
Chin. Phys. B 32, 044211 (2023)

Spontaneous emission from Λ-type three-level atom driven by
bichromatic field in anisotropic double-band photonic crystals
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The spontaneous emission property of Λ-type three-level atom driven by the bichromatic field in the anisotropic
double-band photonic crystal is calculated by n-times iteration method. The influence of different parameters on atomic
spontaneous emission is studied, and the phenomena of atomic spontaneous emission are explained in the dressed state
representation. It is found that the spontaneous emission spectra of the atom driven by the bichromatic field presents a
multi-peak comb structure. The position of the emission peak is determined by the initial state of the atom, and the in-
terval between the neighboring emission peaks is the detuning δ of the bichromatic field. When the ratio between Rabi
frequency intensity and the detuning δ of the bichromatic field remains unchanged, the intensity of each emitted peak
remains invariant. The spontaneously emitted peak can be annihilated in the band gap and enhanced near the band edge
in the anisotropic photonic crystals. Meanwhile, we also observe the fluorescence quenching phenomenon in the sponta-
neous emission spectra. The research in this paper provides the theoretical guidance for the control of atomic spontaneous
emission.
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1. Introduction

Spontaneous emission is the basic process of the inter-
action between light and matter. The control of the atomic
spontaneous emission is an important topic in quantum op-
tics, which is of great significance in nonlinear optics and laser
physics.[1] It has a wide range of applications, such as the en-
tanglement control,[2] atomic high-precision localization[3,4]

and spectroscopy,[5] quantum information and computing.[6]

There are two ways to control the spontaneous emission in the
present work: one is to add a driving field coupling between
the two levels in the atom, and the other is to change the envi-
ronment in which the atom is located.

A Lorentz-line peak was formed when the two-energy
atom in vacuum spontaneously emitted from the upper level
to the lower level.[7] When the two-level atom was driven
by a strong monochromatic field, a two-peak structure called
the Autler–Townes spectrum occurred.[8] When the two-upper
level was coupled by the coherent field in the three-level atom,
dark lines appeared in the spontaneous emission spectrum due
to quantum interference effect.[9] When the three-level atom
was coupled by a microwave field, the narrow spectral lines
appeared in the spontaneous emission spectrum.[10] In the
multi-level atom coupled by an external field, the multi-peak
structure as well as multiple fluorescence quenching points
were observed in the spontaneous emission spectrum.[11]

There were more interesting quantum phenomena in the atom
coupled by bichromatic excitation or polychromatic excita-
tion. It was found that the argon atoms coupled with bichro-
matic fields could produce semi-integer high-order harmonic
emissions.[12] The detuning and Rabi frequency of the bichro-
matic field could be used to realize the localization of three-
dimensional Rydberg atoms.[13] Hu et al. studied the sponta-
neous emission phenomenon of Λ-type three-level atom cou-
pled by the trichromatic field with the method of density ma-
trix equation and quantum regression theorem.[14] It was found
that the emission spectrum was depended on the phase dif-
ference of the trichromatic field, and the spectral line selec-
tive cancellation could be achieved by changing the amplitude
and phase of the trichromatic field. Meanwhile, Hu studied
the spontaneous emission spectrum of Ξ-type three-level atom
driven by two bichromatic fields.[15] They found that the selec-
tive elimination and complete elimination of the fluorescence
spectrum were achieved by changing the phase difference of
the bichromatic fields. The emission and absorption of the
atom were a pair of reciprocal processes, and the splitting ef-
fect of spectral peaks occurred in both emission and absorp-
tion spectra of Ξ-type three-level atom by adjusting the rela-
tive phase of the bichromatic fields.[16] To our knowledge, the
use of polychromatic excitation was an effective way to con-
trol the atomic multi-peaked spontaneous emission.

