic57

claddings. In Fig. 1 a sketch of the structure is shown and its ex-58

pected behavior for pulse multiplexing illustrated. The structure59

lies in the XZ plane being invariant in the y-direction. Coordi-60

nates x and z describe transversal and propagation directions61

respectively and they both are normalized after rescaling by62

the wavenumber k0 = ω0/c = 2π/λ0 at a particular reference63

wavelength λ0 (c is the vacuum speed of light). Time is also64

scaled to normalized units using the correspondent reference fre-65

quency ω0 = 2πc/λ0. We chose λ0 = 800 nm meaning a space66

normalized unit of about 127 nm and a normalized time unit of67

0.42 fs. Fields are also expressed in Heaviside-Lorentz units in68

order to drop all the natural constants in Maxwell equations and69

make both electric and magnetic fields to have a similar scale.70

We consider a TE-polarized field —TM in the waveguiding the-71

ory context— with in plane electric components Ex and Ez and72

a perpendicular to the plane magnetic component Hy.73

As it was shown in other nonlinear systems based on direc-74

tional couplers[19], for a CW beam there is a change of regime75

from linear to nonlinear as power increases. For a pulse such76

http://dx.doi.org/10.1364/ao.XX.XXXXXX
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Fig. 1. Sketch of the directional coupler with the reference
system. Clear zones are waveguide cores while dark zones are
metallic claddings. (a) Ilustration of the device use for pulse-
energy multiplexing. (b) Intended use for pulse time-width
multiplexing.

effect is also expected and related to the energy and time-width77

as both parameters determine its power density profile. If both78

waveguides are identical, in a linear regime energy is transferred79

from one core to the other after propagation for a so-called beat-80

ing length. In a nonlinear regime, however, propagation for such81

a distance makes energy to partially remain in the same core to82

which it was originally coupled.83

Considering a device of a beating length, pulses of different84

energy but same time-width are expected to switch from the85

second core to the first one as energy increases [Fig.1(a)], i.e. the86

low energy ones are transferred to the second core remaining at87

the first core those with higher energy. On the other hand, for88

pulses of different time-width but same energy it is expected a89

transference of the long ones, remaining the short ones at the90

first core [Fig.1(b)]. In an intermediate regime a mixed behavior91

should be obtained. This setup of a beating length constitutes92

the functional part of the device and a practical implementation93

would require from input waveguides which get closer and94

connect to the coupler as well as output waveguides which95

separate away from the coupler.96

The device is simulated using the FDTD technique describing97

both cores and claddings with a specific model. Nonlinear cores98

are suppose to show a Kerr response with dielectric function99

ϵ = ϵl + α|E⃗|2, where ϵl is the linear dielectric constant and α100

the Kerr coefficient. The time domain modeling is accomplished101

assuming an instantaneous response [20] taken ϵl = 2.25 and102

a normalized nonlinear coefficient α = 1. This value only im-103

plies an appropriate rescaling of the field amplitude and has no104

qualitative influence. Consequently, the results are qualitatively105

valid for any nonlinear Kerr-type dielectric. Quantitative results106

only require the use of the particular dielectric constant ϵl and107

the rescaling of the field with the particular Kerr coefficient α.108

In order to model the metallic claddings a cold plasma model109

was considered[20] described by the Drude formula,110

ϵ(ω) = 1 −
ω2

p

ω2 + iΓω
, (1)

dependent on two parameters, the plasma frequency ωp and the111

electronic collision frequency Γ. We took silver as the cladding112

metal and so those parameters were evaluated from experimen-113

tal data taken from the literature[21] at the chosen reference fre-114

quency ω0 = 2πc/λ0, obtaining the values ωp = 1.30 × 1016 Hz115

and Γ = 2.93 × 1013 Hz. Nonlinear response of the metal was116

not taken into account for simplicity. Nevertheless there are117

studies claiming that the nonlinear response of metals could be118

as important as that of many dielectrics[22, 23] and so a more119

elaborated model could be necessary in future for a more accu-120

rate description[24]. In any case, this linear model is expected121

to be realistic when the dielectric used for the cores presents a122

strongly enough nonlinearity, well over the metal nonlinearities.123

The FDTD modeling[20] is carried out dividing the structure124

into different domains and using the specific model for the cor-125

responding material. Also specific models to implement the Per-126

fect Matching Layers (PML) are used at the domains surround-127

ing the structure (Fig. 1) to get rid of the radiation that reaches128

the boundaries. On the other hand, a source is implemented129

at the line z = 0 correspondent to one of the cores (first core)130

using the total-field/scattered-field (TF/SF) technique. Since the131

system is nonlinear, it is relevant the amount of energy forward-132

coupled into the waveguide and so this technique is useful to133

minimize the back-reflected energy.134

Following previous experience modeling this type of135

devices[19, 25] we chose cores of width w = 0.5 separated by136

a distance of d = 0.5. For the given values, as it will be found137

in section , beating length is around zb ∼ 50. This means the138

device will have transversal dimensions of about 350 nm, well139

into the nanoscale, and a longitudinal dimension of about 7 µm,140

reasonably small to keep losses to acceptable values.141

The first study was carried out in linear regime to determine142

the beating length of the coupler, i.e. the necessary propagation143

distance to transfer all the energy to the second core. The Kerr144

coefficient was consequently set as α = 0 and a pulse of Gaussian145

spatial as well as temporal shape was launched into the input146

(first) core (C1 in Fig. 1). The total energy of the pulse for any of147

the cores is obtained at each z-position by the time-integration of148

the power flux, i.e. integrating the z-component of the Poynting149

vector in space (limited to the half-plane correspondent to each150

core) and time:151

W1,2(z) =
∫ t f

0

∫
C1,2

[
S⃗(x, z) · ẑ

]
dxdt, (2)

