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Abstract

We propose a scheme for creation and transfer of coherence among ground state and indirect exciton states
of triple quantum dots via the technique of stimulated Raman adiabatic passage. Compared with the traditional
stimulated Raman adiabatic passage, the Stokes laser pulse is replaced by the tunneling pulse, which can be
controlled by the externally applied voltages. By varying the amplitudes and sequences of the pump and tunneling
pulses, a complete coherence transfer or an equal coherence distribution among multiple states can be obtained.
The investigations can provide further insight for the experimental development of controllable coherence transfer
in semiconductor structure and may have potential applications in quantum information processing.
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Background
Atomic coherence has attracted considerable interest in
recent years because atomic coherence is essential for
many effects, such as electromagnetically induced trans-
parency (EIT) [1–3], laser without inversion [4–6], co-
herent population transfer [7–10], and subluminal and
superluminal light propagation [11, 12]. The technique
of stimulated Raman adiabatic passage (STIRAP) can be
used for coherent controlling of an atomic system to a
particular state, both in a Λ-type three-level system [13, 14]
and in a multiple-level system [15–19]. And by fractional
STIRAP (F-STIRAP), creation of atomic coherence can be
obtained [20]. Besides, in a Λ-type system where the final
state has twofold states, creation of atomic coherence by
STIRAP is also possible because of the double dark states
induced by the control laser [21].
On the other hand, quantum dots (QDs) have three-

dimensional confinement of carriers, which makes the
holes and electrons in QDs only occupy the discrete-
energy states. Compared with atoms, QDs have larger
electric-dipole moments and higher nonlinear optical

coefficients. Besides, the other advantages of QDs over
atoms are their flexible designed energy scales and phys-
ical features, proper selection of the materials and the
sizes, and customized design and ease of integration.
Thus, QDs are widely used to perform atomic coherence
experimental and theoretical investigations in solid-state
structures. For instance, coherent manipulation popula-
tion [22–25] and other coherent phenomena [26–28] in
QDs have been reported.
The next natural step is to couple two closely spaced

QDs together. By the self-assembled dot growth method,
double quantum dots (DQDs) can be fabricated [29]. In
DQDs, the tunneling between the inter dots can be con-
trolled not only by the composition but also by the exter-
nally applied voltages; thus, DQDs are an ideal system for
experimental and theoretical investigations, where the in-
teractions between light and matter can be fully controlled
and coherence characteristics can be probed by electrical
and optical methods. Therefore, many studies concentrate
on generating and employing the coherence in DQDs
[30–40]. Based on DQDs, triple quantum dots (TQDs)
have been fabricated in many processes [41–44]. The elec-
tron and hole confinement, as well as the intermediate
band of such quantum dot molecules, have been studied
[45, 46]. And TQDs can bring in multilevel structure and

* Correspondence: tiansicong@ciomp.ac.cn; tongcz@ciomp.ac.cn
1State Key Laboratory of Luminescence and Applications, Changchun
Institute of Optics, Fine Mechanics and Physics, Chinese Academy of
Sciences, Changchun 130033, China
Full list of author information is available at the end of the article

© 2016 Tian et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

Tian et al. Nanoscale Research Letters  (2016) 11:219 
DOI 10.1186/s11671-016-1433-6

http://crossmark.crossref.org/dialog/?doi=10.1186/s11671-016-1433-6&domain=pdf
mailto:tiansicong@ciomp.ac.cn
mailto:tongcz@ciomp.ac.cn
http://creativecommons.org/licenses/by/4.0/


extra controlling parameters which cannot be found in
DQDs [47–49].
We note that the coherent population transfer can be

realized in a three-level QD system with more than one
dot [50–52]. But to our knowledge, there is no investiga-
tion on transferring and manipulating of coherence. So
in this paper, we propose a scheme for controlling
coherence transfer among ground state and indirect
exciton states of TQDs via the technique of STIRAP.
Compared with the traditional STIRAP, the Stokes
laser pulse is replaced by the tunneling pulse, which
can be controlled by the externally applied voltages.
We show that a complete coherence transfer or an
equal coherence distribution among multiple states
can be obtained via the pump and tunneling pulses with
different amplitudes and sequences. Our investigations
can provide further insight for the experimental develop-
ment of controllable coherence transfer in semiconductor
structure and may have potential applications in quantum
information processing.