Photonic crystal[17] is a kind of material with periodic di-
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electric structure. When the frequency of the light is within
the photonic band gap, it can not pass through the photonic
crystal. And the density of states (DOS) at the edge of the
photonic band gap is different from that of vacuum. There-
fore, photonic crystal can be used to control the atomic spon-
taneous emission. The spontaneous emission of a two-level
atom in the anisotropic photonic crystal was studied by Yang
et al.,[18,19] and it was found that the population on the atom
showed the oscillation behavior. Zhang et al. studied the reg-
ulation of the spontaneous emission process of the two-level
atom in the excited state using the dynamic environmental
library.[20] The results showed the system coherence evolution
was protected. Huang et al. observed the spontaneous emis-
sion spectra of the Λ-type three-level atom in anisotropic pho-
tonic crystal.[21] They found that the center and intensity of the
radiation spectrum could be obviously controlled by adjusting
system parameters. Zhang et al. found that the density of states
of photonic crystal determined the relative height of the mid-
dle peak in the spontaneous emission spectrum of Λ-type and
V-type three-level atoms.[22] It made a two-peak structure with
wide dark lines appearing in the spontaneous emission spec-
trum of Λ type three-level atom which located at the defect
position in the defect photonic crystal.[23] In the presence of
the driving field and defect mode, the nature of quantum in-
terference was depended on the initial atomic coherence.[24]

Jiang et al. studied the spontaneous emission of a four-level
atom driven by the closed-loop fields in the anisotropic pho-
tonic crystal.[25] The spontaneous emission was controlled by
the photonic band gap, the amplitude and phase of coherent
driving field. Liu et al. studied the spontaneous emission spec-
trum of the M-type five-level atom driven by microwave field
in photonic crystal, and observed spectral line displacement,
spectral line enhancement and spectral line suppression in the
spontaneous emission spectra.[26]

So far, the spontaneous emission of the atom coupled by
the bichromatic field in photonic crystals has not been stud-
ied. For the bichromatic excitation of the atom, the main the-
oretical method is the harmonic expansion method, which can
not obtain the analytical solution.[27] In this paper, we pro-
pose a new theoretical method to calculate the spontaneous
emission properties of the Λ-type three-level atom coupled by
the bichromatic field in the anisotropic double-band photonic
crystal. The expression of spontaneous emission spectrum of
the Λ-type three-level atom is derived. Then, the state wave
functions of the atom are obtained in the dressed state rep-
resentation. Finally, the influences of the initial state of the
atom, the width of double-band photonic band gap, the Rabi
frequency intensity and the detuning δ of bichromatic field on
the spontaneous emission spectra are discussed, and the phe-
nomena are explained in the dressed state representation.

2. Theoretical model
2.1. Model derivation

A Λ-type three-level atom is embedded in an anisotropic
double-band photonic crystal. The three-level atom is com-
posed of an upper level |0〉 and two lower levels |1〉, | j〉, as
shown in Fig. 1. The transition |1〉↔ | j〉 is forbidden, the tran-
sition |0〉 ↔ |1〉 with the resonant frequency ω01 being driven
by the bichromatic field, and the transition |0〉 → | j〉 with the
resonant frequency ω j is coupled with the anisotropic double-
band photonic crystal.

|0>

|1>

|j>

δ

∆ δ

Ω1

ω1
ωj

ωc2

ωc1

ω01
Ω2

ω2

D↼wk↽

Fig. 1. The level structure of the Λ-type three-level atom.

The Rabi frequencies of bichromatic field are Ω1 and Ω2,
and the frequencies of the bichromatic field are ω1 and ω2.
The detunings between the two frequencies of the bichromatic
field and the resonant frequency of the transition |0〉 → |1〉 are
∆1 = ω1−ω01 = ∆ +δ , ∆2 = ω2−ω01 = ∆ −δ , respectively,
in which ∆ is the detuning between the central frequency of
the bichromatic field and the atomic resonant frequency ω01.
δ is the detuning between the two frequencies and the central
frequency of the bichromatic field.

In the rotating wave approximation, the Hamiltonian and
the atomic wave function in the interaction picture are written
as

Ĥ =
(

h̄Ω1 e−i(∆+δ )t +}Ω2 e−i(∆−δ )t
)
|0〉〈1|

+∑
k

h̄gk e−iδktbk |0〉〈 j|+H.c., (1)

|Ψ(t)〉= a0 (t) |0,0〉+a1 (t) |1,0〉+∑
k

a j (t) | j,1k〉 , (2)

where gk is the coupling constant related to the transition fre-
quency of atom |0〉 → | j〉, δk = ωk −ω j is the detuning be-
tween the emitted photon with ωk and the transition |0〉 → | j〉
with ω j. k is the k-th mode of the emitted field, b†

k and bk

represent the creation and annihilation operators of the k-th
vacuum mode with frequency ωk.

