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Spontaneous emission of two quantum dots in a single-mode cavity∗
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The spontaneous emission spectrum from two quantum dots (QDs) that are strongly coupled with a single-mode
nanocavity is investigated using rigorous numerical calculations and simple analytical solutions of quantum dynamics. The
emission spectra both from the side and along the axis of the cavity are considered. Modification of two parameters, the
coupling strength and the detuning between the transition frequencies of the two quantum dots, allows us to efficiently con-
trol the shape of the spontaneous emission spectrum. Different profiles and their physical origins can be well understood in
the dressed-state picture for the light–QD interaction in the on-resonance and off-resonance situations. In the on-resonance
situation, the emission spectra exhibit symmetric features, and they are not altered by the asymmetry in the coupling pa-
rameters. The axis spectra show two emission peaks while the side spectra have three emission peaks. In the off-resonance
situation, the emission spectra always show an asymmetrical three-peak feature. When the two QDs have different decay
parameters, singular features (a peak or a dip) can take place at the frequency of the cavity mode, and this is attributed to
the unbalanced process of the emission and absorption of a single photon.
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1. Introduction
Recently, cavity quantum electrodynamics (QED) has

been actively pursued for its potential insight into the funda-
mental problems of light-matter interaction.[1,2] Most of the
schemes that involve cavities, which contains trapped qubits,
have shown promise towards the realization of quantum in-
formation storage and processing.[3–5] In accordance with a
general desire to control quantum systems in all solid plat-
forms for practical applications and ease of integration, con-
siderable attention has turned to the cavity QED in photonic
crystals (PCs),[6–8] which are also called photonic band gap
(PBG) materials. A point defect in PCs defines a PBG cav-
ity, as any photon injected into that site cannot propagate
laterally away from the defect. In this way, the PBG cavi-
ties can constitute extremely good cavities with superb pho-
tonic confinement (low loss and ultra small mode volume) and
strong light-matter coupling for an embedded quantum sys-
tem. The photonic local density of states,[9,10] which is a key
physical function in PCs, is directly connected to the coupling
strength with the quantum emitter, for example, a quantum dot
(QD), which is often considered to be a two-level atom-like
emitter.[11,12] The coherent interaction between QD excitons
and cavity modes in PCs has raised great interest in a lot of
areas, such as giant optical nonlinearity induced by the Purcell
effect,[13,14] a one-atom laser in the strong coupling limit,[15–18]

modified spontaneous emission,[19–25] and QDs embedded in
PC waveguides.[26–29] The dynamical behavior of entangled
states, which are an essential source for quantum computing
and quantum-information processes, has been investigated by

considering a model consisting of two or more QDs trapped in
PBG cavities.[30–37]

In this paper, we consider the spontaneous emission spec-
tra of two QDs that are strongly coupled with a single-mode
cavity field in thermal equilibrium. Due to the great distance
between the two QDs, we neglect their dipole–dipole inter-
actions. Our theory is rigorous, yet it is also very intuitive
and clear, so it will be immediately helpful to experimentalists
working in this field. In our cavity QED model, two impor-
tant parameters are used to characterize the system: the QD-
cavity coupling constant and the detuning between the tran-
sition frequencies of the two QDs. The axis and side sponta-
neous emission spectra will be analyzed from different aspects
of these two parameters. On one hand, we consider two gen-
eral cases: the on-resonance case and the off-resonance case.
In the on-resonance case, where the transition frequencies of
the two QDs are equal to each other, the influence of the cou-
pling strength parameters on the emission spectra has been
studied. The Rabi oscillation leads to a symmetrical split-
ting of the emission spectra and the large coupling strength
results in a wider split. The intensity change of the peaks with
respect to the coupling constants is also investigated. In the
off-resonance case, where the detuning between the two tran-
sition frequencies is not zero, the axis and side emission spec-
tra both have three peaks, and they are no longer completely
symmetric. The detuning parameter dominates the distribution
of population. By exchanging the two transition frequencies,
the new spectrum is just the mirror inversion of the old one.
On the other hand, when the two decay parameters are not
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equal to each other, a singular feature (a peak or a dip) will ap-
pear at the frequency of the cavity mode in the axis spectrum.
This phenomenon is attributed to the unbalanced process of
the emission and absorption of a single photon by the QD and
the PBG cavity.

