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a b s t r a c t

The transient gain–absorption property of the probe field in a linear triple quantum dots coupled by
double tunneling is investigated. It is found that the additional tunneling can dramatically affect the
transient behaviors under the transparency condition. The dependence of transient behaviors on other
parameters, such as probe detuning, the pure dephasing decay rate of the quantum dots and the initial
conditions of the population, are also discussed. The results can be explained by the properties of the
dressed states generated by the additional tunneling. The scheme may have important application in
quantum information network and communication.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The phenomenon of electromagnetically induced transparency
( )EIT , which bases on the laser induced atomic coherence, plays an
important role in the interaction between light and matter [1–3].
Possible applications of EIT include slow [4–6] and fast light [7],
storage of Light [8,9] and optical quantum memory [10]. And
transient properties of EIT in three-level atomic systems are
widely studied [11–16], because of their potential application in an
optical switch [17,18]. Moreover, transient properties in four-level
atomic systems [19–21], in the atomic system with spontaneously
generated coherence (SGC) effect [22–24] or near a plasmonic
nanostructure [25], in quantum dots (QDs) [26] and quantum
wells (QWs) [27,28] are also studied.

On the other hand, double quantum dots ( )DQDs are received
extensive concern nowadays. By the self assembled dot growth
method, DQDs can be fabricated [29]. The experimental works
show that in DQDs an external electric can control the interdot
electron tunneling [30] and the exciton fine structure [31].
an),
Meanwhile, other theoretical works of DQDs such as EIT and slow
light [32–34], electron tunneling [35–37], optical bistability
[38,39], narrowing of fluorescence spectrum [40] are studied.
Furthermore, triple quantum dots ( )TQDs have been fabricated in
much experimental progress [41]. Theoretical works of TQDs, such
as transmission-dispersion spectrum [42], optical switch [43], re-
sonance fluorescence spectrum [44], Kerr nonlinearity [45], optical
bistability [46] and entanglement [47] are studied.

The transient gain–absorption property in DQDs has been in-
vestigated recently [48], but to our knowledge there is no in-
vestigation on transient gain–absorption property in TQDs. In this
paper, we analyze the transient gain–absorption property in TQDs
under double tunneling couplings. By applying the additional
tunneling, the transient gain–absorption property of the probe
field can be efficiently modified. The use of additional tunneling
can drive the four-level TQDs system into double Λ-type config-
uration, which is responsible for the corresponding results. And
also the impact of other parameters on the transient behavior are
investigated, such as the probe detuning, the pure dephasing de-
cay rate of the quantum dots and the initial conditions of the
population. The paper is organized as followed: in Section 2, the
model and the basic equations of TQDs are given. In Section 3 the
numerical results and explanations are shown. Section 4 is the
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conclusions.
2. Models and equations

We consider the TQDs consisted by three vertically (in the
growth direction) stacked self-assembled InAs QDs, as shown in
Fig. 1(a). The QDs are grown with thin tunnel barrier of GaAs/Al-
GaAs, thus the electrons can coherently tunnel between the three
dots. By controlling thicknesses of the QDs, the QDs can have
different optical transition energies and can be optically ad-
dressable with a resonant laser frequency. And the QDs are in-
corporated into a Schottky diode, so that by adjusting the voltage
bias each QD is charged with a single electron.

When the voltage bias is not applied, the conduction-band
electron energy levels are out of resonance, therefore, the electron
tunneling between the neighbor QDs is quite weak. On the con-
trary, when the gate voltage is applied, the conduction-band
electron energy levels are on resonance, therefore, the electron
tunneling between the neighbor QDs becomes very strong. The
hole tunneling is neglected due to the off-resonance of the va-
lence-band energy levels in the latter situation.

Under the resonant coupling of a probe laser field with QD1, an
electron is excited in QD1. Then with the tunneling, the electron
can be transferred to QD2 and QD3. Thus the TQDs structure can
be treated as a four-level system (Fig. 1(b)): the ground level 0 ,
where there is no excitations in any QDs, the direct exciton level
1 , where the electron and hole are both in the first QD, the in-
direct exciton level 2 , where the electron is in the second dot and
the hole remains in the first dot, and the indirect exciton level 3 ,
where the electron is in the third dot and the hole remains in the
first dot.

The Hamiltonian in the frame rotating with double tunneling
couplings is of the form
Fig. 1. (a) The schematic energy diagram of the TQDs system. (b) The schematic of the le
under the tunneling T2.
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Here Ω μ= Ep p01 is the Rabi frequency of the probe field, where Ep

denotes the electric field amplitude, and μ μ= ⋅e01 01 denotes the
electric dipole moment of transition ↔0 1 . (e is the polarization
vector.) And δ ω ω= −p p10 is the detuning of the probe field, with
ωp being the frequency of the probe field and ω10 being the fre-
quency of the transition ↔1 0 . T1 and T2 are the intensities of the
tunneling couplings, which depend on the intrinsic sample barrier
and the external electric field. ω12 and ω23 are the energy splittings
of the excited states, which depend on the effective confinement
potential. And we should mention that, in experiments the con-
fined Stark effect induced by the external electric field will shift
the energy levels of each dot, therefore, there is a slight external
electric field dependence on the parameters ω12 and ω23. But such
effect can be easily compensated during system characterization
[35].