Substituting the Hamiltonian (Eq. (1)) and state vec-
tor (Eq. (2)) into the Schrödinger equation Ĥ |Ψ (t)〉 =
ih̄ d

dt |Ψ (t)〉, we can derive the first-order differential equa-
tions for the amplitudes as follows:

iȧ0 (t) =
(

Ω1 e−i(∆+δ )t +Ω2 e−i(∆−δ )t
)

a1 (t)

+∑
k

gk e−iδkta j (t) , (3)
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iȧ1 (t) =
(

Ω
∗
1 e i(∆+δ )t +Ω

∗
2 e i(∆−δ )t

)
a0 (t) , (4)

iȧ j (t) = g∗k e iδkta0 (t) . (5)

Supposing b1 (t) = a1 (t) e−i∆t , Eqs. (3) and (4) can be sim-
plied as

iȧ0 (t) =
(

Ω1 e−iδ t +Ω2 e iδ t
)

b1 (t)+∑
k

gk e−iδkta j (t) , (6)

iḃ1 (t) =
(

Ω
∗
1 e iδ t +Ω

∗
2 e−iδ t

)
a0 (t)+∆b1 (t) . (7)

Integrate Eq. (5)

a j (t) =−ig∗k
∫ t

0
e iδkt ′a0

(
t ′
)

dt ′. (8)

Substituting Eq. (8) into the last term of Eq. (6)

∑
k

gk e−iδkta j (t) =−i
∫ t

0
a0
(
t ′
)
∑
k

g2
k e−iδk(t−t ′)dt ′, (9)

G(t− t ′) = ∑
k

g2
k e−iδk(t−t ′) is called delayed Green’s function,

and then Eq. (6) becomes

iȧ0 (t) =
(

Ω1 e−iδ t +Ω2 e iδ t
)

b1 (t)

−i
∫ t

0
a0
(
t ′
)

G
(
t− t ′

)
dt ′. (10)

In vacuum (Markov reservoir), according to the Weisskopf–
Wigner theory, the dispersion relationship is ωk = ck, the cor-
responding density of states being D(ωk) ≈ 1, the delayed
Green’s function being G(t− t ′) = (Γ0/2)δ (t− t ′), and Γ0 is
the spontaneous relaxation rate, which is taken as 1 in the cal-
culation. Then the last term of Eq. (10) can be changed as∫ t

0
a0
(
t ′
)

G
(
t− t ′

)
dt ′ =

Γ0

2
a0 (t) . (11)

For the anisotropic double-band photonic crystal, the disper-
sion relationship is

ωk =

{
ωc2 +A2 |k− k0|2 , |k|> |k0| ,

ωc1−A1 |k− k0|2 , |k|< |k0| ,
(12)

where ωc1 and ωc2 are the lower and upper edge frequencies
of photonic crystal band gap, respectively. k0 is the periodic
structure constant of photonic crystal, An ≈ ωcn/k2

0 (n = 1,2).
The density of states and the delayed Green’s function corre-
sponding to this dispersion relation are

D(ωk)≈
√

ωk−ωc2Θ (ωk−ωc2)+
√

ωc1−ωkΘ (ωc1−ωk) ,

(13)

G
(
t− t ′

)
=

α01

2

 e i[δc2(t−t ′)+π/4]√
4π (t− t ′)3

+
e i[δc1(t−t ′)−π/4]√

4π (t− t ′)3

 ,

(14)

where Θ (x) is the Heviside function. α01 is the coupling
constant, α01 = 1 being taken in the calculation and δc1 =

ω j−ωc1, δc2 = ω j−ωc2.

From Eq. (14), we can obtain the Laplace transform of
the Green function given by

G̃(s) =
α01

2

(√
is+δc2− i

√
is+δc1

)
. (15)

The Laplace transforms of Eqs. (7) and (10) can be written as

i [sã0 (s)−a0 (+0)]

= Ω1b̃1 (s+ iδ )+Ω2b̃1 (s− iδ )− iã0 (s) G̃(s) , (16)

i
[
sb̃1 (s)−b1 (+0)

]
= Ω

∗
1 ã0 (s− iδ )+Ω

∗
2 ã0 (s+ iδ )+∆b̃1 (s) . (17)

Suppose s = sn = −iδk + inδ , n = 0,±1,±2, . . ., and bring
it into Eqs. (16) and (17), respectively. Then an equation set
composed of infinite equations can be obtained as

i [s0ã0 (s0)−a0 (+0)] = Ω1b̃1 (s1)+Ω2b̃1 (s−1)

− iã0 (s0) G̃(s0) ,

i
[
s0b̃1 (s0)−b1 (+0)

