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Spontaneous emission from a microwave-driven four-level
atom in an anisotropic photonic crystal∗
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The spontaneous emission from a microwave-driven four-level atom embedded in an anisotropic photonic crystal is
studied. Due to the modified density of state (DOS) in the anisotropic photonic band gap (PBG) and the coherent control
induced by the coupling fields, spontaneous emission can be significantly enhanced when the position of the spontaneous
emission peak gets close to the band gap edge. As a result of the closed-loop interaction between the fields and the atom,
the spontaneous emission depends on the dynamically induced Autler–Townes splitting and its position relative to the PBG.
Interesting phenomena, such as spectral-line suppression, enhancement and narrowing, and fluorescence quenching, appear
in the spontaneous emission spectra, which are modulated by amplitudes and phases of the coherently driven fields and
the effect of PBG. This theoretical study can provide us with more efficient methods to manipulate the atomic spontaneous
emission.
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1. Introduction
Spontaneous emission is a fundamental process resulting

from the interaction between radiation and matter in quantum
optics.[1] It is applied to many important physical phenomena,
such as lasing without population inversion,[2] coherent popu-
lation trapping (CPT),[3] modified quantum beats,[4] dark-state
polaritons,[5] etc. Studies have shown that spontaneous emis-
sion depends not only on the properties of the atomic sys-
tem but also on the nature of the environment. When the
atom is placed in different reservoirs, such as in a vacuum,
frequency-dependent reservoirs[6] and microwave cavities,[7]

spontaneous emission can be coherently controlled.
Photonic crystal (PC), as a new type material, was

discovered first by John[8] in 1984 and investigated by
Yablonovitch[9] in 1996. This artificial periodic material has
special density of states (DOS), which can greatly affect the
atomic action and the electromagnetic wave propagation with
frequencies being in its forbidden gap.[10] Then, based on the
background of PCs, many interesting optical effects have been
found, such as giant Lamb shift,[11] localization of light,[12]

photon-bound states,[13,14] suppression and even complete
cancellation, and enhancement of spontaneous emission,[15]

electromagnetically induced transparency (EIT),[16] etc. An-
other way to control spontaneous emission is to drive the atom
with an external coupling field. Zhu et al. considered an ex-
cited two-level atom when either the atomic upper or lower
level is coupled by a coherent field to a third level, and they

found that by spectral narrowing, a dark line can be real-
ized due to the quantum interference effect.[17] Paspalakis and
Knight proposed a phase controlled scheme in a four-level
atom driven by two lasers with the same frequencies, where
the relative phase of the two lasers was used to obtain partial
cancellation in the spontaneous emission spectrum.[18] Li et
al. studied a four-level atomic model with two laser fields in a
ladder configuration for controlling the spontaneous emission
spectra and simulation of multiple SGC.[19] Generally, in the
atomic system with three levels driven by two optical fields,
a closed-loop configuration can be formed when a microwave
field is used to couple the electric-forbidden transition. Then
the optical properties of the atoms are dependent on the rela-
tive phase among the three fields. Ghafoor et al. investigated
the amplitude and phase control of spontaneous emission and
obtained a wide variety of spectral behaviors, ranging from a
very narrow single spectral line to six spectral lines of varying
widths.[20] Li studied the features of the spontaneous emission
spectra in a coherently driven cold four-level atomic system
with a cyclic configuration, in which the spontaneous emission
can be controlled via varying the phase, the frequency, and the
intensity of an external coherent magnetic field.[21] A similar
atomic system was proposed to investigate the quantum inter-
ference effect and Autler–Townes triplet spectroscopy.[22]