This article is organized as follows. In Section 2, we de-
rive the quantum mechanical equations governing the axis and
side spontaneous spectrum of two QDs embedded in a PBG
cavity. In Section 3, we make a detailed analysis of three cases
of light–QD interaction. Both numerical calculations and an-
alytical formalisms are used to sharpen and deepen our under-
standing of the quantum dynamics of the coupled QD–photon
system. In Section 4, we make a brief conclusion.

2. Model and formalism
The QD-cavity system considered in this paper is

schematically illustrated in Fig. 1. The two QDs (A and B) are
located on the axis at two antinodes of the standing-wave cav-
ity mode that supports sufficiently strong coupling strength.
Assuming that the distance between A and B is long enough,
the dipole–dipole interaction can be reasonably neglected. For
simplicity, we also assume that the system temperature is 0◦C,
where the dephasing rate can be ignored. We assume that one
of the two QDs is initially prepared in an excited state, while
the other is in the ground state, and the cavity is in the vacuum
state.

 

QD A QD B

〉A

〉A

gA

Saxis

Sside

Sside

γA γB
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κ
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κ

cavity

Fig. 1. Schematic diagram of the coupling between two QDs and a
single-mode cavity. Photons can be emitted out from the sides of the
cavity and through the axis direction.

In a frame rotating with the laser frequency, under the ro-
tating wave approximation (RWA), the Hamiltonian could be
written as

H = ∑
j=A,B

[
h̄∆ jcσ

j
22 + ih̄g j

(
a†

σ
j
−−σ

j
+a
)]

, (1)

where a† and a are the creation and annihilation operators for
the cavity mode, σ j ( j = A,B) are Pauli pseudo-spin opera-
tors for the two QDs, ∆ jc = ω j−ωc is the detuning between
the transition frequency of the QDs (ω j) and the resonant fre-
quency of the cavity mode (ωc), and g j are the coupling con-
stants between the QDs and the cavity mode. These parame-
ters refer to the cavity QED parameters. Let Lρ represent all

the dissipative terms, we have

Lρ = ∑
j=A,B

[
γ j

2

(
2σ

j
−ρσ

j
+−σ

j
+σ

j
−ρ−ρσ

j
+σ

j
−

)
+ κ

(
2aρa†−a†aρ−ρa†a

)]
, (2)

where γ j characterizes the spontaneous emission rate of the
QDs. The cavity field is damped at the rate κ , which is caused
by the extraneous coupling of the cavity mode to the external
reservoirs or possible leakage of light from the PBG nanocav-
ity.

Assume that QD A is prepared in the excited state at the
initial time t = 0 (namely,

〈
σA

22 (0)
〉
= 1), and define the detun-

ing between the cavity-mode frequency and the average transi-
tion frequency of the two QDs as ∆c = (ωA+ωB)/2−ωc. The
solution and discussion of the dynamics of the Hamiltonian are
restricted to the subspace containing zero and one excitations.
We can thus write the state vector of the system at time t as

|Ψ (t)〉 = |ψ0 (t)〉+ |ψ1 (t)〉 ,
|ψ0 (t)〉 = |1A〉 |1B〉 |0〉 ,
|ψ1 (t)〉 = a(t) |2A〉 |1B〉 |0〉+b(t) |1A〉 |2B〉 |0〉

+ c(t) |1A〉 |1B〉 |1〉 . (3)

Here
∣∣1 j
〉

and
∣∣2 j
〉

are the ground and excited states of QD
j, and |0〉 and |1〉 are the vacuum and one photon state of the
cavity mode. The zero-excitation component |ψ0 (t)〉 is in-
variant under the action of the Hamiltonian, so we only need
to consider the dynamics of the single-excitation component
|ψ1 (t)〉.

The initial conditions that QD A is prepared in the ex-
cited state, QD B is in the ground state, and the cavity is in the
vacuum state require that the initial state is

|ψ1 (0)〉= |2A〉 |1B〉 |0〉 . (4)

Then, the coefficients of |ψ1 (0)〉 are a(0) = 1 and b(0) =
c(0)=0. The time evolution of the general one-excitation
state given by Eq. (3) can be calculated exactly from the
Schrödinger equation with a non-Hermitian Hamiltonian as

HC = ∑
j=A,B

[
h̄∆ jcσ

j
22 + ih̄g j

(
a†

σ
j
−−σ

j
+a
)
− ih̄

γ j

2
σ

j
22

]
− ih̄κa†a.