]
= Ω

∗
1 ã0 (s−1)+Ω

∗
2 ã0 (s1)+∆b̃1 (s0) ,

i [s1ã0 (s1)−a1 (+0)] = Ω1b̃1 (s2)+Ω2b̃1 (s0)

− iã0 (s1) G̃(s1) ,

i
[
s1b̃1 (s1)−b1 (+0)

]
= Ω

∗
1 ã0 (s0)+Ω

∗
2 ã0 (s2)+∆b̃1 (s1) ,

i [s−1ã0 (s−1)−a0 (+0)] = Ω1b̃1 (s0)+Ω2b̃1 (s−2)

− iã0 (s−1) G̃(s−1) ,

i
[
s−1b̃1 (s−1)−b1 (+0)

]
= Ω

∗
1 ã0 (s−2)+Ω

∗
2 ã0 (s0)

+∆b̃1 (s−1) ,

...

i [s±nã0 (s±n)−a0 (+0)] = Ω1b̃1 (s±n+1)+Ω2b̃1 (s±n−1)

− iã0 (s±n) G̃(s±n) ,

i
[
s±nb̃1 (s±n)−b1 (+0)

]
= Ω

∗
1 ã0 (s±n−1)+Ω

∗
2 ã0 (s±n+1)

+∆b̃1 (s±n) . (18)

Ignoring the higher-order terms ã0 (sn+1), ã0 (s−n−1),
b̃1 (sn+1), b̃1 (s−n−1) of the system of equations, ã0 (iδk) can
be solved.

With Laplace transform, the Eq. (5) can be changed as

sã j (s)−a j (0) =−igkã0 (iδk) . (19)

Based on the final value theorem lim
t→+∞

a j (t) = lim
s→0

sã j (s), we
can get

a j (t→ ∞) =−igkã0 (iδk) . (20)

Then the spontaneous emission spectra of the atom can be ex-
pressed as

S (δk) = D(ωk)

∣∣∣∣a j (t→ ∞)

gk

∣∣∣∣2 = D(ωk) |ã0 (iδk)|2 . (21)
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2.2. Dressed state

With the semi-classical method,[28] we can get the state
wave function of the atom modified by the bichromatic field
in the case of ∆ = 0, Ω1 = Ω2 = Ω as follows:

|Ψ(t)〉 = e−iω1t

[
α

+∞

∑
n=−∞

Jn

(
Ω

δ

)
e inδ t

+β

+∞

∑
n=−∞

Jn

(
−Ω

δ

)
e inδ t

]
|1〉

+e−iω0t

[
−α

+∞

∑
n=−∞

Jn

(
Ω

δ

)
e inδ t

+β

+∞

∑
n=−∞

Jn

(
−Ω

δ

)
e inδ t

]
|0〉 , (22)

where Jn (x) is the Bessel function and α = [a1(0)−a0(0)]/2,
β = [a1(0)+a0(0)]/2.

According to the state wave function, the energy spec-
trum of the atom driven by the bichromatic field is composed
of a series of ladder decorated states |Φ〉Nm, |Φ〉N+1

m , with the
resonant transition frequency between |Φ〉Nm and |Φ〉N+1

m ω01,
where m = 0,±1,±2, . . ., N is the total photon number of the
bichromatic field. The dressed energy level structure is shown
in Fig. 2.

|Φ>N⇁2

|Φ>N⇁1

|Φ>N⇁0

|Φ>N⇁-1

|Φ>N⇁-2

|Φ>N2
|Φ>N1
|Φ>N0
|Φ>N-1
|Φ>N-2

•
 •

 •
•
 •

 •

•
 •

 •
•
 •

 •

ω

ω

|j>

Fig. 2. Dressed states of a Λ-type three-level atom interacting with a
bichromatic field.

The wave function of the dressed state can be expressed
as

|Φ〉N+1
m = ∑

l=0,±1,...
J2l+1−m

(
−Ω

δ

)∣∣∣∣1, N
2
+ l +1,

N
2
− l
〉

+ ∑
l=0,±1···

J2l−m

(
−Ω

δ

)∣∣∣∣0, N
2
+ l,

N
2
− l
〉
, (23)

|Φ〉Nm = ∑
l=0,±1,···

J2l−m

(
−Ω

δ

)
|1,N + l,N− l〉

+ ∑
l=0,±1,···

J2l+1−m

(
−Ω

δ

)
|0,N + l,N− l−1〉 . (24)

The corresponding energy is

ε
N+1
m = (N +1) h̄ω01 +mh̄δ , (25)

ε
N
m = Nh̄ω01 +mh̄δ , (26)

where |n,N1,N2〉, N1, N2 are the number of photons generated
by the bichromatic field.

