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Abstract The control of spontaneous emission from an
radio-frequency (RF)-driven five-level atom embedded in a
three-dimensional photonic crystal is investigated by con-
sidering the anisotropic double-band photonic-band-gap
(PBG) reservoir. It is shown that, due to the coexistence
of the PBG and the quantum interference effect induced
by the RF-driven field, some interesting features, such as
the spectral-line narrowing, the spectral-line enhancement,
the spectral-line suppression and the occurrence of a dark
line in spontaneous emission, can be realized by adjusting
system parameters under the experimentally available para-
meter conditions. The proposed scheme can be achieved by
use of an RF-driven field into hyperfine levels in rubidium
atom confined in a photonic crystal. These theoretical inves-
tigations may provide more degrees of freedom to vary the
spontaneous emission.

1 Introduction

It has been now well documented that spontaneous emission
from an excited atom depends not only on the properties of
the atomic system but also on nature of the surrounding envi-
ronment, and more specifically on the density of states of the
radiation field [1, 2]. The usual way to modify the sponta-
neous emission of an atom is to place it in different circum-
stances, such as in free space [3–7], optical cavity [8–10],
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an optical waveguide [11–13], a photonic-band-gap (PBG)
material [14–16], or an otherwise modified reservoir [17,
18]. For atoms in free space, atomic coherence and quan-
tum interference are the basic mechanisms for controlling
the atomic spontaneous emission. In the past few years, con-
siderable work [19–26] has been done on the control and
modification of the spontaneous emission. The quenching
of spontaneous emission in an open V-type atom was stud-
ied in [27]. Phase-dependent effects in spontaneous emis-
sion spectra in a �-type atom were presented in Ref. [28].
Li et al. [29, 30] investigated the features of spontaneous
emission spectra in a multi-level atomic system by means of
an external coherent magnetic field driving a hyperfine tran-
sition. In addition, Wang et al. [31] experimentally demon-
strated the effects of spontaneously generated coherence in
a rubidium atomic beam.

Recently, PBG structures have been shown to have differ-
ent density of states compared with the free-space vacuum
field [32, 33]. The rapid variations of the photon density of
states and the inhibition of electromagnetic wave propaga-
tion in photonic crystals provide another way to modify and
control the spontaneous emission, which may facilitate the
advancement of optics and optoelectronics, and has many
important applications [34, 35]. Certain studies have been
done for an excited atom embedded in photonic crystals,
but most of them focus on three or four-level atom systems
[36, 37]. The effect of atomic position on the spontaneous
emission and optical spectrum of a three-level atom embed-
ded in a photonic crystal was studied by considering the
coherent two-band PBG reservoir in Ref. [38]. Angelakis
et al. [39] investigated the spontaneous emission, absorp-
tion, and dispersion properties of a �-type atom where one
transition interacts near resonantly with a double-band pho-
tonic crystal. Tan and Li [40] studied the influence of the
driving field on the upper population evolution of a four-
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level atom in photonic crystals, which contains two upper
levels and two lower levels. Paspalakis et al. [41] consid-
ered a four-level atom of “tripod” configuration with two
transitions coupled to separate reservoirs, they just focused
on the influence of the density of mode (DOM) of the non-
Markovian reservoir on the number of dark lines in the spon-
taneous emission spectrum, but not the effect of the driving
field detuning. Sun et al. [42, 43] discussed the influence of
both the driving field and the PBG reservoir on the spon-
taneous emission of a tripod four-level atom embedded in
photonic crystals, but the two transitions coupled to the same
PBG reservoir. To the best of our knowledge, previous stud-
ies for the atom embedded in photonic crystals were limited
to the case of only one transition coupled to a PBG reser-
voir [38, 39] or two transitions coupled to the same modified
reservoir [42, 43], however, no theoretical work has been re-
ported that two atomic transitions are respectively coupled
to the upper and lower bands of a double-band PBG reser-
voir.

In this paper, we propose a different point of view on
varying the spontaneous emission through changing the rel-
ative position of the embedded atom in double-band PBG
reservoir and the external RF-driven field. Of particular in-
terest is the application of an external RF-driven field, as
the RF field is more readily available and easier to con-
trol in comparison with an additional laser field, and this
is a situation considered in this paper. In addition, a double-
band PBG structure is more appealing than a single-band
structure in real applications, because it allows the synchro-
nous manipulation of two different atomic transitions. Un-
der different conditions, we discuss the influence of the rel-
ative positions of the atomic transition frequencies from the
band edges as well as the intensity and detuning of the ex-
ternal RF-driven field on the atomic spontaneous emission
spectra in the free-space and PBG reservoirs. The changes
of the relative positions and the external RF-driven field
will impact strongly on the atomic spontaneous emission
properties. Some interesting phenomena were found such
as RF-induced dark line, RF-induced spectral-line narrow-
ing and RF-induced spectral-line enhancement, which can
be attributed to the quantum interference effect and coherent
control of the RF-driven field. The variation of the atomic
position and RF-driven field would lead to the change of the
spontaneous emission spectra. We also illustrate the feasibil-
ity of our proposed scheme by considering experimentally
accessible atomic configurations. In practical realization of
controlling and modifying spontaneous emission, the sys-
tem of atoms embedded in a double-band anisotropic PBG
material in this paper is, in fact, experimentally more ver-
satile than another system of atoms only coupled to a free
vacuum field. This is due to the fact that the width of the
band gap can be tailor designed to the levels of an atom in
the fabrication of the PBG material. These results of the pro-
posed scheme may provide a new degree of freedom to vary