When researchers utilize PCs to control the spontaneous
emission process in a coherently driven atomic system, there
must be more interesting phenomena and important applica-
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tions. Ding et al. investigated spontaneous emission of an
RF-driven five-level atom[23] and a double Λ-type four-level
atom[24] embedded in a three-dimensional anisotropic double-
band PC; they found that the photonic band gap (PBG) and
the quantum interference effect induced by the RF-driven field
have great influence on the spontaneous emission spectra.
Jiang et al. studied the spontaneous emission spectrum of a
three-level Λ-type atom coupled by a microwave field, and
discussed the influences of PBG and Rabi frequency of the
microwave field on the emission spectrum.[25] In the present
paper, motivated by previous studies, we propose a four-level
atomic system embedded in an anisotropic double-band PBG,
which consists of three upper levels driven by three coupling
fields forming a closed-loop. So far, no further theoretical or
experimental work has been carried out to explore the sponta-
neous emission properties of such a closed-loop driven atomic
system. With the help of a Laplace transform and final-value
theorem, the expression of spontaneous emission spectrum is
derived and numerically investigated. Most interestingly, it is
shown that many phenomena, such as spectral-line suppres-
sion, enhancement and narrowing, and fluorescence quench-
ing, can occur in the spectra. Furthermore, we realize that
these properties depend on the quantum interference and the
DOS of the PBG reservoir in the dressed-state picture. The
effects of system parameters, such as the relative phase and
amplitude of the coupling fields, and the width and position of
the PBG on the spectra are discussed in detail. As a result, this
phase-sensitive atomic system may be relevant to the optical
memory device.

The rest of this paper is organized as follows. In Sec-
tion 2, the models and their equations for the upper three-level
coupling atomic system in an anisotropic PBG are discussed.
The analytical results of the spontaneous emission spectra are
briefly discussed in Section 3. The possible experimental re-
alization of the proposed atomic system is also considered in
cold 87Rb atoms. Finally, some conclusions are drawn from
the present studies in Section 4.

2. Basic theory
In this paper, we consider a four-level atomic system

which consists of three upper levels |1〉, |2〉, |3〉, and one
ground level |4〉. The three upper transitions |1〉 ↔ |2〉, |2〉 ↔
|3〉, and |1〉 ↔ |3〉 are coherently driven by three coherent
fields (two laser fields and one microwave field) with the Rabi
frequencies Ω1, Ω2, and Ω3, respectively. All of the following
discussion is based on the case that the spontaneous decays
between these transitions are neglected according to Ref. [26].
In the atomic system, the three transitions form a closed-loop
configuration, and then the resulting spontaneous emission is
dependent on the relative phase of the coupling fields. In the

following, we suppose that Ω1 is complex while Ω2 and Ω3

are real, i.e., Ω1 = |Ω1| e iθ with θ being the relative phase
among the three coupling fields. The transition between levels
|1〉 and |4〉 is in the double-band anisotropic PBG reservoir, as
shown in Fig. 1(a).
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Fig. 1. (color online) (a) Schematic diagram of a coherently driven
four-level atom in a double-band anisotropic PBG reservoir. (b) Corre-
sponding atomic system in dressed-state picture of the coupling fields.

For a double-band anisotropic PBG reservoir, the disper-
sion relations near the photonic band edges are approximated
by

ωk =

{
ωc1 +A1 |k− k0|2 , |k|> |k0| ,
ωc2 −A2 |k− k0|2 , |k|< |k0| ,

(1)

where An≈ωcn/k2
0 (n= 1,2) with ωc1 and ωc2 being the upper

and lower frequencies of the photonic band edge, respectively.
The Hamiltonian describing the dynamics of this system in the
interaction picture with the rotating-wave approximation and
the electric-dipole approximation can be written as

HI = h̄(Ω1 |1〉〈2|+Ω2 |2〉〈3|+Ω3 |1〉〈3|)
+ h̄∑

k
gk e iδktbk |1〉〈4|+H.c., (2)

where b
†

k and bk represent the creation and annihilation op-
erators for the k-th vacuum mode with frequency ωk, and
the frequency-dependent coupling constant between the tran-
sition |1〉 ↔ |4〉 and the mode {k} of radiation field is gk =

ω14d14/h̄
√

h̄/(2ε0ωkV0)êk · ûd, with d14 and ûd denoting the
magnitude and unit vector of the atomic dipole moment, V0

the quantized volume, and êk the polarization unit vectors.
The detuning of the spontaneously emitted photon is defined
as δk = ωk−ω41.

