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Abstract

In this paper, we have studied the two-photon absorption process in photonic crystals doped with four-
level nanoparticles. It is considered that all the levels of the particles are interacting with the photonic
crystal. The decay linewidths of all the four levels are included in the calculations of two-photon absorption
process. The effect of the dipole–dipole interaction has also been included in the formulation. Numerical
simulations have been performed for the two-photon absorption spectrum on an isotropic photonic crystal.
It is found that the system switches between the transparent and the nontransparent states due to the
dipole–dipole interaction. The phenomenon of switching depends on the linewidths of these states.
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1. Introduction

There is a considerable interest in studying the nonlinear phenomena in quantum optics,
atomic gases and nanostructures [1–3]. The nonlinear effects play an important role in optical
switching and quantum computation. We have also investigated the nonlinear phenomena such
as solitons, electromagnetically induced transparency, the Stark effect and dark states in photonic
crystals doped with multi-level nanostructures [4]. The aim of the present paper is to study the
nonlinear phenomenon of the two-level absorption spectrum (TPAS) in photonic crystals doped
with four-level nanoparticles. The effect of the dipole–dipole interaction (DDI) between the
nanoparticles has also been investigated. Recently, the effect of the DDI has been included in
the study of quantum coherence and interference phenomena in photonic crystals [5]. In this
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Fig. 1. A schematic diagram of a four-level nanoparticle.

paper, we have performed numerical simulations on the TPAS using the density matrix method.
The decay linewidths due to the coupling between the nanoparticles and photonic crystals have
been included. It is found that the system switches between the transparent and nontransparent
states due to the DDI. This switching phenomenon depends on the decay linewidths of four-
level nanoparticles. The present calculation can be applied with some modification to study the
ultra fast optical switching and quantum entanglement. The ultra fast switching using bandgap
tailoring has also been studied in photonic crystals [6,7]. Optical switching is an essential
component of integrated photonic circuits.

2. Theory

We consider that the photonic crystal has an energy gap between energies εv and εc where εv

is the maximum energy of the lower band and εc is the minimum energy of the upper band. The
crystal is doped with an ensemble of four-level nanoparticles in the Vee-type configuration. The
four levels of the nanoparticles are denoted by |1〉, |2〉, |3〉 and |4〉 (see Fig. 1). We consider that
the nanoparticles are interacting with the photonic crystal which acts as a reservoir. Due to this
interaction, level |2〉 decays to level |1〉, level |3〉 decays to the levels |2〉 and |4〉 and level |4〉

decays to level |1〉 (see dotted lines in Fig. 1). The decay interaction Hamiltonian can be written
as:

Hint = −

∫
C

dεk

2π

√
γ [Z2 (εk) p (εk) σ+

21e−i(ε21−εk )t/h̄
+ Z4 (εk) p (εk) σ+

41e−i(ε41−εk )t/h̄
]

−

∫
C

dεk

2π

√
γ [Z3 (εk) p (εk) σ+

34e−i(ε34−εk )t/h̄

+ Z5 (εk) p (εk) σ+

32e−i(ε32−εk )t/h̄
] + c.c. (1)

where σ+

i j = |i〉〈 j | and σ−

i j = | j〉〈i |. The resonance energy for the transition |i〉 ↔ | j〉 is denoted
by ε j i . Here εk is the band structure energy of the photonic crystal. γi is an energy constant [4]
and c.c. stands for the complex conjugate. The integration contour C consists of two intervals:
−∞ < ε ≤ εv and εc ≤ ε < ∞. The operators p(εk) and pĎ(εk) denote the annihilation
and the creation, respectively. Zi (εk) is called the formfactor which is obtained in Ref. [4]. The
nanoparticles are interacting via the DDI which is written as [8]
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