Fig. 1 (a) Schematic diagram of the five-level atomic system under
consideration, which consists of three lower levels |0〉, |1〉, and |2〉,
and two excited hyperfine levels |3〉 and |4〉. The transition frequen-
cies ω31 and ω32 lie near the lower and upper band edges of the
PBG, respectively, while the transition |3〉 → |0〉 is coupled by the
vacuum-field mode in the free space, � denotes the decay rate. The
hyperfine transition |3〉 ↔ |4〉 is driven by an RF field with Larmor
frequency 2Ωrf which can produce strong dynamically induced coher-
ence between them. (b) A corresponding dressed-state description of
the RF-driven field. (c) The density of modes for the case of the dou-
ble-band anisotropic PBG model

the spontaneous emission in PBG materials, especially for
nonlinear optical phenomena.

The organization of this paper is as follows. In Sect. 2, the
atomic model under consideration is presented. We apply
the time-dependent Schrödinger equation to describe the in-
teraction of our system with the modified reservoir and cal-
culate the spontaneous emission spectra in the Markovian
and non-Markovian reservoirs. In Sect. 3, we analyze and
discuss the spontaneous emission properties of the system
under different reservoirs. Also, we put forward the possi-
ble experimental realization of our scheme with cold 87Rb
atoms and three-dimensional photonic crystals. Finally, we
conclude with a brief summary in Sect. 4.

2 Theoretical model and basic formula

We consider a five-level atom that consists of two upper
levels |3〉 and |4〉, and three lower levels |0〉, |1〉, and |2〉
as depicted in Fig. 1(a). The DOMs for the double-band
anisotropic PBG model with an upper band, a lower band,
and a band gap as shown in Fig. 1(c). The atom is assumed
to be initially in level |3〉 [39] via optical pumping. The
transitions from the upper level |3〉 to the two lower levels
|1〉 and |2〉 can be coupled by the double-band anisotropic
PBG reservoir (this will be referred to as the non-Markovian
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reservoir). The transition |3〉 → |1〉 is considered to be near
resonant with the lower band edge of the PBG reservoir, and
the transition |3〉 → |2〉 is taken to be near resonant with the
upper band edge of the PBG reservoir, while the transition
|3〉 → |0〉 is assumed to be far away from the PBG edges,
and is coupled with the free-space reservoir (this will be re-
ferred to as the Markovian reservoir). An extra coherent field
drives a hyperfine transition between two hyperfine levels
|3〉 and |4〉, which can produce strong dynamically induced
coherence between them. The two levels are located in the
excited-state hyperfine structure, therefore the extra field is
an RF-driven field with a carrier frequency ωrf and a Larmor
frequency 2Ωrf through an allowed magnetic dipole transi-
tion. The Hamiltonian which describes the dynamics of this
system, in the interaction picture and the rotating wave ap-
proximation (RWA), is given by (taking � = 1) [44–46]

H = Ωrfe
i�rft |3〉〈4|

+
∑

λ

gλe
−i(ωλ−ω30)t |3〉〈0|âλ

+
∑

γ

gγ e−i(ωγ −ω31)t |3〉〈1|âγ

+
∑

κ

gκe−i(ωκ−ω32)t |3〉〈2|âκ + H.c., (1)

above the symbol H.c. stands for the Hermitian conju-
gate. Ωrf is one-half Larmor frequency of the external RF-
driven field (assumed to be real for simplicity), i.e., Ωrf =
μ34Erf/(2�), with μ34 = �μ34 · �eL (�eL is the unit polarization
vector of the corresponding RF field) denoting the dipole
matrix moment for the transition between levels |3〉 and |4〉.
�rf = ωrf − ω43 represents the detuning of the external RF-
driven field from resonant frequency of the |3〉 ↔ |4〉 tran-
sition. Here gλ characterizes the coupling constant of the
atom with the free-space vacuum modes λ, and gγ (gκ ) is the
coupling constant between the lower (upper)-band-reservoir
modes γ (κ) and the atomic transition from |3〉 to |1〉 (|2〉).
These coupling constants are assumed to be real for simplic-
ity. âj and â

†
j are the annihilation and creation operators for

the j th reservoir modes with frequency ωj (j = λ,γ, κ).
The description of the system is done via a probability

amplitude approach. The state vector of the atomic system,
at a specific time t , can be expanded in terms of the bare-
state eigenvectors such that

|
(t)〉 = b3(t)|3〉|{0}〉 + b4(t)|4〉|{0}〉
+

∑

λ

bλ(t)|0〉|1λ〉 +
∑

γ

bγ (t)|1〉|1γ 〉

+
∑

κ

bκ(t)|2〉|1κ 〉, (2)

where bj (t) (j = 3,4, λ, γ, κ) stands for the time-dependent
probability amplitude of the atomic state, the initial value of

which depends upon the initial quantum state of the atom
being prepared. |{0}〉 denotes the vacuum of the radiation
field, and |1λ〉 indicates that there is one photon in the λth
vacuum mode, |1γ 〉 (|1κ 〉) means that there is one photon in
the γ (κ)th modified reservoir mode.