According to the Eqs. (22)–(24), the initial state of the
atom can be expanded based on the energy levels |Φ〉Nm and
|Φ〉N+1

m . The initial probability of the atom on |Φ〉Nm and
|Φ〉N+1

m at t = 0 can be calculated as

ρ
N+1
mm = N+1

m 〈Φ |Ψ (0)〉〈Ψ (0) |Φ〉N+1
m , (27)

ρ
N
mm = N

m〈Φ |Ψ (0)〉〈Ψ (0) |Φ〉Nm. (28)

3. Numerical simulation and conclusion analysis
In this part, the spontaneous emission phenomena of

Λ-type three-level atom driven by bichromatic field in
anisotropic double-band photonic crystals and vacuum are in-
vestigated. The spontaneous emission spectra are plotted and
analyzed with the different system parameters, such as the ini-
tial state of the atom, the position and width of photonic for-
bidden band gap, Rabi frequency intensity of the bichromatic
field, the detuning between the two frequencies and the central
frequency of the bichromatic field.

3.1. Influence of the initial state of the atom on the sponta-
neous emission spectra

In order to study the influence of the initial state of the
atom, the spontaneous emission spectra of the atom in differ-
ent initial states are plotted as shown in Fig. 3. Figures 3(a)–
3(c) are the atomic spontaneous emission spectra in the vac-
uum reservoir. Figures 3(d)–3(f) are the atomic spontaneous
emission spectra in the anisotropic double-band photonic.

As can be seen in Fig. 3, with the bichromatic excita-
tion, the spontaneous emission spectrum of the atom exhibits
a multi-peak comb-like structure and the emitted peaks are al-
ways located at nδ , where n = 0,±1,±2, . . .. When the initial
state of the atom is |1〉, as shown in Figs. 3(a) and 3(d), the
emitted peaks are located at (2n+1)δ ; when the initial state
of the atom is |0〉, as shown in Figs. 3(b) and 3(e), the emitted
peaks are located at 2nδ ; when the initial state of the atom is
(1/
√

2) |0〉+(1/
√

2) |1〉, as shown in Figs. 3(c) and 3(f), the
emitted peaks appear at nδ . When the emitted peaks are placed
in the anisotropic photonic band gap as shown in Figs. 3(d)–
3(f), it will be annihilated because of the forbidden effect of
the anisotropic photonic band gap.

Next, we explain the above phenomena in the dressed-
state representation. It is well known that a series of dressed
states with equal energy intervals can be produced in the
dressed-state representation, as shown in Fig. 2. The spon-
taneous emission peaks are generated by the |Φ〉N+1

m → | j〉
transitions of the dressed state. The probability of the atomic
initial population in the dressed state can be calculated accord-
ing to the Eqs. (27) and (28). When the initial state of the
atom is |1〉, the probability of the initial atomic population in
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the dressed state |Φ〉N±1,±3,... and |Φ〉N+1
0,±2,±4,... is 0. It means

that there is no population in the energy levels of |Φ〉N±1,±3,...

and |Φ〉N+1
0,±2,±4,.... Therefore, there only exists the transition of

|Φ〉N+1
±1,±3,... → | j〉, and then the emitted peak only appears at

(2n+1)δ , as shown in Figs. 3(a) and 3(d). When the initial
state of the atom is |0〉, the probability of the initial atomic
population in the dressed state |Φ〉N0,±2,±4,... and |Φ〉N+1

±1,±3,... is
0, which means that there is no population on the energy levels
of |Φ〉N0,±2,±4,... and |Φ〉N+1

±1,±3,.... So there is only the transition
|Φ〉N+1

0,±2,±4,...→ | j〉, and the emitted peaks only appear at 2nδ ,

as shown in Figs. 3(b) and 3(e). When the initial state of the
atom at (1/

√
2) |0〉+(1/

√
2) |1〉, the probability of the initial

atomic population in the dressed state |Φ〉Nm and |Φ〉N+1
m is not

0, which means that the population is distributed in all dressed
energy levels. The transitions from |Φ〉N+1

m to | j〉 all exist, and
the emitted peaks appear at nδ , as shown in Figs. 3(c) and 3(f).
In a word, choosing different initial states can control the po-
sition of the spontaneous emission peak, while adjusting the
photonic band gap can annihilate the emitted peak at different
positions.
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Fig. 3. Atomic spontaneous emission spectra in vacuum and anisotropic double-band photonic crystal. The others parameters are set as ∆ = 0,
δ = 3, Ω1 = Ω2 = 4.8, ω j = 100, ωc1 = 98, ωc2 = 102. In panels (a) and (d) a0 = 0, a1 = 1. In panels (b) and (e) a0 = 1, a1 = 0. In panels (c)
and (f) a0 = 1/

√
2, a1 = 1/

√
2.