where integration domains for cores C1 and C2 are respectively152

C1 ≡ [−∞, 0) and C2 ≡ (0,+∞] and time t f stands for the153

total simulation time. In Fig. 2 we plot the results for three154

different values of the pulse time-width (∆t) including results155

for a loseless medium [i.e. taken Γ = 0 in Eq. (1)] for the sake of156

comparison.157

Losses are responsible for the mismatch between the minima158

and maxima of both curves (Fig. 2) in the lossy case. The beating159

length changes very little with pulse duration (∆t) and may be160

considered independent of it except but for the lowest values161

of ∆t. Additionally, for shortest pulses (case ∆t = 5 in Fig. 2),162

there is not a complete transfer of energy to the second core in a163

coupling cycle and the accumulated effect in a number of cycles164

lead to a balanced energy distribution at both cores.165

Simulations in nonlinear regime were carried out launching166

pulses into the first core and measuring the energy propagating167

to a beating length. Energy evaluation was done integrating the168

power at the ouput z = zb, as described in Sec. and comes given169

by Eq. (2). For this study pulse time-width was kept constant170
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Fig. 2. Energy (accumulated power) crossing at position z
for every half-plane related to each of the cores. Continuous
and thin dashed lines are respectively energies for core C1
(the excited one) and core C2. Rows are results for different
pulse duration ∆t as indicated. Both columns show results for
the realistic (left column) and non lossy (right column) case
respectively.

so that its energy is directly related to amplitude. In Fig. 3 an171

example showing the three main scenarios is presented: linear172

regime (a), intermediate (b) and nonlinear (c) and illustrating173

the change of state of the coupler as energy rises.174

In Fig. 4 we present plots of the measured energy at the175

beating length position z = zb, normalized by the input energy,176

against the input energy. Both realistic and non lossy cases are177

presented for the sake of comparison and the different curves178

on each of the plots correspond to different input pulse time-179

width. Vertical scale is mainly conditioned by the loss and is180

an indicative of the coupler efficiency. The curves show the181

change of state (switching) as pulse energy overpass a particular182

threshold.183

Along with efficiency other relevant characteristics are switch-184

ing sharpness and switching sensitivity. Sharpness is deter-185

mined by the slope of the curve when the change of regime186

takes place. In Fig. 4 it is shown such slope increases as pulse187

time-width decreases, leading to a sharper transition for shorter188

pulses. On the other hand sensitivity refers to the energy thresh-189

old to induce the change of state. In the figure it is shown how190

shorter pulses trigger the change of state at lower energy reveal-191

ing a higher sensitivity for short pulses. This means the use of192

short pulses constitute a definitive advantage respect to long193

pulses or CW beams.194

The dependence of the switching threshold on pulse duration195

suggest the possibility of carrying out another switching modal-196

ity based on pulse time-width for fixed-energy pulses. In Fig. 5197

normalized output energy is plotted against input pulse-width198

for three different input energy values. For short pulses power199

density is larger and nonlinearity drives the process making a200

Fig. 3. Three simulations of pulse coupling for three differ-
ent values of input energy. They correspond to a linear (a),
intermediate (b) and fully nonlinear (c) regimes. Simulations
are for a non lossy case (Γ = 0) and for an input pulse-width
∆t = 20. Vertical dashed lines mark the source (z = 0), and
beating length (z = zb) positions.

larger amount of energy to remain at the excited core. As pulses201

get longer the nonlinear response gets weaker and a greater202

amount of energy transfers to the second core (dashed lines),203

decreasing in the first one (the excited one) to almost zero (con-204

tinuous lines). High energy pulses require a longer duration to205

trigger the change of state. In Fig. 6 plots of the input and output206

power flux against time are presented for three different values207

of the input pulse-width to better illustrate this change. The208

output pulses at each core show the transition from a balanced209

output between cores (short pulses) to a full energy transfer to210

the second core (long pulses) resulting a pulse-routing effect as211

was initially expected.212

In conclusion, simulations of pulse propagation in plasmonic213

directional couplers were carried out both in linear and non-214

linear regimes. In linear regime it was shown there is little215

dependence of the beating length to the pulse duration except216

but for the shortest pulses. In nonlinear regime switching was217

demonstrated for fixed time-width pulses when pulse energy is218

raised, as well as for fixed energy pulses when pulse duration219

is changed. Switching sharpness as well as sensitivity increase220

for shorter pulses. The studied effects are useful for pulse dis-221

crimination and allow pulse routing according to their energy222

or time-width.223
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