The results are

ȧ(t) =−κaa(t)−gAc(t) ,

ḃ(t) =−κbb(t)−gBc(t) ,

ċ(t) =−κcc(t)+gAa(t)+gBb(t) . (5)

The parameters are defined as

κc = κ,
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κa = i (∆c +ωAB)+
γA

2
,

κb = i (∆c−ωAB)+
γB

2
,

where ωAB = (ωA−ωB)/2. In order to solve the above equa-
tion set, we assume a trial solution as a(t) = Aext , b(t) = Bext ,
and c(t) = C ext . Inserting the trial solution into Eq. (5) leads
to a set of linear equations of a 3×3 eigensystem−κa 0 −gA

0 −κb −gB
gA gB −κc

 A
B
C

= x

 A
B
C

 , (6)

where x is the eigenvalue. The solution of Eq. (6) is straight-
forward and yields three roots xn. As a result, each trial func-
tion is a harmonic wave function. The general solution of dy-
namics can be described by these wavefunctions. The coeffi-
cient a(t) for the one-excitation state |2A〉 |1B〉 |0〉 is given by

a(t) =
3

∑
n=1

An exnt , (7)

and the coefficients of other one-excitation states can be de-
rived from a(t) by going back to Eq. (5). Other quantities can
be readily calculated from a(t) by considering Eq. (5). Finally,
the amplitude of each state is given by

a(t) =
3

∑
n=1

An exnt ,

b(t) =−
3

∑
n=1

(xn +κa)(xn +κb)+g2
A

gAgB
An exnt ,

c(t) =−
3

∑
n=1

xn +κa

gA
An exnt . (8)

By using the initial condition (4) of the three one-excitation
states, we can work out the numerical value of An by straight-
forward calculations in Ref. [31]. Equation (8) contains an im-
plicit dependence on the coupling constants, the transition fre-
quencies, and the decay parameters of the QD-cavity structure.
Since these parameters determine the structure of the emission
spectra, we will carry out a detailed study of the spectra for
various values of g j, ωAB, and γ j in Section 3.

According to the quantum regression theorem,[1] one can
find from Eq. (8) that the spontaneous emission spectrum of
this system includes two parts in the long-time limit. One is
the spectrum from the sides of the cavity, which is determined
from the autocorrelation of the atomic dipole amplitude and
reads

Sside =
γA

2π

∣∣∣∣∫ ∞

0
dt e iωta(t)

∣∣∣∣2 + γB

2π

∣∣∣∣∫ ∞

0
dt eıωtb(t)

∣∣∣∣2
=

γA

2π

∣∣∣∣∣ 3

∑
n=1

An

ıω− xn

∣∣∣∣∣
2

+
γB

2π

∣∣∣∣∣ 3

∑
n=1

(xn +κa)(xn +κb)+g2
A

gAgB

An

iω− xn

∣∣∣∣∣
2

. (9)

The other is the spectrum along the cavity axis, which corre-
sponds to the autocorrelation of the cavity field and is given by

Saxis =
κ

π

∣∣∣∣∫ ∞

0
dt eıωtc(t)

∣∣∣∣2 =
∣∣∣∣∣ 3

∑
n=1

xn +κa

gA

An

iω− xn

∣∣∣∣∣
2

. (10)

In Eqs. (8)–(10), the coupled system consisting of two QDs
and a single-mode cavity has poles at xn where the sponta-
neous emission peaks are expected. The coefficients of the
exponential terms correspond to the amplitude of these peaks.
The Sside is composed of two spontaneous emission terms orig-
inated from the two QDs, which are a(t) and b(t), while Saxis

only includes the cavity mode term c(t).

3. Results and discussions

The spontaneous emission spectrum for a two-level atom
coupled to a cavity model has been fully understood.[1] In
the strong-coupling limit, both the side and axis spectrum
components, whose emission probabilities differ from each
other, approach the so-called vacuum Rabi spectrum. In our
model, we assume that the QD-cavity system is prepared in
the single-quantum state, so that equation (5) can be solved
within the four states |2A〉 |1B〉 |0〉, |1A〉 |2B〉 |0〉, |1A〉 |1B〉 |1〉,
and |1A〉 |1B〉 |0〉. It should be noted that due to the damped
cavity, this system has to end up in the steady state |ψ0〉 =
|1A〉 |1B〉 |0〉 in the long-time limit of t → ∞. For simplicity
and without lose of generality, we let ∆c = 0. The emission
of a photon by the excited state of QD A is coherently reab-
sorbed by the cavity mode and QD B, and then the photon
will be reemitted and reabsorbed a number of times before it
eventually leaves the cavity.