3.2. Influence of photonic crystal band gap on spontaneous
emission spectra

In this section, the effects of the width of the photonic
double-band gap on the spontaneous emission spectra are in-
vestigated. Spontaneous emission spectra of the atom in vac-
uum are firstly drawn as shown in Fig. 4(a), and then, the spon-
taneous emission spectra of the atom with different widths of
the band gap in the photonic crystal are plotted as shown in
Figs. 4(b)–4(d).

From Fig. 4(a), it can be seen that there are four emitted
peaks located at δk = −6, δk = −3, δk = 0, and δk = 3 in the
spontaneous emission spectra of the atom in vacuum. When
the atomic resonant frequency is in the center of the double-
band photonic gap with band gap edge frequencies ωc1 = 99
and ωc2 = 101 as shown in Fig. 4(b), the emitted peak at
δk = 0 is annihilated because of the forbidden effect of the
photonic band gap, meanwhile the emitted peaks at δk = −3
and δk =−6 are close to each other and overlap, and the dark
line disappears. When the width of the photonic band gap in-
creases with the edge frequencies ωc1 = 98 and ωc2 = 102 as
shown in Fig. 4(c), the emitted peak at δk =−3 is significantly
enhanced due to the singular density of states near the pho-

tonic crystal band edge. When the width of the photonic band
gap increases again with the edge frequencies ωc1 = 97 and
ωc2 = 103 as shown in Fig. 4(d), the emitted peak at δk = 3 en-
ters into the forbidden band gap and disappears, but the emit-
ted peak at δk = −3 is close to the photonic band edge and
becomes stronger. Therefore, changing the width of the pho-
tonic band gap can enhance the spontaneous emission peaks
near the band edge and annihilate the one in the forbidden gap.
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Fig. 4. Atomic spontaneous emission spectra in vacuum and photonic
crystal. The others parameters are set as a0 = 0, a1 = 1, ∆ = 0, δ = 3,
Ω1 = 1, Ω2 = 4, ω j = 100; (a) in vaccum; (b) ωc1 = 99, ωc2 = 101; (c)
ωc1 = 98, ωc2 = 102; (d) ωc1 = 97, ωc2 = 103.
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3.3. Influence of Rabi frequency intensity of the bichro-
matic field on spontaneous emission spectra

The Rabi frequency intensity of the bichromatic field can
also have a greater impact on the spontaneous emission spec-
tra of the atom. The spontaneous emission spectra with dif-
ferent Rabi frequency intensities Ω1 = Ω2 = 1.3, 2, 3.3 are
respectively plotted in vacuum and in anisotropic double-band
photonic crystal as shown in Fig. 5.

When Ω1 = Ω2 = 1.3 in vacuum as shown in Fig. 5(a), a
fluorescence quenching point appears at δk = 0 due to quan-
tum interference between the two transition channels which is
generated on the condition that the molecular term in the ra-
diation spectrum expression is zero.[29] When Ω1 = Ω2 = 2
as shown in Fig. 5(b), the two inner emitted peaks over-
lap and the quantum interference effect has not occurred be-
tween two transition channels. Therefore, the emitted peak
at δk = 0 is not zero. As can be seen in Figs. 5(a)–5(c),
with the increasing intensity of Rabi frequency of the bichro-
matic field in vacuum, the inner peaks gradually decrease and
the outside peaks gradually increase. It can be explained
in the dressed state picture. The population distribution on
each dressed energy level is different with different Rabi fre-
quency intensities of bichromatic field, which can result in
different emitted peak intensities. According to the analy-
sis in Subsection 3.1, when the initial state of the atom is
|1〉, the initial population can only distribute on the levels

|Φ〉N0,±2,±4,... and |Φ〉N+1
±1,±3,.... From Eq. (26), it can be consid-

ered that the population at the initial time all locates at |Φ〉N0 .
There are only two transition channels between |Φ〉N0,±2,±4,...