Substituting the interaction Hamiltonian and the atomic
wave function of the system into the time-dependent
Schrödinger equation i∂|
(t)〉/∂t = HI |
(t)〉, the coupled
equations of motion for the time evolution of the probability
amplitudes can be readily obtained as

∂b3(t)

∂t
= −iΩrfe

i�rft b4(t) − i
∑

λ

gλe
−i(ωλ−ω30)t bλ(t)

− i
∑

γ

gγ e−i(ωγ −ω31)t bγ (t)

− i
∑

κ

gκe−i(ωκ−ω32)t bκ(t), (3a)

∂b4(t)

∂t
= −iΩ∗

rfe
−i�rft b3(t), (3b)

∂bλ(t)

∂t
= −ig∗

λei(ωλ−ω30)t b3(t), (3c)

∂bγ (t)

∂t
= −ig∗

γ ei(ωγ −ω31)t b3(t), (3d)

∂bκ(t)

∂t
= −ig∗

κei(ωκ−ω32)t b3(t). (3e)

We proceed by performing a formal time integration of (3c)–
(3e) with respect to t ′ and substitute the results into (3a) to
obtain the integrodifferential equation

∂b3(t)

∂t
= −iΩrfe

i�rft b4(t)

−
∫ t

0
dt ′b3(t

′)
∑

λ

g2
λe

−i(ωλ−ω30)(t−t ′)

−
∫ t

0
dt ′b3(t

′)
∑

γ

g2
γ e−i(ωγ −ω31)(t−t ′)

−
∫ t

0
dt ′b3(t

′)
∑

κ

g2
κe−i(ωκ−ω32)(t−t ′). (4)

Because the transition |3〉 → |0〉 is assumed to be far away
from the PBG edges so that the density of states near ω30

is varied slowly, we can apply the usual Weisskopf–Wigner
approximation [47, 48] and obtain

∑

λ

g2
λe

−i(ωλ−ω30)(t−t ′) = �

2
δ(t − t ′), (5)

where � = 2π |gλ|2D(ωλ) is the spontaneous-decay rate
from level |3〉 to level |0〉, and D(ωλ) is the vacuum-mode
density at frequency ωλ in the free space.
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For the latter two summations in (4), they associated with
the modified reservoir modes, the above result is not applica-
ble as the DOMs of this reservoir is assumed to vary much
more quickly than that of the free space. In order to solve
this problem, we introduce the memory kernel [39]

Kγ(κ)(t − t ′) =
∑

γ (κ)

g2
γ (κ)e

−i(ωγ (κ)−ω31(32))(t−t ′). (6)

This equation depends very strongly on the photon density
of states of the reservoir. In essence, the memory kernel is
a measure of the photon reservoir’s memory of its previous
state on the time scale for the evolution of the atomic system,
and it can be calculated using the appropriate DOM of the
modified reservoir.

We consider the case of a double-band anisotropic
effective-mass model of the PBG reservoir as shown in
Fig. 1(c), which has an upper band, a lower band, and a
band gap. The dispersion relations near the photonic-band
edges are approximated by [1]

ωk = ωg − Ag

∣∣(�k − �k0)
∣∣2

,
∣∣�k∣∣ <

∣∣�k0
∣∣,

ωk = ωe + Ae

∣∣(�k − �k0)
∣∣2

,
∣∣�k∣∣ >

∣∣�k0
∣∣, (7)

where Aj ≈ ωj/|�k0|2 (j = g, e), ωg and ωe are the lower
and upper frequencies at the edges of the band gap, respec-
tively. Then, we have the following photonic DOMs at two
band edges:

ργ (ω) ∼ √
ωg − ωΘ(ωg − ω), (8a)

ρκ(ω) ∼ √
ω − ωeΘ(ω − ωe), (8b)

with the Heaviside step function Θ .
Under the effective-mass anisotropic dispersion relations

(7), the kernel functions (6) can be expressed in the follow-
ing forms [1]:

Kγ (t − t ′) = α31
ei[δg(t−t ′)−π/4]
√

4π(t − t ′)3
, (9a)

Kκ(t − t ′) = α32
ei[δe(t−t ′)+π/4]
√

4π(t − t ′)3
, (9b)

where α3j ≈ 1
4πε0

ω
5/2
3j μ2

3j

3�c3 (j = 1,2) with the atomic di-
pole moment μ3j for the transition |3〉 → |j 〉, and δg(e) =

ω31(32) − ωg(e) represents the detuning of the atomic transi-
tion frequency ω31(ω32) from the lower (upper) band-edge
frequency ωg(ωe).