For this strong coupling regime and high-Q PC cavity, the
role of the decay parameters is almost negligible as the decay
from QDs and leakage from the cavity is much smaller than
the radiative coupling between the two QDs and cavity mode
(γ j,κ � g j). For this reason, in the following calculations,
we explicitly ignore the decay terms in Eqs. (5)–(10) in order
to get simple analytical results for the spectra. By using the
simplification, the origin of the interference effect becomes
more transparent. Furthermore, by considering two general
cases: the on-resonance case, where the transition frequencies
of two QDs are equal to each other, and the off-resonance case,
where the detuning between the two transition frequencies is
not zero, one can explore the way to control the characteris-
tics of the interference process during spontaneous emission.
It turns out that they can be fully manipulated by the coupling
strength g j and the detuning between the transition frequen-
cies of QD ωAB when the decay parameters are equal to each
other (γA/2 = γB/2 = κ).
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3.1. On-resonance case with the same transition frequen-
cies

In the case of on-resonance excitation where ωA=ωB, the
rigorous calculation results of the spectra from Eqs. (9) and
(10) as a function of the detuning δ = ω−ωc for different g j

are shown in Fig. 2: one for the spontaneous emission from
the side of the system (the side spectrum Sside) and one for the
spontaneous emission from the axis direction (the axis spec-
trum Saxis). The system is initially in the upper level of QD A.
We find that Sside presents three peaks, one center peak and two
symmetrical side peaks, and Saxis exhibits two peaks, which
have equal heights and are symmetrically located in the two
sides of the zero detuning.
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Fig. 2. Spontaneous emission spectrum as a function of detuning
δ = ω−ωc when ωA = ωB = 100. (a1) Sside and (a2) Saxis for gA = 3,
gB = 2; (b1) Sside and (b2) Saxis for gA = 5, gB = 2. γA/2 = γB/2 =
κ = 0.2 (in arbitrary units).

In the current case, we keep gB =2 and change gA from
3 to 5. We find that the distance between adjacent peaks in-
creases as the coupling strength gA is enhanced. The strength
of the central peak in Sside decreases as gA increases. The
relative heights of the two side peaks in the emission spectra
remain equal, and an increase in gA will enhance their heights.
The above analysis indicates that the coupling strengths g j not
only influence the splitting degree but also the intensity of the
peaks in the spontaneous emission spectra. This feature can
also be clearly visualized in Eqs. (11) and (12), which present
the analytical form of eigenvalues xn (n = 1,2,3) as

x1 = 0, x2,3 =±iΩ1, (11)

where Ω1 =
√

g2
A +g2

B. The corresponding eigenstates are

|φ1〉 = cosθ |2A,1B,0〉− sinθ |1A,2B,0〉 ,

|φ2〉 = −
i√
2
[sinθ |2A,1B,0〉

+ cosθ |1A,2B,0〉+ i |1A,1B,1〉],

|φ3〉 = −
i√
2
[sinθ |2A,1B,0〉

+ cosθ |1A,2B,0〉− i |1A,1B,1〉]. (12)

Here, sinθ = gA/Ω1 and cosθ = gB/Ω1.
It is apparent that each energy eigenstate decays to the

ground state via two output channels: the side-way channel,
which can be described by the following transition operator:

σA
+ = |ψ0〉

[
cosθ 〈φ1|+

i√
2

sinθ (〈φ2|+ 〈φ3|)
]
, (13a)

and the axial channel which is described by the following tran-
sition operator:

σ
B
+ = |ψ0〉

[
−sinθ 〈φ1|+

i√
2

cosθ (〈φ2|+ 〈φ3|)
]
. (13b)

Abundant physical information can be found from
Eqs. (11)–(13) to help understand the emission spectrum fea-
tures. The Rabi oscillation Ω1 leads to a splitting of the emis-
sion spectrum into three spectrum lines predicted at δ = 0,
±Ω1. The large coupling strength results in a wider splitting,
as indicated by Eq. (11). This can be well understood in the
dressed-state picture, as described by Eqs. (12) and (13). The
atomic system we consider can be regarded as three dressed
states decaying to the common ground state. Three peaks in
the spectra correspond to transitions from the three upper lev-
els to the ground level, respectively. Equation (13b) shows that
the spectrum from the axis is a doublet which can be associ-
ated with the transitions from the two dressed states |φ2,3〉 to
the ground state |ψ0〉.