and |Φ〉N+1
±1,±3,...: |Φ〉

N
0 → |Φ〉

N+1
1 → |Φ〉N2 → |Φ〉

N+1
3 , . . . and

|Φ〉N0 → |Φ〉
N+1
−1 → |Φ〉

N
−2 → |Φ〉

N+1
−3 , . . . When the intensity

of the Rabi frequency is small, the population is distributed
on |Φ〉N+1

±1 through the transition |Φ〉N0 → |Φ〉
N+1
±1 , and then a

strong emitted peak is formed at δk =±2. When the Rabi fre-
quency intensity increases, the population gradually transfers
to |Φ〉N+1

±3 through the transition |Φ〉N+1
±1 → |Φ〉

N
±2→ |Φ〉

N+1
±3 .

The emitted peak at δk = ±2 becomes weaker, and the emit-
ted peak at δk = ±6 gets stronger as shown in Figs. 5(a)–
5(c). However, when the atom is embedded in the anisotropic
double-band photonic crystal as shown in Figs. 5(d)–5(f), the
spontaneous emission spectra are significantly different from
that in vacuum. It can be found that the emission peaks are
significantly enhanced when the Rabi frequency intensity of
the bichromatic field is small as shown in Fig. 5(d), and the
emission peaks decrease rapidly with the increasing of the
Rabi frequency intensity as shown in Figs. 5(e) and 5(f). This
phenomenon is caused by the combined effect of the photonic
band gap and the bichromatic field. Therefore, adjusting the
Rabi frequency can control the intensity of different radiation
peaks, and the photonic crystal can significantly enhance the
outside emitted peaks.
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Fig. 5. Atomic spontaneous emission spectrum in vacuum and photonic crystal. The others parameters are set as a0 = 0, a1 = 1, ∆ = 0, δ = 2,
ωc1 = 98, ωc2 = 102, ω j = 100. In panels (a) and (d) Ω1 = Ω2 = 1.3. In panels (b) and (e) Ω1 = Ω2 = 2. In panels (c) and (f) Ω1 = Ω2 = 3.3.

3.4. Influence of the ratio Ω/δΩ/δΩ/δ between Rabi frequency in-
tensity and the detuning of the bichromatic field on
spontaneous emission spectra

In the previous section, we find that the intensity of the
Rabi frequency of the bichromatic field can affect the prop-
erties of the spontaneous emission spectra. From Eq. (22),
we can see that the Bessel function is independent of the ra-

tio Ω/δ between Rabi frequency intensity and the detuning of
the bichromatic field. So in this section, the effects of the ra-
tio Ω/δ on the spontaneous emission spectra are studied. The
spontaneous emission spectra with different ratios Ω/δ are
respectively plotted in vacuum and in anisotropic double-band
photonic crystal as shown in Fig. 6.

Comparing Figs. 6(a) and 6(c), Figs. 5(b) and 6(b) in vac-
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uum, we can observe that when the ratio Ω/δ is same, the
shape of the radiation spectrum is similar and the intensity of
the spontaneous emission peak is same. But the interval of the
closed emitted peaks are 2δ as discussed in Subsection 3.1. In
addition, as the ratio Ω/δ increases, the intensity of the out-
side emitted peak becomes higher. From Figs. 6(a) and 6(b),
it can be seen that when the Rabi frequency intensity is the
same, the increase of the detuning δ reduces the emitted peak
on the outside. It can be explained in the dressed state picture
as follows. Based on Eqs. (23) and (24), the expression of the
dressed level contains a Bessel function, which is independent
of the ratio Ω/δ . Therefore, the height of the emitted peak
depends on the ratio Ω/δ . When the detuning δ increases but
the Rabi frequencies are same, it can not enough to transfer
the population to the following dressed levels through the two
transition channels |Φ〉N0 → |Φ〉

N+1
1 → |Φ〉N2 → |Φ〉

N+1
3 , . . .

