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Probe absorption spectra of a V-type atom embedded in PBG reservoir
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Abstract

In this paper, the probe absorption spectra of a V-type atom embedded in photonic band gap (PBG) reservoir have
been investigated under conditions that quantum interference among decay channels is important. The effect of the
probe polarization on the absorption amplitude and spectral structure is investigated in detail. Comparing with similar
models located in vacuum reservoir studied earlier, the study here shows that the probe polarization has some different
effects on the absorption spectra in PBG reservoir.
r 2008 Elsevier GmbH. All rights reserved.
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1. Introduction

Quantum interference [1–9], which plays an essential
role in quantum mechanics, has been manifested in
various branches of physics. In atomic, molecular and
optical physics, absorption [1–3], stimulated emission
[4–6] and spontaneous emission processes [7–9] subject
to quantum interference resulting from different transi-
tion processes have been of considerable interest for
many years. The weak probe absorption spectra of
various atomic models in vacuum reservoir have been
investigated by several authors [1,2,4,5,10]. The very
different effects have attracted much attention.

In recent years, photonic band gap (PBG) structures
have been shown to have different DOS compared with
the free-space field [11,12]. The study of quantum and
nonlinear optical phenomena for atoms embedded in

such PBG reservoirs leads to the prediction of many
interesting effects, for example, localization of light
[13–15], photon-atom bound states [11–13,15,16] and
other phenomena [17–25]. Even though many studies
have been carried out on the PBG structures, there are
few papers referring to the absorption spectra of an
atom located in PBG reservoir as far as we know
[19,26–31].

It is well known that in vacuum reservoir, the
spontaneous emission process is incorporated in the
reduced master equation by introducing the decay rates
[32]. The susceptibility due to absorption has been
calculated by using the master equation method in the
linear response theory. In this paper, we present a
detailed deduction of the ‘‘decay rate’’ terms of an atom
located in PBG reservoir. The numerical emulation of
the probe absorption spectrum of a V-type atom
embedded in PBG reservoir is also performed. The
probe polarization direction has been taken into account
for a V-type atom with a closely spaced doublet under
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conditions that quantum interference among decay
channels is important. Comparing with similar models
located in vacuum studied earlier, the study here shows
that the probe polarization has some different effects on
the absorption spectra in PBG reservoir. Most interest-
ingly, the frequency shifts of atomic levels resulting from
interaction with the PBG reservoir lead to quite different
quantum interference effects.

The paper is organized as follows. In Section 2, the
equations of the ‘‘decay rate’’ terms of an atom located
in PBG reservoir are deduced in detail. In Section 3, the
theoretical deduction of the probe absorption spectra of
a V-type atom with the transitions coupled to PBG
modes are investigated. The main results and discussions
are given in Section 4. The major conclusions are
summarized in Section 5.

2. The deduction of ‘‘decay rate’’ terms in PBG

reservoir

We consider a two-level atom damped by a reservoir
of simple harmonic oscillators described by annihilation
(and creation) operators bk (and bþk ), and the index k

labels the momentum and polarization indices of the kth
field mode whose frequency is ok. The levels of the atom
are denoted by j0i (the ground state) and j1i (the excited
state). In the interaction picture and the rotating-wave
approximation, the Hamiltonian is simply

Hi ¼ _
X

k

gkðb
þ
k s�e

iðmk�DpÞt þ sþbke
�iðmk�DpÞtÞ, (1)

where s� ¼ j0ih1j and sþ ¼ j1ih0j. In the interaction
picture, within the Born approximation, the evolution of
the atomic system is described by the following reduced
master equation:
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where the expectation values refer to the initial state of
the reservoir.

hbki ¼ hb
þ
k i ¼ 0; hbþk bk0 i ¼ n̄kdkk0 ,

hbkbþk0 i ¼ ðn̄k þ 1Þdkk0 ; hbkbk0 i ¼ hb
þ
k bþk0 i ¼ 0. (3)

Here n̄k is the mean quantum numbers of the reservoir
modes under thermal equilibrium, we consider the
photonic reservoir to be initially in its vacuum state
n̄k ¼ 0. The Born approximation assumes a weak
coupling between the atomic system and the radiation
reservoir of the photonic crystal, and also that changes
in the photonic reservoir as a result of atom-reservoir
interaction are negligible. In anisotropic PBG reservoir,
it has been shown that the non-Markovian effects
associated with the fast variation of the density of states
at the band-edge frequency can be analyzed within the
framework of the Born approximation [30,31]. Using
the statistical characteristics of the reservoir field
operators, it can be easily shown that the reduced
master equation is given below:
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where G10ðt� t0Þ and G01ðt� t0Þ are the delay Green
function which can be expressed as follows, for the
anisotropic PBG reservoir [33],
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