The dynamics of the system is described by
− −Liouville von Neumman Lindblad equation

ρ ρ ρ= −
ℏ

( ) + ( ) ( )
⎡⎣ ⎤⎦d

dt
i
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Here ρ ( )t is the density-matrix operator. The Liouville operator
ρ( )L describes the dissipative process. With the

Markovianapproximation, Liouville operator can be written as
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where the first term describes the spontaneous decay process
→i j and the second term is the pure dephasing with rate γi

d
0.

Substituting Eqs. (1) and (3) into Eq. (2), then the dynamics of
the system is described by the following density matrix equations:
vel configuration of a TQD system. (c) The partially dressed state of the TQD system
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Fig. 2. The time evolution of ρ( )Im 10 for varying tunneling intensity T2 under the
resonant tunneling coupling ω ω( = = )012 23 . The initial conditions of the popula-
tion are ρ ( ) =0 100 , and other ρ ( ) = ( = − )i j0 0 , 0 3ij . All the parameters are scaled
by Γ = μ ℏ6.6 eV/10 , and δ = 0p , Ω Γ= 0.01p 10, Γ=T 21 10, Γ Γ Γ= = −1020 30
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with ρ ρ ρ ρ+ + + = 100 11 22 33 and ρ ρ̇ = ̇ *( = )i j, 0, 1, 2, 3ij ji .
As we known, the gain–absorption properties for the probe

field on the transition ↔1 0 is determined by the imaginary
part of ρ10, in the limit of the weak intensity of the probe. And we
only focus on the time evolution of the gain–absorption proper-
ties. In the following section, we will give some results for tran-
sient ρ( )Im 10 by solving Eq. (4) for several parameters of TQDs. For
our investigation, the realistic parameters are according to Ref.
[45], and can be summarized as Ω ~ − μ ℏ0 0.1 eV/p ,

~ − μ ℏT T, 10 100 eV/1 2 , ω ω ~− − μ ℏ, 30 30 eV/12 23 , Γ ~ − μ ℏ0 6.6 eV/10 ,
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Fig. 3. The time evolution of ρ( )Im 10 for varying probe detuning δp under the
resonant tunneling coupling ω ω( = = )012 23 . Other parameters are the same as
those used in Fig. 2, except that Γ=T 22 10.
3. Results and discussions

First, with ω ω= = 012 23 , we plot in Fig. 2 the time evolution of
ρ( )Im 10 for fixed zero probe detuning and varying the intensity of

tunneling T2. And in our calculations, all the parameters are scaled
by Γ = μ ℏ6.6 eV/10 , thus δ = 0p , Ω Γ= 0.01p 10, Γ=T 21 10,

Γ Γ Γ= = −1020 30
4

10, γ Γ= 0.5d
10 10, γ γ Γ= = × −0.5 10d d

20 30
3

10. When the
intensity of the tunneling T2 is set to zero, ρ( )Im 10 exhibits periodic
absorption and gain, and eventually goes to zero steady-state va-
lue ( ρ( ) =Im 010 ). Then when tunneling T2 is increased to a small
value, i.e., Γ=T 0.52 10, the amplitude of the transient probe gain is
reduced, and ρ( )Im 10 goes to a positive value and eventually
reaches nonzero steady-state value. With increasing intensity of T2,
the oscillation frequency of ρ( )Im 10 speeds up. Begins with the
second oscillation period, ρ( )Im 10 goes to a positive value rapidly,
and transient gain is eliminated completely. At last ρ( )Im 10 reaches
the same maximum absorption value with less time. Compared
with the case of =T 02 , the most significant characters for ≠T 02 is
that, ρ( )Im 10 will reach the same maximum positive steady-state
value (absorption). That is, the coupling of tunneling T2 will lead to
the disappearance of the transparency of the steady-state of the
transient ρ( )Im 10 for zero probe detuning. (From dotted line in
Fig. 2, the steady-state value is smaller than other two cases. But it
will reach the same maximum absorption value at last.)

We can see the above results in the dressed state picture
clearly. With only one tunneling T1, the system is similar to a three-
level Λ type system. When ω = 012 and δ = 0p , the transparency
condition is obtained, and the probe field is transparent to the
medium. As a result, the probe field will reach the steady-state
value ρ( ) =Im 010 at last. Then with the additional tunneling T2, the
state 2 splits into two partially dressed states

θ θ+ = * −cos 2 sin 3 and θ θ− = +sin 2 cos 3 , where

( )θ ω ω= + + /T Ttan 4 223 23
2

2
2

2, thus two Λ type systems show up
(Fig. 1(c)). When ω = 012 , the tunneling T1 is nonresonant with
neither of the transition ↔ +1 nor ↔ −1 . For δ = 0p , the
transparency condition is not satisfied, therefore, the probe field is
absorpted by the medium. As a consequence, the probe field will
reach the steady-state with the maximum absorption value.