While some approximations have been adopted, the
model discussed above contains the essential physical features
that we wish to emphasize in this paper. Let us look closely at
the amplitudes of each state, which are

a(t) =

[(
gA

gB

)2

+1

]−1

+
1
2

[(
gB

gA

)2

+1

]−1

×
(

e iΩ1t + e−iΩ1t
)
, (14a)

b(t) =

(
gA

gB
+

gB

gA

)−1 [1
2

(
e iΩ1t + e−iΩ1t

)
−1
]
, (14b)

c(t) =

2i

√
1+
(

gB

gA

)2
−1(

e iΩ1t − e−iΩ1t
)
. (14c)

The emission line in the side spectrum Sside is split into three
peaks: one peak is located at the frequency of the cavity mode,
and two side peaks have equal heights and the maxima are
symmetrically located at δ =±Ω1. In Saxis two side peaks are
split symmetrically around δ = 0, as shown in Fig. 2.
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Next, we explore the influence of the coupling strength
parameters on the amplitude of each peak in the emission spec-
tra derived from Eq. (14). The consistent calculation results
are shown in Fig. 3, which indicates that the amplitude of
the central peak in Sside is proportional to gB and inversely
proportional to gA. Meanwhile, the side peaks in Sside and
Saxis increase with the increase in gA and decrease as gB in-
creases more. The physical picture for the QD–cavity sys-
tem is now quite clear and simple. In this resonance case,
the two coupling constants are proportional to the splitting
among the three peaks. The symmetrical property in the spon-
taneous emission spectrum cannot be destroyed by the asym-
metrical coupling constants. More populations are uniformly
distributed on the upper and lower levels of the dressed states
due to the large coupling constants between the cavity and QD
A, which is initially located in the excited state. The variation
behavior of the central peak under the influence of this cou-
pling is inversed to that for the side peaks. On the other hand,
one can also find from Fig. 3 that the influence of the coupling
between the cavity and QD B on the height of the central peak
and side peaks is the inverse of that with QD A.
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Fig. 3. (color online) Calculated heights of (a) middle and (b) side
peaks as functions of the coupling strength g j with ωA = ωB = 100 and
γA/2= γB/2= κ = 0.2 (in arbitrary units) in the situation of γ j , κ� g j .

3.2. Off-resonance case with the same coupling constants

When the condition gA = gB = g is satisfied in the off-
resonance situation where ωA 6=ωB, the spontaneous emission
spectrum can be controlled by the detuning between the tran-
sition frequencies of the two QDs, which is defined as ωAB

= (ωA−ωB)/2. We have taken two groups of frequency pa-

rameters for the system with two detunings which are opposite
to each other, and the details about the spontaneous emission
spectrum variation are shown in Fig. 4. Unlike the resonance
case in Fig. 2, both Sside and Saxis have three peaks and are
no longer fully symmetric. The emission line is split sym-
metrically around the central peak which is located at the res-
onant frequency of the cavity mode, and the two side peaks
do not continue to have the same peak height. The triplet
peaks in Sside and Saxis are located at the same frequency.
When ωA = 100, ωB = 95, as depicted in Fig. 4(a), the ampli-
tudes of the three peaks are enhanced in turn as the detuning
δ = ω −ωc increases. In Fig. 4(b), by exchanging the val-
ues of the two transition frequencies, the new spectrum is just
the mirror inversion of Fig. 4(a), and there is no appreciable
change in the frequency positions of the spectral lines.
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Fig. 4. Spontaneous emission spectrum as a function of detuning when
gA = gB = g = 2. (a1) Sside and (a2) Saxis for ωA = 100 and ωB = 95;
(b1) Sside and (b2) Saxis for ωA = 95 and ωB = 100. Other parameters
are the same as those in Fig. 2.