The state vector of the system at time t can be expressed
as

|Ψ(t)〉 = A1(t) |1,{0}〉+A2(t) |2,{0}〉+A3(t) |3,{0}〉
+ ∑

k
A4k(t) |4,{k}〉. (3)

Substituting the Hamiltonian (Eq. (2)) and state vector
(Eq. (3)) into the Schrödinger equation, we can derive the first-
order differential equations for the amplitudes as follows:

Ȧ1(t) =−iΩ1A2(t)− iΩ3A3(t)− i ∑
k

gk e−iδktA4k(t), (4a)
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Ȧ2(t) =−iΩ ∗1 A1(t)− iΩ2A3(t), (4b)

Ȧ3(t) =−iΩ ∗3 A1(t)− iΩ2A2(t), (4c)

Ȧ4k(t) =−iA1(t)g∗k e iδkt . (4d)

With the Laplace transform, the steady state expression

for the probability amplitudes Ak(t → ∞) is then given by the

following equation

A4k(t→ ∞) = g∗
k

(Ω 2
2 −δ 2

k
)A1(0)− (Ω2Ω3 + |Ω1| e iθ δk)A2(0)− (|Ω1| e iθ Ω2 +Ω3δk)A3(0)

−δ 3
k
+Ω2δk +2 |Ω1|Ω2Ω3 cosθ + i(Ω 2

2 −δ 2
k ) · G̃(s→−iδk)

, (5)

in which, Ω 2 = |Ω1|2+Ω 2
2 +Ω 2

3 represents the total Rabi fre-
quency; A1(0), A2(0), and A3(0) are the initial probability am-
plitudes of the three upper levels; function G̃(s) is the Laplace
transform of the delay Green’s function

G(t− t ′) = ∑
k

gi1
k g j1

k e i(ω j1−ωk)(t−t ′),

which is obviously determined by the dispersion relations of
photonic crystal in Eq. (1). Following the way in Ref. [26],
for an anisotropic PBG reservoir, Green’s function can be ex-
pressed as

G(t− t ′) =
1
2

α14

(
exp{i[δ14c1(t− t ′)+π/4]}√

4π(t− t ′)3

+
exp{i[δ14c2(t− t ′)−π/4]}√

4π(t− t ′)3

)
. (6)

Here, the definitions of the parameters are

α14 =
1

2πε0

ω2
14d2

14ω
1/2
c1

3}c3 ,

δ14c1 = ω14−ωc1 δ14c2 = ω14−ωc2, (7)

δ14c1 and δ14c2 represent detuning frequencies between the
resonant transition frequency and the upper band frequency
and the lower band edge frequency, respectively.

From Eq. (6), we can obtain the Laplace transform of the
Green function given by

G̃(s) =
1
2

α14(−i
√

is+δ14c2 +
√

is+δ14c1). (8)

We aim to investigate the effects of external fields and
reservoirs on spontaneous emission. The spontaneous emis-
sion spectrum of the atom is the Fourier transform of〈

E+(t + τ)E−(t)
〉

t→∞

= 〈Ψ(t)|∑
kk′

a†
kak′ e

iωk(t+τ) e−iωk′ t |〉t→∞
. (9)

From Eqs. (3) and (9), we have〈
E+(t + τ)E−(t)

〉
t→∞

= ∑
k

A∗4k(∞)A4k(∞)e iωkτ

=
∫ +∞

−∞

e iωkτ dωkD(ωk)
∫

A∗4k(∞)A4k(∞). (10)

Substituting Eq. (5) into Eq. (10), the spontaneous emis-
sion spectrum can be derived as

S(ωk) ∝ D(ωk)

∣∣∣∣∣g∗k (Ω 2
2 −δ 2

k
)A1(0)− (Ω2Ω3 + |Ω1| e iθ δk)A2(0)− (|Ω1| e iθ Ω2 +Ω3δk)A3(0)

−δ 3
k
+Ω 2δk +2 |Ω1|Ω2Ω3 cosθ + i(Ω 2

2 −δ 2
k ) · G̃(s→−iδk)

∣∣∣∣∣
2

. (11)

Here, D(ωk) is the DOS of anisotropic PBG reservoir, which
is given by

D(ωk) ≈
√

ωk−ωc1Θ(ωk−ωc1)

+
√

ωc2−ωkΘ(ωc2−ωk), (12)

with Θ denoting the Heaviside step function.
According to Eq. (11), we can apparently see that the

spontaneous emission is kept at zero all the time whatever the
detuning frequency is, when the initial condition of the atomic
system is


A1(0) = 0,

Ω1

Ω3
=−A3(0)

A2(0)
.