Next, still with ω ω= = 012 23 , we plot the time evolution of
ρ( )Im 10 for nonresonant probe field in Fig. 3. For δ = ± Tp 2, except

for the first oscillation period, ρ( )Im 10 dropped down rapidly. And
ρ( )Im 10 exhibits transient absorption and gain during the transient

process. At last ρ( )Im 10 reaches the zero steady-state value
( ρ( ) =Im 010 ). These properties are quite different from the case of
δ = 0p and can also be understood in the dressed state picture. As
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discussed above, under the coupling of tunneling T2, the state 2
splits into two dressed states + and − . For ω = 023 , the de-
tuning between the tunneling T1 and the transition of ↔ +1 or

↔ −1 is ±T2. So when δ = ± Tp 2, the transparency condition is
established in one of the two Λ type systems, and the probe field
will be transparent to the medium. As a result, ρ( )Im 10 will reach
the zero steady-state value at last.

The above results are obtained under the condition of
ω ω= = 012 23 . To be more general, we consider the cases of the
nonresonance tunneling coupling. As can be easily obtained, the
transparency condition can be established if the detuning of the

probe field is tuned to ( )δ ω ω ω= − + − ± + /T4 2dark 12 23 23
2

2
2 .

This means the probe field will propagate through the medium
without any absorption, in the condition that the probe detuning
is tuned to δdark. In Fig. 4 we plot the time evolution of ρ( )Im 10 for
ω ≠ 012 or ω ≠ 023 . As can be seen, when δ δ=p dark, except for the
first oscillation period, ρ( )Im 10 dropped down rapidly. And ρ( )Im 10
exhibits transient absorption and gain during the transient pro-
cess. At last ρ( )Im 10 reaches the zero steady-state value
( ρ( ) =Im 010 ). These results are coinciding with the discussion
above.

As we known, the pure dephasing decay rate, which is due to
the coupling with the photons and the acoustic phonons, will in-
crease with the increasing temperature. So next we will discuss
the impact of the pure dephasing decay rate on transient beha-
viors of ρ( )Im 10 . In Fig. 5, we plot the time evolution of ρ( )Im 10 for
different value of γd

10. When no pure dephasing decay rate is taken

into, i.e. γ = 0d
10 , ρ( )Im 10 exhibits absorption without any gain in the

whole process. The transient absorption oscillates and eventually
reaches a nonzero steady-state value. As γd

10 is increasing, ρ( )Im 10
still oscillates above the zero value and exhibits absorption with-
out any gain. But the oscillatory frequency of the transient
absorption is reduced, and the transient absorption oscillates
fewer periods and takes less time to reach the steady-state value.
And further, the transient absorption will reach the same steady-
state value at last.

Last we will see the impact of initial conditions of the popu-
lation on transient behavior of ρ( )Im 10 and show the corre-
sponding results in Fig. 6. First when all the population is dis-
tributed in the ground state 0 , that is ρ ( ) =0 100 , and other
ρ ( ) = ( = − )i j0 0 , 0 3ij , the probe field oscillates and exhibits ab-
sorption without any gain in the entire process, and reaches a
positive steady-state value eventually. Then when both the ground
state 0 and the excited state 1 have the same population, i.e.
ρ ρ( ) = ( ) =0 0 0.500 11 , and other ρ ( ) = ( = − )i j0 0 , 0 3ij , the circum-
stance is similar to the above case, but the transient absorption
spends more time to reach the same steady-state value. Last when
all the population is pumped to the excited state 1 , such as
ρ ( ) =0 111 , and other ρ ( ) = ( = − )i j0 0 , 0 3ij , the period of oscilla-
tions of ρ( )Im 10 is increased observably, and the time for ρ( )Im 10 to
reach the same steady-state value continues increasing. In addi-
tion, the most important characteristic is that ρ( )Im 10 exhibits
periodic absorption and gain during the first several periods of
oscillations.
4. Conclusions

In conclusion, we have theoretically investigated the transient
gain–absorption properties of the probe field in the four-level
TQDs coupled by double tunneling. We find that the intensity of
the additional tunneling affects the transient behavior under the
transparency condition. We also find that the transient behavior
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relies on other parameters, such as the probe detuning, the pure
dephasing decay rate of the quantum dots and the initial condi-
tions of the population. And we explain the corresponding results
in the dressed state picture under the additional tunneling cou-
pling. Compared with the studies in the atomic system [11–21],
the study in TQDs is more practical, because that TQDs has ad-
vantage of customized design and ease of integration, and no
coupling field is needed in the system. Therefore, it may provide
some new possibilities for technological applications in quantum
information network and communication.
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