Using (5) and (9) in (4), we can obtain

∂b3(t)

∂t
= −iΩrfb̃4(t) − �

2
b3(t)

−
∫ t

0
dt ′b3(t

′)Kγ (t − t ′)

−
∫ t

0
dt ′b3(t

′)Kκ(t − t ′), (10)

here we have performed a change of variable b̃4(t) =
ei�rft b4(t). Taking the Laplace transformations [48] bj (s) =∫ ∞

0 e−st bj (t) dt for (3b) and (10), and s is the time Laplace
transform variable, we have the results

sb̃4(s) − b̃4(0) = i�rfb̃4(s) − iΩ∗
rfb3(s), (11a)

sb3(s) − b3(0) = −iΩrfb̃4(s) − �

2
b3(s)

− b3(s)Kγ (s) − b3(s)Kκ(s), (11b)

where Kγ(κ)(s) is the Laplace transform of Kγ(κ)(t). From
the above equations we can obtain

b3(s) = b3(0) − iΩrfb4(0)/(s − i�rf)

s + Ω2
rf/(s − i�rf) + �/2 + Kγ (s) + Kκ(s)

. (12)

For the anisotropic band edges in the effective-mass ap-
proximation, the Laplace transforms of (9a) and (9b) are
given by

Kγ (s) = α31(−i
√

is + δg),

Kκ(s) = α32

√
is + δe. (13)

Here, we first derive the long-time spontaneous emis-
sion spectra of the transition |3〉 ↔ |0〉 within the Markovian
reservoir, namely, S(δλ) ∝ |bλ(t → ∞)|2 with the detuning
frequency δλ = ωλ − ω30. The long-time probability ampli-
tude bλ(t → ∞) could be also obtained from the final-value
theorem bλ(t → ∞) = lims→0[sbλ(s)] with bλ(s) being the
Laplace transform of bλ(t) in Laplace variable s. Through
performing the final-value theorem and Laplace transform,
we have

S(δλ) = D(ωλ)|bλ(t → ∞)|2 = �

2π
|b3(s = −iδλ)|2

= �

2π

∣∣∣∣
b3(0) + Ωrfb4(0)/(δλ + �rf)

−iδλ + iΩ2
rf/(δλ + �rf) + �/2 − iα31

√
δλ + δg + α32

√
δλ + δe

∣∣∣∣
2

. (14)
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Then, we derive the long-time spontaneous emission
spectra in the non-Markovian reservoir. The individual spec-
tra associated with transitions |3〉 → |1〉 and |3〉 → |2〉 can
be given by S(δγ ) ∝ |bγ (t → ∞)|2 and S(δκ) ∝ |bκ(t →

∞)|2, respectively. We define the detuning frequencies as
δγ = ωg − ωγ and δκ = ωκ − ωe. Using the Laplace trans-
form and final-value theorem, from (3d) and (3e) we can ob-
tain

S(δγ ) = ργ (ωγ )|bγ (t → ∞)|2

� |gγ |2√δγ

∣∣∣∣
b3(0) − Ωrfb4(0)/(δγ + δg − �rf)

δγ + δg − Ω2
rf/(δγ + δg − �rf) − i�/2 − iα31

√
δγ + α32

√
δγ + δg − δe

∣∣∣∣
2

,

(15a)

S(δκ) = ρκ(ωκ)|bκ(t → ∞)|2

� |gκ |2√δκ

∣∣∣∣
b3(0) + Ωrfb4(0)/(δκ − δe + �rf)

δκ − δe − Ω2
rf/(δκ − δe + �rf) + i�/2 + α31

√
δκ − δe + δg + iα32

√
δκ

∣∣∣∣
2

.

(15b)

3 Result and discussion

In this section, we will discuss some properties about the
atomic spontaneous emission spectra via a few numerical
calculations based on (14) and (15) within the Markovian
and non-Markovian reservoirs, respectively. All the para-
meters used in the following discussion are in units of γ ,
and γ is the decay rate for the transition from the upper
level |3〉 to the lower level |0〉, i.e., � = γ , which should be
in the order of MHz for rubidium atoms. Suppose that the
atom is initially prepared in level |3〉 [39], i.e., b3(0) = 1.
In our scheme, the transitions from the level |3〉 to the two
lower levels |1〉 and |2〉 are respectively coupled by the
lower and upper bands of the PBG reservoir, and the tran-
sition |3〉 ↔ |4〉 is coupled by the RF-driven field. These
will lead to two possible types of quantum interferences.
The first type is ascribed to the PBG modes, and the sec-
ond one arises from the RF-driven field. As far as we know,
there are no reports on the effects of the two types of quan-
tum interferences on the spontaneous emission spectra for
the case of transition from the upper level |3〉 to the lower
level |0〉 coupled to the free vacuum modes and from level
|3〉 to the lower level |1〉 (|2〉) coupled to the modified reser-
voir modes.

3.1 The spontaneous emission spectra in the Markovian
reservoir

We begin with a study of the spontaneous emission spectra
of the transition |3〉 → |0〉 within the Markovian reservoir.

In the following, we will discuss the influence of the band-
edge positions, as well as the detuning and intensity of the
RF-driven field on the spontaneous emission spectra.