(13)

It refers to the condition of coherent population trapping
(CPT). So in the case of Eq. (13), there is no photon sponta-
neously emitted from the atom, and all the population is coher-
ently trapped in the superposition state |Ψ〉= Ω3|2〉−Ω1|3〉.

Generally, we can see from Eq. (13) that the spontaneous
emission spectrum vanishes at two different positions, which
are expressed as

δk =
−Ω3A3(0)−Ω1A2(0)

2A1(0)
±

√
[Ω3A3(0)+Ω1A2(0)]2−4A1(0)[−Ω 2

2 A1(0)+Ω1Ω2A3(0)+Ω2Ω3A2(0)]

2A1(0)
. (14)
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When the atom is initially prepared in level |1〉, i.e., A1(0) = 1,
the spontaneous emission can be suppressed at δk = ±Ω2,
which correspond to two dark lines in the spectrum. This phe-
nomenon is associated with the quantum interference effect of
the three transitions in the dressed-state picture of the driven
fields. As all the atomic initial population is in level |2〉, i.e.,
A2(0) = 1, if the relative phase is an integral number of π ,
we can obtain one quenching point at δk = −Ω2Ω3/|Ω1|e iθ .
If not, there will be no dark line in the spontaneous emission
spectrum.

3. Results and discussion
In this section, we will study the spontaneous emission of

an atom in the double-band anisotropic PBG reservoir based
on Eq. (11). In the following part, the influences of the band
gap positions and widths, driven field intensity and phase, and
initial states of the atom on the spontaneous emission spectrum
are emphatically investigated. All these parameters in the nu-
merical calculations are scaled by α2

14 (to be convenient, we
assume it to equal 1).

First of all, in order to investigate the effect of PBG on the
spontaneous emission spectrum, we plot the curves of S(δk)

versus δk for different detunings of atomic resonant frequency
from the double band edges in Fig. 2. The parameters are set to
be Ω1 = 0.5, Ω2 = 0.5, and φ = 0.2π . The atomic initial popu-
lation are all in level |2〉, i.e., A2(0)= 1. When we chose a very
narrow band gap width such as δ14c1 = 0.1 and δ14c2 = 0.15
in Fig. 2(a), which means the excited state |1〉 is inside of the
upper photonic band and the band gap width δc1c2 = 0.05 is
very narrow, we can observe four spontaneous emission peaks
in the spectra, in which next to the lower band edge is the
strongest one. Spontaneous emission in the band gap is com-
pletely forbidden. As the atomic resonant frequency moves
inside the band gap (δ14c1 = −0.1 and δ14c2 = 0.3) and the
band gap width becomes bigger (δc1c2 = 0.4) [see Fig. 2(b)],
the two central peaks are almost covered by the band gap with
dramatically reducing intensities. However, the two sideband
peaks have no obvious changes as compared with those in
Fig. 2(a). In the case where the band gap width is relatively
large (δc1c2 = 3.1) and the atomic resonant frequency is at the
center of the photonic band gap as shown in Fig. 2(c), there
are only two sideband spontaneous emission peaks whose in-
tensities are both enhanced compared with those in Figs. 2(a)
and 2(b). These interesting phenomena can be quantitatively
explained by using the dressed-state picture. As a result of
the ac-Stark effect, the levels |1〉, |2〉, and |3〉 split into three
dressed levels |+〉, |0〉, and |−〉 with eigenvalues, respectively,
being λ+, λ0, and λ− under the action of the coupling fields,
which are the linear superposition of states |1〉, |2〉, and |3〉 as
shown in Fig. 1(b).
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Fig. 2. Spontaneous emission spectra (in units of α2
14 = 1) as a function

of detuning frequency δk for different photonic band gap widths and po-
sitions. (a) δ14c1 = 0.1, δ14c2 = 0.15; (b) δ14c1 =−0.1, δ14c2 = 0.3; (c)
δ14c1 =−1.5, δ14c2 = 1.6. The other parameters are set to be |Ω1|= 0.5,
Ω = 0.5, Ω3 = 2, θ = 0.2π , A1(0) = 0, A2(0) = 1, and A3(0) = 0.