The above features can also be found from the analytical
solution of the coupled system. The eigenvalues of the evolu-
tion dynamics are now given by

x1 = 0, x2,3 =±iΩ2, (15)

where Ω2 =
√

ω2
AB +2g2. The eigenstates have the following

form:

|φa〉 = α |2A,1B,0〉−α |1A,2B,0〉+β |1A,1B,1〉 ,

|φb〉 =
1
2
(1+β ) |2A,1B,0〉

+
1
2
(1−β ) |1A,2B,0〉+α |1A,1B,1〉 ,
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|φc〉 =
1
2
(1−β ) |2A,1B,0〉

− 1
2
(1+β ) |1A,2B,0〉−α |1A,1B,1〉 , (16)

where α = 2ig/Ω2 and β = ωAB/Ω2. To express it as we did
for the resonant case, we can obtain the transition operator for
the decay via the side pathway as

σ
A
+ = |ψ0〉

[
−α 〈φa|+

1
2
(1+β )〈φb|+

1
2
(1−β )〈φc|

]
,

σ
B
+ = |ψ0〉

[
α 〈φa|+

1
2
(1−β )〈φb|+

1
2
(1+β )〈φc|

]
, (17a)

and the transition operator for the decay via the axial pathway
as

a = |ψ0〉 [β 〈φa|−α (〈φb|− 〈φc|)] . (17b)

The amplitude of each state is given by

a(t) =

(
g

Ω2

)2

+
1
2

[
1+

ωAB

Ω2
−
(

g
Ω2

)2
]

e iΩ2t

+
1
2

[
1− ωAB

Ω2
−
(

g
Ω2

)2
]

e−iΩ2t , (18a)

b(t) =

(
g

Ω2

)2 [
−1+

1
2

(
e iΩ2t + e−iΩ2t

)]
, (18b)

c(t) =
ig

Ω 2
2

[
−ωAB−

1
2
(Ω2−ωAB) e iΩ2t

+
1
2
(Ω2 +ωAB) e−iΩ2t

]
. (18c)

From the eigenvalues given by Eq. (15), we consider the
effects of the dynamical variables, namely, the Rabi frequen-
cies, or more precisely the detuning between the two transition
frequencies ωAB on the spontaneous emission spectrum. The
splitting peaks are more widely separated as ωAB increases.
This can be understood in the dressed state picture. From
Eqs. (16) and (17), one can find that the three peaks in both
spectra correspond to the transition from the three dressed
states to the ground state. The two side peaks located at ±Ω2

in each spectrum have unequal heights, which can be clearly
visualized from Eq. (18). To contemplate some intuitive ideas
about the dynamics of the quantum system, it is worth noting
that equation (18) also tells us that the intensities of the two
peaks change with the detuning parameter ωAB, and the asym-
metrical configuration is induced by the asymmetrical detun-
ing parameters.

More detailed calculation results are displayed in Fig. 5,
where no approximation is made. As ωAB varies around zero
detuning, the lines in Fig. 5 clearly show symmetrical prop-
erties, and these are responsible for the mirror relationship of
the emission spectra between Figs. 4(a) and 4(b). Although
the curves in Figs. 5(a) and 5(b) are similar to each other,
they obey different regulations. As ωAB varies from nega-
tive to positive, the height of the right side peak (blue line)

monotonously grows and the left side peak (red line) decreases
in Sside, and the change is sharp near the zero detuning. For
a small value of the detuning parameter ωAB, a larger pop-
ulation will be located on the dressed state |φa〉 (black line)
and then decay to the ground state. In the Saxis spectrum, the
distribution of each peak illustrates a complicated and non-
monotonous regulation with ωAB. The maximum height of
the left side peak (red line) appears when ωAis smaller than
ωB, while the right side peak (blue line) reaches its highest in-
tensity when ωA is larger than ωB. In the Saxis spectrum, the
black line describes the height of the central peak. Near the
zero detuning, the black line displays a valley, and this can be
attributed to the fact that the population is not distributed on
the middle level of the dressed state. The central peak reaches
its maximum height at some small detuning. The previous
discussions clearly demonstrate that most of the physical in-
formation of the quantum coupled system is well reflected in
the optical spectrum near zero detuning. When the two tran-
sition frequencies are far away from each other, namely, in
the large detuning situation, the character of the spontaneous
emission does not contain peculiar properties.
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Fig. 5. (color online) Calculated heights of each peak in (a) Sside and
(b) Saxis spectra as functions of ωAB with gA = gB = 2. The black, red,
and blue lines denote the height of the central peak, the left and right
side peaks, respectively.