First of all, we analyze the influence of both the lower
and upper band-edge positions on the spontaneous emis-
sion spectra, considering the detuning of the external RF-
driven field as fixed and small, i.e., �rf = 1. From Fig. 2, we
can see that the spectral profile is fairly sensitive to the de-
tunings of the atomic transition frequencies from the band
edges. It is obvious that there exists two peaks and a dark
line (zeros in the spectra at certain values of the emitted
photon frequency). The dark line is located at δλ = −�rf in
Fig. 2, which originates from the RF-induced quantum inter-
ference. When one frequency ω31 for transition |3〉 → |1〉 is
outside the band gap (δg = −2) and the other ω32 for transi-
tion |3〉 → |2〉 is inside the gap (δe = −3), the spectra exhibit
a wider transparency window between two peaks, where the
left peak is low and wide but the right one is high and narrow
as shown in Fig. 2(a). However, for the case that the transi-
tion frequency ω31 moves deeply into the band gap (δg = 2)
and the transition frequency ω32 moves from the band gap
to the upper band (δe = 2), the sharp peak on the right-hand
side is significantly suppressed while the small peak on the
left-hand side is obviously enhanced compared with the sit-
uation inside the gap, as can be seen from Fig. 2(b). It is
more interesting that when both transition frequencies of the
atom are inside the band gap (δg = 2, δe = −1.5), the two
peaks are enhanced and become narrower (see Fig. 2(c)).
Whereas, when both transition frequencies are outside the
gap (δg = −1.5, δe = 2), the two peaks are strongly sup-
pressed and become wider (see Fig. 2(d)). These phenom-
ena can be attributed to the nature of the three-dimensional
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Fig. 2 The spontaneous
emission spectra S(δλ) (in
arbitrary units) for � = 1,
α31 = α32 = 0.5, Ωrf = 2,
�rf = 1, b3(0) = 1, and
b4(0) = 0. (a) δg = −2 and
δe = −3; (b) δg = 2 and δe = 2;
(c) δg = 2 and δe = −1.5; and
(d) δg = −1.5 and δe = 2

Fig. 3 The spontaneous
emission spectra S(δλ) (in
arbitrary units) for � = 1,
α31 = α32 = 0.5, Ωrf = 2,
b3(0) = 1, b4(0) = 0, δg = 2,
and δe = 2. The inset curve in
(a) represents δg = 2 and
δe = −2. (a) �rf = 0;
(b) �rf = 2; (c) �rf = 3; and
(d) �rf = 5

PBG material and the presence of the RF-driven field. In
the following, we present a quantitative explanation for the
preceding interesting phenomena of spontaneous emission
in Fig. 2. In the language of dressed states, due to the pres-
ence of RF-driven field, the levels |3〉 and |4〉 can be re-
placed by two dressed levels |+〉 and |−〉, and then we can
get a dressed-state system as shown in Fig. 1(b). Therefore,
the spectra display double peaks for each transition from the
dressed levels to the lower level |0〉, in which the destruction
quantum interference between |+〉 → |0〉 and |−〉 → |0〉
leads to the appearance of the dark line.

Next, we will discuss how the frequency detuning of the
RF-driven field modifies the spontaneous emission spectra
for the atom embedded in the anisotropic PBG reservoir. Un-

der the condition that the transition frequency ω31 lies in the
band gap and the transition frequency ω32 within the upper
band, in Fig. 3 we plot the spectra S(δλ) versus the detuning
δλ by modulating the frequency of the RF-driven field. It is
clearly shown that, when the RF-driven field is tuned to the
resonant interaction with the atomic transition |3〉 ↔ |4〉, an
enhanced sharp peak and a small peak can be observed on
both sides of zero detuning of δλ (see Fig. 3(a)). As in the
case of non-resonance, the left peak is rapidly suppressed
and the right peak is slightly enhanced compared with the
situation at resonance (see Figs. 3(b)–3(d)). From these fig-
ures, we also find that the left-hand peak can be gradually
decreased and becomes narrower, while the right-hand peak
is slightly enhanced and becomes wider with the increase
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Fig. 4 The spontaneous
emission spectra S(δλ) (in
arbitrary units) for � = 1,
α31 = α32 = 0.5, �rf = 0,
b3(0) = 1, b4(0) = 0, δg = 1,
and δe = −2. (a) Ωrf = 0; (b)
Ωrf = 1; (c) Ωrf = 2; and (d)
Ωrf = 4

of the frequency detuning �rf of the RF-driven field. In ad-
dition, we observe that the separation between two peaks
grows larger as the detuning increases. Finally, we would
like to point out that, in other band-edge positions, similar
results can be obtained (not shown here).

The reason for the appearance of the above phenomena in
Fig. 3 can be explained by dressed-state theory. The dressed
states |+〉 and |−〉 are the superposition of bare states |3〉
and |4〉. In the case of resonant excitations, the contribution
of level |3〉 to the dressed state |+〉 is identical to that of |−〉,
and in principle, the two peaks should be symmetrical with
respect to the zero detuning of δλ. But as a matter of fact,
the two peaks is not symmetric as shown in Fig. 3(a). This is
mainly because one transition frequency lies inside the band
gap and the other is outside the band gap, this asymmetri-
cal internal structure leads to two asymmetrical peaks in the
spectra. However, when both transition frequencies are in-
side or outside the band gap, moreover, the values of detun-
ing between atomic transition and the corresponding band
edge are equal (i.e., |δg| = |δe|), the spectra exhibit a sym-
metric double-peak structure (see the inset of Fig. 3(a)). In
the meantime, as the detuning �rf increases, the contribution
of level |3〉 to the dressed state |−〉 increases and the corre-
sponding spontaneous emission relaxation rate from |−〉 to
|0〉 increases, consequently, the right-hand peak in the spec-
tra becomes wider. On the contrary, the contribution of level
|3〉 to the dressed state |+〉 decreases, therefore the left-hand
peak becomes narrower and lower.