By calculations, the eigenvalues of the dressed states for
this atomic system are λ+ = 2.2, λ0 = −0.2, and λ0 = −2.2,
respectively. In this case, the dressed state |0〉 is in the lower
photonic band of Figs. 2(a) and 2(b), and its width is larger
than the band gaps. Therefore the resulting spontaneous emis-
sion peak from the transition |0〉→ |4〉 is split by the band gap
into two narrow peaks. In Fig. 2(a), the dressed state |0〉 has
a little red-shift to the lower band edge, and then the sponta-
neous emission peak next to the lower band edge can be dra-
matically enhanced. Figure 2(c) refers to the case that dressed
state |0〉 locates deep in the wide band gap, and the dressed
states |−〉, |+〉 are respectively within the upper and lower
photonic bands and very close to the band edges. Then the
spontaneous emission from transition |0〉 → |4〉 can be com-
pletely suppressed due to the band gap effect. Meanwhile the
spontaneous emission from transition |−〉→ |4〉 and |+〉→ |4〉
can be enhanced. These enhancement effects of the middle
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peak in Fig. 2(a) and two sideband peaks in Fig. 2(c) can be
attributed to the DOS when the positions of dressed states are
within the photonic band and close to the band edge.

Besides the PBG, the driven fields induced phase-

dependent coherence has a significant effect on the sponta-
neous emission. In this part, we emphasize our discussion
on the spontaneous emission spectra by adjusting the relative
phase among the three coupling fields as shown in Fig. 3.
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Fig. 3. Spontaneous emission spectra S(δk) (in units of α2
14 = 1) each as a function of detuning frequency δk for different relative

phases of the coupling fields. (a) θ = 0, (b) θ = π/6; (c) θ = π/4, (d) θ = π/2. The other parameters are set to be |Ω1|= 1, Ω2 = 1,
Ω3 = 1, A1(0) = 1, A2(0) = 0, A3(0) = 0, δ14c1 =−0.36, and δ14c2 = 0.36.

-2 -1 0 1 2
0

0.2

0.4

0.6

0.8

1.0

Eigenvalue

θ/
π λ- λ0 λ+

Fig. 4. Eigenvalues of the three dressed states |−〉, |0〉, |+〉 each as a
function of the relative phase of the coupling fields. The parameters are
the same as those in Fig. 3.

In the calculations, we set three equal intensities of cou-
pling fields to be |Ω1| = 1, Ω2 = 1, and Ω3 = 1, the initial
populations are all in the upper level |1〉, and the atom is em-
bedded in the middle of the band gap with the detuning fre-
quencies being δ14c1 =−0.36 and δ14c2 = 0.36.

Figures 3(b)–3(d) each show that there exist two dark
lines in the spectra at the positions of δk = ±Ω2. We at-
tribute these quenching points of spontaneous emission to the
quantum interference effect between three transitions in the
dressed-state picture of the coherently driven atom. In the con-
sidered system, Autler–Townes splitting, i.e., the dressed state

of the atom, depends on the relative phases among the three
fields due to the closed loop configuration of the coherently
driven transitions

|1〉 Ω1−→ |2〉 Ω2−→ |3〉 Ω3−→ |1〉.

Therefore, three eigenvalues changing with the phase in a vac-
uum are plotted in Fig. 4 under the same parameters with
Fig. 3. From Fig. 4, we can see that when the relative phase is
θ = 0, the dressed states |−〉 and |0〉 are degenerate and there
are only two dressed states with eigenvalues being λ0 = −1
and λ+ = 2. However, the positions of the two resulting spon-
taneous emission peaks in the anisotropic PBG are not exactly
at δk = −1 and δk = 2 [see Fig. 3(a)]. This is ascribed to the
anisotropic reservoir which differs from the vacuum. With in-
creasing the relative phase, three peaks can be obtained in the
spontaneous emission spectra as shown in Figs. 3(b)–3(d), in
which three peaks are all shifted a little compared with the
eigenvalues of the corresponding dressed states in Fig. 4. In
the case of θ = π/6, the dressed state |0〉 is close to the lower
band gap edge and the middle spontaneous peak is enhanced a
little. When the phase changes to θ = π/4, dressed state |0〉 is
slightly red shifted to the lower band edge and then the middle
spontaneous peak is enhanced significantly. These phenom-
ena are all attributed to the particular DOS of the anisotropic
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photonic crystal. For the case that θ = π/2, the dressed state
|0〉 is in the band gap and then the middle spontaneous peak
will disappear due to the forbidden effect of PBG. However,
as is well known, any spontaneous emission line has its cer-
tain width, which is larger than the double band gap width in