3.3. Effects of the atomic decay parameters

In this section, we present the strong coupling between
two QDs and a single cavity mode in the situation of ωA =

ωB = ωc and gA = gB = g to explore the influence of the de-
cay parameters. When the two decay parameters are unequal
to each other, namely, γA/2 6= γB/2, singular feature (a peak
or a dip) will appear at the frequency of the cavity mode in the
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axis spectrum, which is presented in Fig. 6. However, there
is no appreciable change in the shape and the position of the
spectral line Sside. When γA < γB, the singular feature presents
as a small peak; and when γA > γB, it displays as a dip. After
comparing the solid line and dashed line, decrease (increase)
in the separation between the two decay parameters, the singu-
lar feature eventually becomes vanishing (obvious). In other
words, the phenomenon is attributed to the unbalanced pro-
cess of the emission and absorption of a single photon in the
QD–cavity system. Anyway, the shape of the emitted spec-
trum line and especially the appearance of the singular feature
in the middle of the Saxis spectrum are symptoms of the essen-
tial role played by quantum interference in this spontaneous
decay process.
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Fig. 6. (color online) Spontaneous emission spectrum as a function of
the detuning when ωA = ωB. The two QDs have different atomic decay
parameters under (a1) and (a2) the situation of γA < γB (γA/2 = 0.2,
γB/2 = 0.4 (solid line) and γA/2 = 0.1, γB/2 = 0.5 (dashed line)); (b1)
and (b2) the situation of γA > γB (γA/2 = 0.4γB/2 = 0.2 (solid line)
and γA/2 = 0.5, γB/2 = 0.1 (dashed line)). The other parameters are
κ = 0.2, g = 2, and ωA = ωB = ωc = 100 (in arbitrary units). The two
curves nearly overlap with each other. The inset shows the details of the
singular feature, which shows a weak difference.

4. Conclusion
In summary, we have theoretically investigated the spon-

taneous emission spectrum of two QDs that are strongly cou-
pled with a single-mode nanocavity. Emissions both from the
side and along the axis of the cavity are considered. The quan-
tum dynamics of the coupled system can be solved via a rig-
orous numerical approach, and a simple analytical form of so-
lution can be achieved in some situations. On one hand, the
spectrum strongly depends on the coupling strength g j and

the detuning between the two transition frequencies of the two
QDs ωAB, which can be studied in the dressed-state picture.
When the QDs are at-resonance or off-resonance coupled with
the cavity mode, different properties appear in the spontaneous
emission spectrum.

In the on-resonance case of ωA = ωB, the Sside spectrum
presents three peaks which have one central peak and two
symmetrical side peaks, and Saxis spectrum exhibits two peaks
which have equal heights symmetrically located on two sides
of the zero detuning. The influence of the coupling strength
g j on the emission spectra has been explored in detail. En-
hancement of g j increases the splitting of the peaks in Sside

and Saxis. Moreover, the amplitude of the central peak is pro-
portional to gB and inversely proportional to gA. For the side
peaks, the changes are opposite to the central one. In addition,
the asymmetry in the coupling parameter does not affect the
symmetrical character of the spectra.

In the case of off-resonance which satisfies the situations
of ωA 6= ωB and gA = gB, the detuning parameter ωAB will
bring about a triple-peak asymmetric spectrum. In addition,
the space between adjacent peaks grows larger as the detun-
ing increases. We have carefully examined the relative heights
of the three peaks and found that although the Sside and Saxis

spectra are similar to each other, they obey different regula-
tions, and most of the physical information is well reflected
in the spectrum near zero detuning. When ωAB are opposite
to each other, the spectra display a mirror relationship. It is
the asymmetrical transition frequencies but not the asymmet-
ric coupling strengths that determine the asymmetrical prop-
erty of the spectra.

On the other hand, when the side and axis decay param-
eters differ from each other, a singular feature (a peak or dip)
appears at the frequency of the cavity mode in the axial emis-
sion spectrum, and this is attributed to the unbalanced process
of the emission and absorption of a single photon. In compar-
ison, the side emission spectrum always exhibits a feature of
triplet peaks. Our study can help to explore and sharpen the in-
sightful understanding of the interaction of multiple quantum
entities with photons in optical cavities.
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