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Abstract

It is shown that it is possible to realize strong coupling be-
tween a surface plasmon and a guided mode in a layered
structure. The dispersion relation of such a structure is ob-
tained through the S-matrix algorithm combined with the
Cauchy integral technique that allows for rigorous compu-
tations of complex poles. The strong coupling is demon-
strated by the presence of an anticrossing in the dispersion
diagram and simultaneously by the presence of a crossing
in the loss diagram. The temporal characteristics of the dif-
ferent modes and the decay of the losses in the propagation
of the hybridized surface plasmons are studied.

1. Introduction

A surface plasmon (SP) is a transverse magnetic (TM)-
polarized electromagnetic wave coupled to the collective
longitudinal oscillations of the free electron density exist-
ing near the surface of metal [1]. The requirement for the
existence of a SP is that the metal in contact with the di-
electric must have a relative permittivity whose real part is
negative at the frequency of light which will be used to ex-
cite the SP.

Besides, emission through SPs is very efficient deexci-
tation mechanism for emitting materials close to a metallic
surface. Indeed, the modification of the spontaneous emis-
sion of molecules situated near a metal surface with regard
to their emission in the space was experimentally demon-
strated by K. H. Drexhage and al. [2]. Furthermore, in
1999, P. T. Worthing and al. [3] etablished that the mode
of deexcitation privileged for ions Eu?* close to a metallic
surface are the SPs modes. These results were obtained in a
weak coupling regime. The dynamics of the excitement is
then irreversible and the probability of the presence of the
transmitter in the incited state decreases exponentially. SPs
were extensively studied in this regime.

When the interaction between an electronic level and
an electromagnetic mode increases, it can enter in a regime
of strong coupling. This regime was studied in an extensive
way in optical microcavities since the works of C. Weisbush
and al. [4]. More recently, it was demonstrated between
SPs and excitons in organic semiconductors [5, 6, 7]. Itis a
phenomenon that is interesting both from the point of view
of fundamental quantum physics as well as from the point
of view of technology.

In the present work, we investigate the strong coupling
between a SP and a guided mode in a multilayered planar
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Figure 1: General scheem of a multilayered structure.

structure. First of all, the determination of the poles [8] of
the S-matrix determinant allows to draw the complex dis-
persion relation of the structure. Moreover, we used a finite
difference time domain (FDTD) algorithm for frequency
dependant media which reveals temporal characteristics of
the different modes [9].

2. Theory

It is well known that SPs only exist under TM-polarization.
We consider a multilayered structure with N films with di-
electric permittivities €,. In this case, the transverse mag-
netic field can be reprensented by :
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For each medium, o2 + 55 = k%apuo. The constants 1,
I' R, T, a,, and by, are the amplitudes of the different waves
(figure 1). The boundary conditions lead to the system of
equations we have to solve with the formalism of the S-
matrix.

2.1. The S-matrix formalism

The S-matrix formalism allows to find the coefficients of
reflexion and transmission R and 7' but also all the modes



of the structure. Indeed, it relates the outgoing amplitudes,
R and T, to the incoming ones, I and I’ :

(#)-sen (1)

The modes of the structure are then defined by the ex-
istence of outgoing waves in the absence of excitement.
With OUT = (R,T), this condition is translated by
S~1OUT = 0. Thus, to find the modes of the structure,
for each frequency w, we look for the propagation constant
a which correspond to the cancellation of the determinant
of the matrix S™! or in an equivalent way to the maximiza-
tion of the determinant of the S-matrix. In other words, we
have to find the poles of detS(w, ). For each w, we look
for the corresponding poles «y in the complex plane by us-
ing Cauchy integrals :
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Where + is a closed loop of the complex plane contain-
ing the seeked poles. This method enables to obtain the
dispersion and loss diagrams corresponding to the studied
structure.