In order to further explore the effect of the RF-driven
field on the spontaneous emission spectra, we also plot S(δλ)

versus the detuning δλ by adjusting intensities of the RF-
driven field under the condition that both transition frequen-
cies are inside the band gap (δg > 0, δe < 0) as shown in

Fig. 4. As can be seen, the change of the RF-driven field in-
tensity affects both the width and height of spectral lines,
as well as the distance between two peaks. For the case
that no RF-driven field exists (Ωrf = 0), we can observe a
Lorentzian shape in the spectra (see Fig. 4(a)). In contrast,
for the case that the RF-driven field is applied, there ex-
ists two peaks and a dark line in the spectra as shown in
Figs. 4(b)–4(d). Specifically, when the intensity of the RF-
driven field is small (e.g., Ωrf = 1), the spontaneous emis-
sion spectra exhibit symmetrical double-peak structure with
equal height (see Fig. 4(b)). When the RF-driven field inten-
sity continues to increase (e.g., Ωrf = 2 in Fig. 4(c)), the left
peak becomes wider and lower, while the right peak remains
almost unchanged. It is worth mentioning that, only when
the RF-driven field intensity is adjusted to strong enough
(e.g., Ωrf = 4 in Fig. 4(d)), the right-hand peak becomes
wider and lower. In the meantime, the distance between two
peaks grows larger as the intensity increases. This phenom-
enon is different from the spontaneous emission of multi-
level atom embedded in isotropic photonic crystals [38, 39,
42, 43]. The reason for this should be attributed to the coex-
istence of the three-dimensional PBG material and the quan-
tum interference effect induced by the RF-driven field dur-
ing the spontaneous emission process.

3.2 The spontaneous emission spectra in the
non-Markovian reservoir

We now turn to what happens to the spontaneous emis-
sion spectra associated with the transitions |3〉 → |1〉 and
|3〉 → |2〉 within the non-Markovian reservoir. For the case
that both of the transitions coupled to the same modified
reservoir from a laser-driven four-level atom in photonic
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Fig. 5 The spontaneous
emission spectra of separate
transitions within
non-Markovian reservoir. The
solid line (dashed line)
represents the spectral line
associated with the transition
|3〉 → |1〉 (|3〉 → |2〉). The
parameters are � = 1,
α31 = α32 = 0.5, gγ = gκ = 1,
Ωrf = 2, �rf = 1, b3(0) = 1, and
b4(0) = 0. (a) δg = −2 and
δe = −3.5; (b) δg = 2 and
δe = 2; (c) δg = 2 and
δe = −1.5; and (d) δg = −1.5
and δe = 2

crystals has been discussed in Refs. [42, 43], and the case
that one transition coupled to different band-reservoir modes
from a three-level atom in a coherent PBG reservoir is also
reported in Ref. [38]. However, the situation is quite dif-
ferent if one transition is coupled to the lower band and
the other is coupled to the upper band in a double-band
anisotropic PBG reservoir.

In the following, we shall consider how the spontaneous
emission spectra are affected by the relative positions of the
transition frequencies from the band edges, with the tran-
sitions |3〉 → |1〉 and |3〉 → |2〉 coupling to the lower and
upper bands of the PBG reservoir, respectively. For fixed
detuning of the RF-driven field, e.g., �rf = 1, we plot the
individual spectra in Fig. 5. As can be seen, when one tran-
sition frequency is within the lower band (δg = −2) and the
other lies inside the band gap (δe = −3.5), the spontaneous
emission spectra of transition |3〉 → |1〉 have two peaks and
a dark line (zeros in the spectra at certain value) since the
transition frequency ω31 is outside the band gap (solid line
in Fig. 5(a)). For the |3〉 → |2〉 transition whose transition
frequency ω32 lies in the band gap, the corresponding spec-
tral line is suppressed strongly (dashed line in Fig. 5(a)).
The physical interpretation of this phenomenon can be ob-
tained from the dressed-state picture as shown in Fig. 1(b),
due to the presence of the RF-driven field, the levels |3〉 and
|4〉 can be replaced by two dressed levels |+〉 and |−〉, and
then we can get a new triple-V five-level system. Therefore,
the spectra show double peaks for each transition within
non-Markovian reservoir, in which the RF-induced destruc-
tive quantum interference results in the appearance of the
dark line. On the contrary, when the transition frequency
ω31 lies inside the band gap, and the transition frequency
ω32 is in the upper band, there only exists a single peak

for the transition |3〉 → |1〉 (solid line in Fig. 5(b)). While
the spontaneous emission spectra associated with transition
|3〉 → |2〉 exhibit two peaks and a dark line (dashed line in
Fig. 5(b)), similarly, the dark line is a resultant of the RF-
induced destructive quantum interference. For the case that
when both atomic transition frequencies are inside the band
gap (δg > 0, δe < 0), the spontaneous emission from |3〉 to
|1〉 is partially inhibited and the corresponding spectral line
is a non-Lorentzian line shape, no dark line appears in the
spectra because of the constructive quantum interference in-
duced by the RF-driven field (solid line in Fig. 5(c)). The
spontaneous emission spectra of |3〉 → |2〉 transition is the
same as the dashed line in Fig. 5(a) and almost completely
suppressed, where the long spectral tail should be an effect
of (ω − ωe)

1/2 dependence of the DOMs (dashed line in
Fig. 5(c)). Figure 5(d) shows the individual spectra when
both transition frequencies of the atom are outside the band
gap (δg < 0, δe > 0), the individual spectral line presents a
double-peak structure, in which one dark line appears. It can
be seen from the five-level dressed-state system in Fig. 1(b),
the spectra show two peaks for each transition within the
non-Markovian reservoir, and the dark line originates from
the RF-induced quantum interference.