and |Φ〉N0 → |Φ〉
N+1
−1 → |Φ〉

N
−2→ |Φ〉

N+1
−3 , . . . When the Rabi

frequency is increased, as shown in Fig. 6(c), the height of
the radiation peak can be restored to the same height as that
in Fig. 6(a). However, when the atom is embedded in the
anisotropic double-band photonic crystal, the interval of the

spontaneous emission peaks is still related to the detuning δ ,

as shown in Figs. 6(d)–6(f). As the detuning δ increases, the

distance between the emitted peaks becomes larger. Different

from the case of vacuum, the shape of the emitted peak is not

only determined by the ratio Ω/δ , but also modulated by the

photonic band gap. When the ratio Ω/δ increases but the de-

tuning δ is small in the anisotropic double-band photonic crys-

tal as shown in Figs. 5(e) and 6(d), the emitted peaks get closer

to the band edge and become much stronger, which attributes

to the modulation effect of the photonic band gap. When the

ratio Ω/δ and the detuning δ both increase in the anisotropic

double-band photonic crystal as shown in Figs. 6(e) and 6(f),

the interval between the adjacent emitted peak and the band

edge becomes farther. There is no enhancement in the sponta-

neous emission spectra and the shape of the spontaneous emis-

sion spectra is the same as the situation in vacuum as shown

in Figs. 6(b) and 6(c). The difference is that the height of the

emitted peak outside the photonic band gap decreases rapidly

and the emitted peak inside the photonic band gap is annihi-

lated.
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Fig. 6. Atomic spontaneous emission spectrum in vacuum and photonic crystal. The others parameters are set as a0 = 0, a1 = 1, ∆ = 0, ωc1 = 98,
ωc2 = 102, ω j = 100. In panels (a) and (d) Ω1 = Ω2 = 3, δ = 2. In panels (b) and (e) Ω1 = Ω2 = 3, δ = 3. In panels (c) and (f) Ω1 = Ω2 = 4.5,
δ = 3.

3.5. Influence of atomic resonant transition frequency on
spontaneous emission spectra

When the resonant transition frequency ω j of the atomic
transition |0〉 → | j〉 coupled with the anisotropic double-band
photonic crystal are different, the atomic spontaneous emis-
sion spectra are plotted as shown in Fig. 7.

From Fig. 7, it can be seen that when the atomic resonant
transition frequency is outside the lower edge frequency of the
photonic band gap, the emitted peak at δk = −3 on the left
side is enhanced and the emitted peak at δk = 3 is annihilated.
When the atomic resonant transition frequency is within the

photonic band gap as shown in Fig. 7(b), the emitted peak on

the left side is weakened by the photonic band gap and a dark

line caused by the quantum destructive interference appears

in the spontaneous emission spectra. When the atomic reso-

nant transition frequency is outside the upper edge frequency

of the photonic band gap as shown in Fig. 7(c), one of the two

emitted peaks on the left side enters the band gap and is anni-

hilated, and the other also decreases. The emitted peak on the

right side in the emitted spectra is far away from the photonic

band gap, so the emitted peak does not change.
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Fig. 7. Atomic spontaneous emission spectrum in photonic crystal. The others parameters are set as a0 = 0, a1 = 1, ∆ = 0, δ = 3, Ω1 = 1,
Ω2 = 4, ωc1 = 98, ωc2 = 102. (a) ω j = 97, (b) ω j = 101, (c) ω j = 103.

4. Conclusion
With n-times iteration method, the spontaneous emission

spectra of the Λ-type three-level atom coupled by the bichro-
matic field in the anisotropic double-band photonic crystal are
studied. The spontaneous emission of the atom strongly de-
pends on the initial state of the atom, the Rabi frequency in-
tensity and the detuning δ of the bichromatic field. With the
bichromatic excitation, the multi-peak comb-shaped peaks in
the spontaneous emission spectra of the atom are determined
by the dressed state |Φ〉N+1

m → | j〉. The detuning δ of the
bichromatic field determines the interval of the adjacent emit-
ted peak. When the initial state of the atom is at the lower
level, the emitted peaks locate at (2n+1)δ . When the initial
state of the atom is at the upper level, the emitted peaks lo-
cate at 2nδ . The enhancement occurs when the emitted peak
locates near the photonic band edge. The annihilation oc-
curs when the emitted peak locates inside the photonic band
gap. The Rabi frequency intensity Ω of the bichromatic field
can change the population distribution on the dressed level
|Φ〉N+1

m . The heights of the emitted peaks can remain un-
changed when the ratio Ω/δ is a constant. Modulated by both
the bichromatic field and the photonic crystal band gap, there
happens fluorescence enhancement and fluorescence quench-
ing in the emission spectra. Spontaneous emission enhance-
ment has potential applications in bioimaging, novel photonic
devices, and improving the sensitivity of biosensing tech-
niques. The research content of this paper provides a certain
theoretical basis for controlling the atomic spontaneous emis-
sion.
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