Methods
The TQD system consists of three QDs, which have dif-
ferent band structures and are arranged triangularly, as
shown in Fig. 1a. In such system, the tunneling barrier
depends on the gate electrode between the three QDs.
When the gate voltage is not applied, the conduction-

band electron energy levels are out of resonance; there-
fore, the electron tunneling between the neighbor QDs
is quite weak. On the contrary, when the gate voltage is
applied, the conduction-band electron energy levels are
resonant; therefore, the electron tunneling between the
neighbor QDs becomes very strong. The hole tunneling
is neglected due to the off-resonance of the valence-
band energy levels in the latter situation.
Under the resonant coupling of a pump laser field with

QD1, an electron is excited in QD1. Then with the tun-
neling, the electron can be transferred to QD2 and QD3.
Thus, the TQD structure can be treated as a four-level
tripod system (Fig. 1b): the ground state |0〉, where there
is no excitations in any QD, the direct exciton state |1〉,
where the electron and hole are both in the first QD, the
indirect exciton state |2〉, where the electron is in the
second dot and the hole remains in the first dot, and the
indirect exciton state |3〉, where the electron is in the
third dot and the hole remains in the first dot.
At any time t, the state vector can be written as

jΨ ðtÞ⟩ ¼ a0ðtÞj0⟩ þ a1ðtÞj1⟩ þ a2ðtÞj2⟩
þ a3ðtÞj3⟩: ð1Þ

The time evolution of the probability amplitude A(t) =
[a0(t), a1(t), a2(t), a3(t)]

T of the four states is described by
the Schrödinger equation

d
dt

A tð Þ ¼ −
i
ℏ
H tð ÞA tð Þ − ΛA tð Þ; ð2Þ

where H(t) is the Hamiltonian of TQDs and Λ is the dis-
sipative process containing spontaneous decay process
and the pure dephasing. In the rotating-wave approxi-
mation, the expression of H(t) under the coupling of the
pump and tunneling pulses can be written as

H tð Þ ¼ ℏ

0 Ωp tð Þ 0 0
Ωp tð Þ −δp T 2 tð Þ T 3 tð Þ
0 T2 tð Þ − δp−ω12

� �
0

0 T3 tð Þ 0 − δp−ω13
� �

0
BB@

1
CCA:

ð3Þ
Here, Ωp(t) is the Rabi frequency of the pump pulse,

and T2(t) and T3(t) are the tunneling pulses, which can
be controlled by varying the bias voltage. In our calcula-
tions, Ωp, T2, and T3 denote the peak value of the pump
pulse and two tunneling pulses, and all the pulses have
the same pulse duration T. The energy splitting of the
direct exciton state |1〉 and ground state |0〉 is ω10, and
the energy splitting of the direct exciton state |1〉 and in-
direct exciton states |2〉 and |3〉 are ω12 and ω13, respect-
ively. δp = ω10 − ωp denotes the pump detuning (ωp is the
frequency of the pump pulse). And in TQDs, the energy
splitting depends on the effective confinement potential
and are much smaller than ω10.

(a)

(b)

Fig. 1 a The schematic of the setup of the TQDs. The pump pulse
transmits QD 1. b The schematic of the level configuration of the TQDs
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Substituting Eq. (1) and Eq. (3) into Eq. (2), we can
obtain the following dynamical equations for atomic
probability amplitudes in the interaction picture:

i:a0 ¼ −Ωpa1; ð4aÞ
i:a1 ¼ −Ωpa0−T2a2−T 3a3 þ δp−iγ1

� �
a1; ð4bÞ

i:a2 ¼ −T 2a1 þ δp−ω12−iγ2
� �

a2; ð4cÞ
i:a3 ¼ −T 3a1 þ δp−ω13−iγ3

� �
a3; ð4dÞ

Here, γ i ¼ 1
2 Γ i0 þ γdi0 i ¼ 1–3ð Þ is the typical

effective decay rate, with Γi0 being the radiative decay
rate of populations from |i〉→ |0〉 and γdi0 being the pure
dephasing rates.
The time evolutions of population and the coherence

dynamics can be calculated by the density matrix element
|ρij| = |ai*aj|. If i = j, |ρij| represents the time evolutions of
population Pi, while if i ≠ j, |ρij| represents the coherence
dynamics.
In our calculations, the realistic values of TQD param-

eters are ℏT2,3 ~ 1–10 meV, ℏγ1 ~ 0.002–0.01 meV, and
γ2 = γ3 = 10− 3γ1 [47]. And for simplicity, δp, ω12, and ω13

are set to 0. With these parameters, the adiabatic condi-
tion can be fully satisfied. And in all the cases, the initial
population is assumed to be in state |0〉, that is a0(−∞) =
1, a1,2,3(−∞) = 0.