In order to analyze the influence of the RF-driven field
on the individual spectra, we give the corresponding curves
by modulating frequencies of the RF-driven field under dif-
ferent positions of the band edges as shown in Figs. 6 and 7.
The specific results are as follows. For the case that the tran-
sition frequency ω31 is outside the band gap and the transi-
tion frequency ω32 is inside the gap, two peaks and a dark
line exist in the spontaneous emission spectra of transition
|3〉 → |1〉, we find that the separation between two peaks
grows larger as the detuning increases, and the right-hand
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Fig. 6 The spontaneous
emission spectra of separate
transitions for various detuning.
The parameters are � = 1,
α31 = α32 = 0.5, gγ = gκ = 1,
Ωrf = 2, b3(0) = 1, b4(0) = 0,
δg = −2, and δe = −3.5.
(a) �rf = 0; (b) �rf = 2;
(c) �rf = 3; and (d) �rf = 5

Fig. 7 The spontaneous
emission spectra of separate
transitions for various detuning.
The parameters are � = 1,
α31 = α32 = 0.5, gγ = gκ = 1,
Ωrf = 2, b3(0) = 1, b4(0) = 0,
δg = 2, and δe = 2. (a) �rf = 0;
(b) �rf = 2; (c) �rf = 3; and
(d) �rf = 5

peak becomes narrower and lower, while the left-hand peak
is slightly enhanced (solid line in Fig. 6). Since the transition
frequency ω32 is inside the gap, the spontaneous emission of
decay channel from |3〉 to |2〉 is suppressed strongly and the
spectral line shows a strong non-Lorentzian line shape. That
is, in this case, the detuning does not impact the decay prop-
erty of this decay channel (dashed line in Fig. 6).

When the transition frequency ω31 lies inside the band
gap and the transition frequency ω32 is outside the gap, the
spectral line associated with transition |3〉 → |1〉 is of non-
Lorentzian shape and the spectra of transition |3〉 → |2〉
show a double-peak structure in the case of resonance (see
Fig. 7(a)). However, with the appearance of the detuning

of the RF-driven field, the properties of individual spectra
change greatly. For the inside-gap transition |3〉 → |1〉, the
peak is rapidly enhanced and then becomes narrower and
lower as the detuning increases, and keeps away from δγ = 0
in the spectra, when the detuning is adjusted to large enough,
a dark line emerges, thus the spectra display double-peak
structure (solid line in Figs. 7(b)–7(d)). For the outside-gap
transition |3〉 → |2〉, the left-hand peak in the spectra is com-
pletely suppressed in the non-resonant case, as the detuning
increases, the right-hand peak is gradually close to δγ = 0
(dashed line in Figs. 7(b)–7(d)). These phenomena are dif-
ferent from the case studied in Refs. [42, 43] where both of
the transitions coupled to the same modified reservoir.
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From what has been analyzed above, we can see that
when the transition frequency ω31 is within the lower band,
there will be a double-peak structure in the spectra for
the transition |3〉 → |1〉 under any condition (solid line in
Fig. 6). While for the case that the transition frequency ω31

lies inside the band gap, the corresponding spectra are of
non-Lorentzian shape with a long spectral tail under reso-
nance conditions (solid line in Fig. 7(a)), the spectra show
a single-peak structure in the case of non-resonance (solid
line in Figs. 7(b) and 7(c)), furthermore, when the RF-driven
field detuning is adjusted to the appropriate value, there ap-
pears a double-peak structure in the spectra (solid line in
Fig. 7(d)). The reason of these interesting phenomena can
be explained by dressed-state theory. The dressed levels |+〉
and |−〉 are the superposition of bare levels |3〉 and |4〉.
For the inside-gap transition |3〉 → |1〉, in the case of res-
onance, the contribution of level |3〉 to the dressed levels
|+〉 is identical to that of |−〉 and the transition frequencies
of |+〉 → |1〉 and |−〉 → |1〉 are equal but in the opposite
direction within the band gap. However, as the detuning of
the RF-driven field increases, the contribution of level |3〉 to
the dressed level |+〉 decreases and the corresponding spon-
taneous emission from |+〉 to |1〉 decreases. On the contrary,
the spontaneous emission from |−〉 to |1〉 increases, as a
consequence, there will be one peak in the spectra (solid line
in Figs. 7(a)–7(c)). However, when the detuning is tuned to
large enough, the upper dressed level |+〉 is actually pushed
out of the band gap and the lower dressed level |−〉 remains
in the gap, therefore, there exhibits a double-peak struc-
ture in the spectra (solid line in Fig. 7(d)). While, for the
outside-gap transition |3〉 → |1〉, two peaks corresponding
to the decay channels |+〉 → |1〉 and |−〉 → |1〉, respec-
tively. In addition, the dark line appears due to the destruc-
tive quantum interference between the two decay channels
(solid line in Fig. 6). For the inside-gap transition |3〉 → |2〉,
the spectral line is of non-Lorentzian shape, the detuning of
the RF-driven field has no influence on the spectral prop-
erty (dashed line in Fig. 6). However, when the transition
frequency ω32 is within the upper band, the spectra display
double-peak structure since the two transitions |+〉 → |2〉
and |−〉 → |2〉 are outside the band gap in the case of reso-
nance (dashed line in Fig. 7(a)). But, as the detuning �rf in-
creases, one dressed level is pushed into the band gap, thus
the corresponding peak is completely suppressed, as a re-
sult, the spectra show a single-peak structure (dashed line in
Figs. 7(b)–7(d)).