this situation, as a result, two small wings appear symmetri-
cally in the photonic band nearby the upper and lower band
edge as shown in Fig. 3(d). Moreover, we can conclude from
Eq. (11) that the spontaneous emission is phase-sensitive with
a period of π .
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Fig. 5. (color online) Spontaneous emission spectra S(δk) (in units of α2
14 = 1) each as a function of detuning frequency δk for different

amplitudes of three coupling fields. (a) |Ω1|= 0, Ω2 = 1, Ω3 = 1; (b) |Ω1|= 0.25, Ω2 = 1, Ω3 = 1; (c) |Ω1|= 0.5, Ω2 = 1, Ω3 = 1;
(d) |Ω1| = 2, Ω2 = 1, Ω3 = 1; (e) |Ω1| = 1, Ω2 = 2, Ω3 = 1; (f) |Ω1| = 1, Ω2 = 1, Ω3 = 2. The other parameters are set to be
θ = 0.2π , A1(0), A2(0) = 1, A3(0) = 0, δ14c1 =−0.1, and δ14c2 = 0.1.

Details about the variation of the spontaneous emission
spectra with the Rabi frequencies of the three driven fields are
shown in Fig. 5. At first, we study the dependence of sponta-
neous emission on the amplitude of coupling field |Ω1|. Fig-
ures 5(a)–5(d) show the spontaneous emission spectra when
|Ω1| increases from 0 to 2. We find that three spontaneous
emission peaks always exist and no fluorescence quenching
point appears because the condition of Eq. (14) cannot be ful-
filled in the condition that θ 6= nπ (n is integer). In the case
of |Ω1|, as can be seen from Fig. 5(a), there are two sym-
metrical peaks on both sides of the PBG and the central peak
is suppressed with only two small wings left. When the am-
plitude |Ω1| increases, the right and left peaks move towards
the opposite directions of the sideband, while the middle peak
in the spectra shifts to the left as shown in Figs. 5(b)–5(d).

More specifically, the middle peak moves from the center of
PBG into the lower band with the increase of |Ω1|. Mean-
while, its position gets gradually further away from the band
edge. Then the effect of a peculiar DOS of anisotropic PBG on
the transition |0〉 → |4〉 in the dressed-state picture becomes
increasingly weak. As a result, the intensity of the middle
spontaneous emission peak decreases gradually. Next, the
control of spontaneous emission with the other two fields is
considered. By comparison with Fig. 5(d) in which |Ω1| = 2,
we plot the spectra with Ω2 = 2 in Fig. 5(e) and Ω3 = 2 in
Fig. 5(f). From these three figures, we can observe that three
spontaneous peaks take place at different positions with un-
equal widths and strengths. In general, the central peaks in
these figures are not covered by the photonic band gap, and it
is more or less enhanced compared with the cases in a vacuum
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as shown in the insets of Figs. 5(e) and 5(f). This enhancement
is attributed to the effect of the peculiar DOS. In addition, the
amplitudes of coupling fields affect the component of state |1〉
in the three dressed states, and then the electric dipoles of the
corresponding transitions in the dressed-state picture are de-
pendent on the Rabi frequencies of the coupling fields. Con-
sequently, the width of the spectral line can be manipulated, if
need be.

In the above discussion, we have investigated the effects
of reservoir and driven fields on the spontaneous emission.
From Eq. (11) it is found that the spontaneous emission can
also rely on the initial state of the atom [see Fig. 6]. For
the case where the initial population are all in the upper level
|1〉 (A1(0) = 1), as can be seen in Fig. 6(a), three peaks and
two dark lines at δk = ±0.5 can be observed in the spec-
tra. This interesting phenomenon is qualitatively attributed
to the quantum interference between multiple decay channels
among the transitions |−〉 → |4〉, |0〉 → |4〉, and |+〉 → |4〉
in the dressed-state picture. It can also be explained in the
bare-state picture. Under the condition of A1(0) = 1, the bare-
state decays to the ground state through three main processes:
|1〉 → |2〉 → |3〉 → |1〉 → |4〉, |1〉 → |3〉 → |2〉 → |1〉 → |4〉,
and |1〉 → |4〉. Destructive quantum interference among these