Results and Discussion
Our first task is to achieve coherence transfer in TQDs,
and we show the corresponding results in Fig. 2. In step
I, we prepare the coherence between states |0〉 and |2〉
by a F-STIRAP among states |0〉, |1〉, and |2〉. With the
tunneling pulse T2(t) and the pump pulse Ωp(t), the sys-
tem state vector in step I goes to

Ψ Ij i ¼ cosθ 0j i− sinθ 2j i; ð5aÞ

tanθ ¼ Ωp tð Þ
T 2 tð Þ : ð5bÞ

Here, the mixing angle θ is similar to the conventional
one defined in STIRAP of a Λ atomic system. From
Eq. (5a), state |ΨI〉 has no component of state |1〉,
which indicates that it does not arouse the stimulated
emission from state |1〉 to |0〉 in step I. Furthermore,
from Eq. (5a), the coherence amplitude between states |0〉
and |2〉 can be calculated, which is

ρ02
�� �� ¼ cosθ sinθj j: ð6Þ

Hence, by tuning the mixing angle θ, arbitrary inten-
sity of coherence between states |0〉 and |2〉 can be ob-
tained. If T2(t) precedes Ωp(t), and they have the same
amplitude and are switched off simultaneously, as time
progresses from 0 to ∞, the value of Ωp(t)/T2(t) rises

from 0 to 1, and consequently, the mixing angle θ rises
from 0 to π/4. As a result, the adiabatic state |ΨI〉 starting
in the bare state |0〉 will end in the coherent superposition
state Ψ Ij i ¼ 0j i− 2j ið Þ= ffiffiffi

2
p

. This means that the maximal
coherence between states |0〉 and |2〉 is obtained.
We give numerical simulation to illustrate the time

evolutions of the system in step I. The tunneling pulse
T2(t) and the pump pulse Ωp(t) are plotted in the left
column of Fig. 2a. Then, the time evolutions of the
population Pi = |ai|

2 (i = 0–3) and the coherence dynamics
|ρ02,03| can be drawn in the left column of Fig. 2b, c, re-
spectively. As the left column of Fig. 2b reveals, the popu-
lation is distributed equally in two states |0〉 and |2〉 at the
end of step I. And state |1〉 is empty in the whole process.
It can be seen from the left column of Fig. 2c that |ρ02|
arises from 0 to the maximum value 1/2 during step I.
Because T3(t) is switched off, the population P3 and the
coherence |ρ03| remain 0.
Now, we have the coherence between states |0〉 and

|2〉. Then in step II, we will transfer this coherence to
that between states |0〉 and |3〉 by a STIRAP process
among states |1〉, |2〉, and |3〉. In this process, Ωp(t) is

(a)

(b)

(c)

Fig. 2 a The pump and the tunneling pulses. b The time evolutions
of population Pi = |ai|

2 (i = 0–3). c The coherence dynamics |ρij|. In
step I, the peak values of ℏΩp and ℏT2 are both 4 meV. In step II, the
peak values of ℏT2 and ℏT3 are both 4 meV. Other parameters are
δp = ω12 = ω13 = 0, ℏγ1 = 0.01 meV, and γ2 = γ3 = γ4 = 10− 3γ1
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switched off and both tunneling pulses T2(t) and T3(t)
are switched on. Because the probability amplitude of
|0〉 is unchanged, and the probability amplitude of |2〉 is
changed to the superposition states of |2〉 and |3〉, the
system state vector goes to

Ψ IIj i ¼ cosθ 0j i− sinθ cosϕ 2j i− sinϕ 3j ið Þ; ð7aÞ

tanϕ ¼ T 2 tð Þ
T 3 tð Þ : ð7bÞ

Here, ϕ is the other mixing angle relative to two tun-
neling pulses in the STIRAP process. From Eq. (7a), the
state |ΨII〉 has no component of the state |1〉 either, so it
does not arouse the stimulated emission from state |1〉
to state |0〉 in step II. Also from Eq. (7a), the amplitudes
of the possible coherence can be calculated

ρ02
�� �� ¼ cosθ sinθ cosϕj j; ð8aÞ

ρ03
�� �� ¼ cosθ sinθ sinϕj j; ð8bÞ

ρ23
�� �� ¼ sin2θ cosϕ sinϕ

�� ��: ð8cÞ
Hence, by tuning the mixing angle, the coherence

among states |0〉, |2〉, and |3〉 with arbitrary value can be
obtained. If T3(t) precedes T2(t) with the same ampli-
tude, and they overlap in the process, as time progresses
from 0 to ∞, the value of T2(t)/T3(t) rises from 0 to ∞,
and consequently, the mixing angle ϕ rises from 0 to π/2.
Together with θ = π/4 (step I), the final adiabatic state
|ΨII〉 will end in the coherent superposition state Ψ IIj i ¼
0j i þ 3j ið Þ= ffiffiffi