Before ending this section, let us briefly discuss the pos-
sible experimental realization of our proposed scheme by
means of alkali-metal atoms, RF radiation source, and the
double-band anisotropic photonic crystals. For example,
we consider D2 line of the cold 87Rb atoms (nuclear spin
I = 3/2) as a possible candidate. The designated states can
be chosen as follows: |0〉 = |5S1/2,F = 2,mF = 2〉, |1〉 =

|5S1/2,F = 2,mF = 0〉, |2〉 = |5S1/2,F = 1,mF = 1〉,
|3〉 = |5P3/2,F = 2,mF = 1〉, and |4〉 = |5P3/2,F =
3,mF = 1〉, respectively. In this case, an RF radiation
field drives the magnetic dipole transition between |3〉 =
|5P3/2,F = 2,mF = 1〉 and |4〉 = |5P3/2,F = 3,mF = 1〉
with the hyperfine splitting frequency ω34 � 267.2 MHz,
while the transition from the excited level |3〉 = |5P3/2,F =
2,mF = 1〉 to the lower levels |1〉 = |5S1/2,F = 2,mF = 0〉
and |2〉 = |5S1/2,F = 1,mF = 1〉 can be coupled by the
lower and upper bands of the double-band anisotropic PBG
reservoir, respectively. At the same time, the transition from
the upper level |3〉 = |5P3/2,F = 2,mF = 1〉 to the lower
level |0〉 = |5S1/2,F = 2,mF = 2〉 can be coupled by the
vacuum-field mode in the free space.

4 Conclusions

In summary, we have studied and analyzed in details the
properties of the spontaneous emission from an RF-driven
five-level atom embedded in a double-band anisotropic PBG
material. On the one hand, for the spontaneous emission
spectra in the Markovian reservoir, there are two peaks and
a dark line in the spontaneous emission spectra, and the
separation between two peaks grows larger as the detuning
or intensity of the RF-driven field increases. However, the
spectra exhibit a single-peak structure in the absence of the
RF field. On the other hand, for the spontaneous emission
spectra in the non-Markovian reservoir, i.e., the transitions
from the common upper level |3〉 to the two lower levels
|1〉 and |2〉 interact with the lower and upper bands of the
PBG reservoir, respectively, their corresponding individual
spontaneous emission spectra also show interesting spectral
properties: (i) For the transition |3〉 → |1〉, when the tran-
sition frequency ω31 occurs outside the band gap, or inside
the gap but with a larger detuning of the RF-driven field,
the spectral line is a double-peak structure. When the tran-
sition frequency ω31 is inside the band gap, the spectral line
is a non-Lorentzian shape in the case of resonance, alter-
natively, the spectra display a single-peak structure for the
small detuning of the RF-driven field. (ii) For the transi-
tion |3〉 → |2〉, when the transition frequency ω32 is inside
the band gap, the spontaneous emission from level |3〉 to
level |2〉 is suppressed strongly, therefore, the spectral line is
of non-Lorentzian shape under any condition. For the case
that the transition frequency ω32 is outside the band gap,
when the frequency of the RF-driven field ωrf is in resonance
with the corresponding transition, the spectral line shows a
double-peak structure. In the case of non-resonance, there
appears a single-peak structure in the spectra.

These results show that the spectral behaviors are very
sensitive to the positions of the band edges and the varia-
tion of the RF-driven field, so we can control the sponta-
neous emission by adjusting these system parameters under
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realistic experimental conditions. Finally, we would like to
mention that the application of the RF-driven field in the
MHz range offers us further flexibility to manipulate the
light-matter interactions, including the control of sponta-
neous emission here, since the RF sources are more read-
ily available and also provide a coherent, homogeneous and
readily controllable radiation field. Therefore, according to
our analysis, these interesting phenomena should be observ-
able in realistic experiments by using cold Rb atoms, RF
radiation source and three-dimensional PBG material.

Finally, we would like to point out that the use of pho-
tonic crystals to manipulate spontaneous emission con-
tributes to the evolution of a variety of applications, includ-
ing illumination, display, solar energy and even quantum-
information systems. For example, in semiconductor lasers,
spontaneous emission is the major sink for threshold cur-
rent, which must be surmounted in order to initiate lasing.
In some regions of the transistor current-voltage character-
istic, spontaneous optical recombination of electrons and
holes determines the heterojunction bipolar transistor cur-
rent gain. In solar cells, spontaneous emission fundamen-
tally determines the maximum available output voltage. In
addition, it has many applications in quantum optics, optical
communications, and in the fabrication of novel optoelec-
tronic devices.
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