2.2. Finite Difference Time Domain method

A model based on the two-dimensional FDTD method with
frequency dependent media is used [10]. We consider an
isotropic and non-magnetic multilayered structure (fig. 2)
with dielectric functions €1, €2, €4 and &,,(w) = €00 —
wp/(w(w + 7)) ; where w, is the plasma frequency and ~y
the damping frequency [11]. With €y and po egal to 1, we
have the constitutive relations B = H and D = ¢,,(w)E.
Therefore, the relationship between D and E becomes a
convolution in the FDTD algorithm. With the Z transform,
it’s possible to replace discrete convolution with multipli-
cations [12], so that the constitutive relation for D and E
becomes :

D(Z) = Em(Z)E(Z)Atv 4

where At is the time step used in FDTD and &, (z) cor-
responds to €, (w) in z-space :
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3. Complex dispersion relation

We consider the structure in figure 2 which is a stratified
medium containing a dielectric waveguide near a metal-
lic film, the whole being embedded between two dielectric
hosts and separated by a dielectric layer of thickness e. This
structure supports three different modes : a guided mode
(GM) which lives in the medium with €4 and two SPs over
the interfaces of the metal. For this simulations, the permit-
tivity of the metal is taken from the experimental results of
E. Palik [13]. All the permittivities values was chosen to
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Figure 2: Multilayered structure with a dielectric waveg-
uide (g4) with e, = 130 nm and a metallic film (g,,,) with
e, = 45 nm inserted between two dielectrics hosts (¢; and
€2) and separated by a dielectric layer. The thickness e is
the parameter which is going to change in the simulations.
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Figure 3: Dispersion relation for a thickness e = 98 nm
: the normalized frequency (to the plasma frequency w)
in function of the real part of the propagation constant a.
Taken separately, the modes have the dispersion relations
in blue and red.

allow the manufacturing of this structure to test experimen-
tally our results [14].

To reveal the interactions between these modes, we
draw the dispersion relations obtained for this structure with
the research of the poles of the determinant of the S-matrix.
The results are summarized is the figures 3 and 4.

In figure 3, we note the presence of an anticrossing of
the dispersion curves (black points) when for the same val-
ues of the frequency and the propagation constant, we have
a crossing in the uncoupled case (blue and red points). This
anticrossing arround ap = 0.29 is the result of hybridiza-
tion of the guided mode and the SP which lives below the
metallic layer, closer to the waveguide. This is the first
proof of the strong coupling between these modes.
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Figure 4: Loss diagram for a thickness e = 98 nm : the nor-
malized frequency (to the plasma frequency w,,) in function
of the imaginary part of «.. Separately, the absorption of
each mode is in blue and red.

Another way we can illustrate this strong coupling is to
consider the curves of the loss diagram in the figure 4. Once
again, the blue and ref points are relative to the uncoupled
case. The loss diagram reveal the decay of the losses for the
SP below the metallic layer. Indeed, whereas the losses for
the guided mode increase, those for the SP decrease until
obtaining the crossing of the curves : there is an exchange
of energy between the guided mode and the plasmon.

Then, it’s possible to look at the spatial structure of the
hybrid mode. When we excite the structure at the wave-
length A = 409 nm which corresponds to the anticrossing
of the curves, the mode oscillates between the waveguide
and the lower interface of the metallic layer. These oscilla-
tions are spatial Rabi oscillations with a period bigger than
the micrometer.

4. Temporal oscillations

The FDTD allows to study evolution of the structure en-
ergy according to time by exciting the structure with a sinu-
soidal beam. Figure 5 shows oscillations of the field inten-
sity between the center of the waveguide (in black) and the
metal-dielectric interface (in red). For this simulations, the
permittivity of the metal is taken from equation (5). After
the transient regime, the permanent regime takes place at
roughly ¢ = 9 fs.

In this case, these oscillations can called temporal Rabi
oscillations. To obtain a realistic result, we can add a gaus-
sian envelope at the beam. The temporal oscillations decay
in time but the life time of the SP is higher than the un-
coupled case. The detailed characterization of these oscil-
lations is the next step of our work.

Spatial and temporal oscillations between these modes
illustrate the transfert of MG energy towards the SP mode
and are associated with the decay of the losses for this last
mode.
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Figure 5: Temporal oscillations between the MG (in black)
and the SP under the metal (in red) with a sinusoidal inci-
dent beam.

5. Conclusion

The existence of a strong coupling regime between SP and
a guided mode in a multilayered structure was demon-
strated. The numerical tools used allow to obtain a rig-
orous computation of the dispersion relation and loss dia-
gram. The FDTD algorithm reveals temporal oscillations
between these modes.

This study is a first step towards the realization of a
transfert of energy between these modes like in Spaser
[15, 16].
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