three competitive pathways will lead to fluorescence quench-
ing at δk =±Ω2. Meanwhile, the position of dressed state |0〉
is close to the lower band gap edge so that the middle spon-
taneous peak can be enhanced. When we set the initial popu-
lation on level |2〉 (A2(0) = 1) as seen in Fig. 6(b), there are
also three peaks but no dark line in the spontaneous emission
spectra. With this initial atomic state, the atom decays to the
ground state through two competitive ways, |2〉 → |1〉 → |4〉
and |2〉 → |3〉 → |1〉 → |4〉. Under these parameters, the con-
dition of Eq. (14) cannot be fulfilled, and therefore there is no
quantum interference between the two competitive pathways.
As the population is initially prepared in a superposition state
of |1〉 and |2〉 as shown in Fig. 6(c), there are three sponta-
neous emission peaks. Compared with only two peaks in the
spectrum in a vacuum [see the inset of Fig. 6(c)], the small
peak on the left of the lower band edge can be attributed to the
interaction between the atom and the reservoir of anisotropic
photonic crystal. For the case where the initial population is in
a superposition state of |2〉 and |3〉 as shown in Fig. 6(d), there
are three peaks and one quenching point in the spontaneous
emission spectrum. Compared with the spontaneous emission
in a vacuum as shown in the inset, the central peak is enhanced
because its position is nearby the edge of the lower band gap.
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Fig. 6. Spontaneous emission spectra S(δk) (in units of α2
14 = 1) each as a function of detuning frequency δk for different atomic initial states. (a)

A1(0) = 1, A2(0) = 0, A3(0) = 0; (b) A1(0) = 0, A2(0) = 1, A3(0) = 0; (c) A1(0) =
√

2/2, A2(0) =
√

2/2, A3(0) = 0; (d) A1(0) = 0, A2(0) =
√

2/2,
A3(0) =

√
2/2. The other parameters are set to be |Ω1|= 0.5, Ω2 = 0.5, Ω3 = 0.5, θ = 0.2π , δ14c1 =−0.1, and δ14c2 = 0.15.

Finally, we briefly consider the possible experimental re-

alization of the atomic system. For instance, our proposed con-

figuration can be realized with the D1 line of 87Rb atoms.[27]

Its wavelength is about 795 nm and can be obtained from an

external cavity diode laser. The atomic states in Fig. 1(a)

can be chosen as follows: |1〉 = |5P1/2,F = 1,mF = −1〉,
|2〉= |5S1/2,F = 2,mF = 0〉, |3〉= |5S1/2,F = 1,mF = 0〉, and

|4〉 = |5S1/2,F = 1,mF = −1〉. The microwave cavity with

the frequency of 6.835 GHz is utilized to couple the two states

|2〉 = |5S1/2,F = 2,mF = 0〉 and |3〉 = |5S1/2,F = 1,mF =

104204-7



Chin. Phys. B Vol. 25, No. 10 (2016) 104204

0〉.[28] The transition from the excited state |1〉 = |5P1/2,F =

1,mF =−1〉 to the ground state |4〉= |5S1/2,F = 1,mF =−1〉
is coupled to the double-band anisotropic reservoir. More-
over, in order to eliminate the Doppler broadening effect, 87Rb
atoms should be cooled in a magneto-optical trap (MOT).

4. Conclusions and perspectives
In this paper, we study the spontaneous emission of a

microwave-driven four-level atom embedded in the double-
band anisotropic photonic crystal. The results show that many
interesting phenomena, such as spectral-line suppression, en-
hancement and narrowing, and fluorescence quenching ex-
ist in the spontaneous spectra. The explicit dependence of
the spectra on the system parameters is also discussed. In
the dressed-state picture, qualitative analyses indicate that the
anisotropic photonic DOS can dramatically enhance the spon-
taneous emission when the positions of dressed states are
within the photonic band and close to the band edge. As a re-
sult of interaction with closed-loop, the spontaneous emission
is phase-sensitive and the widths of the spontaneous spectral
lines can be manipulated by the amplitudes of the coupling
fields. The dark lines are attributed to the quantum interfer-
ence effect. Finally, we give the possible experimental re-
alization of the atomic system. These investigations provide
us with more efficient means for controlling the spontaneous
emission of an atom in photonic crystal, which has potential
applications, such as photonic crystal lasers.
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