2
p

. This means that the maximal coherence
between states |0〉 and |3〉 is obtained.
We give numerical simulation to illustrate the time evo-

lutions of the system in step II. The tunneling pulses T2(t)
and T3(t) are plotted in the right column of Fig. 2a. Then,
the time evolutions of the population Pi = |ai|

2 (i = 0–3)
and the coherence dynamics |ρ02,03| are shown in the right
column of Fig. 2b, c, respectively. As can be seen in the
right column of Fig. 2b, the population in state |2〉 is com-
pletely transferred to state |3〉, while the population in
state |0〉 is unchanged. In the whole process, state |1〉
keeps empty. Furthermore, the right column of Fig. 2c re-
veals that the coherence between states |0〉 and |2〉 is fully
transferred to that between states |0〉 and |3〉, with the
maximum value being 1/2 at the end of step II.
Now, we focus our attention on how to control the co-

herence distribution in TQDs. We show the corresponding
results in Fig. 3. Step I is to prepare the coherence between
states |0〉 and |2〉. Here, we use the F-STIRAP among states
|0〉, |1〉, and |2〉 and the pulse sequences are shown in the
left column of Fig. 3a. Compared with Fig. 2a, the only dif-
ference is that the peak value of Ωp(t) and T2(t) is Ωp/T2 =
3/2 in Fig. 3a. As time progresses, the population transfers
from state |0〉 to state |2〉, and P0 and P2 finally reach a

stable value with the ratio of P2/P0 = 2 (left column of
Fig. 3b). And the coherence between states |0〉 and |2〉 is
also obtained, with the value of |ρ02| being a little smaller
than the maximum value 1/2 (left column of Fig. 3c).
Step II is to distribute the obtained coherence to that

between the desired states. In this process, we use an-
other F-STIRAP process among states |1〉, |2〉, and |3〉
and show the pulse sequences in the right column of
Fig. 3a. Both tunneling pulses have the same peak value
and time back edge, and the peak value is 2/3 times that
of the pump pulse in step I. As time goes, half of the
population in state |2〉 is transferred to state |3〉, while
the population in state |0〉 is unchanged. At last, the
population is equally distributed in these three states |0〉,
|2〉, and |3〉. And in the whole step II, state |1〉 is empty
(right column of Fig. 3b). Besides, as can be seen in the
right column of Fig. 3c, the value of |ρ02| decreases,
while the value of |ρ03| and |ρ23| increases, and at last,
all |ρ02|, |ρ03|, and |ρ23| reach a same stable value 1/3.
This means that the coherence obtained in step I is suc-
cessfully transferred to that between other states.
From Fig. 3, it can be concluded that using the tech-

nique of STIRAP, the maximum coherence among three

(a)

(b)

(c)

Fig. 3 a The pump and the tunneling pulses. b The time evolutions
of population Pi = |ai|

2 (i = 0–3). c The coherence dynamics |ρij|. In
step I, the peak values of ℏΩp and ℏT2 are 4 and 2.83 meV, respectively.
In step II, the peak values of ℏT2 and ℏT3 are both 2.83 meV. Other
parameters are the same as those in Fig. 2
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states |0〉, |2〉, and |3〉 can be realized, with the value of
coherence between arbitrary two states being 1/3. While
in the usual multiple-level atomic system coupled by
continuous-wave laser, the maximum value of coherence
between two ground states is only 1/6 [53]. Besides,
from Eqs. (6) and (8), the value of (|ρ02|

2 + |ρ03|
2)1/2 in

step II is equal to that of |ρ02| in step I. In step I, the
maximum value of |ρ02| is 1/2; therefore, arbitrary coher-
ence distribution between states |0〉 and |2〉 and states |0〉
and |3〉 is only limited by (|ρ02|

2 + |ρ03|
2)1/2 ≤ 1/2.

The coherence transfer and coherence distribution can
also been realized by other pulse sequences and ampli-
tudes, and we show these results in Figs. 4 and 5, re-
spectively. First, we show a complete coherence transfer.
In the left column of Fig. 4a, step I prepares the coher-
ence between states |0〉 and |2〉 by a F-STIRAP among
states |0〉, |1〉, and |2〉, which is the same as step I of
Fig. 2. Thus, half of the population is transferred from
state |0〉 to state |2〉 (left column of Fig. 4b), and the
maximum value of coherence between states |0〉 and |2〉
is obtained (left column of Fig. 4c). Then in step II, we
will transfer the coherence to that between states |2〉
and |3〉. Different form Fig. 2, we use a STIRAP among

states |0〉, |1〉, and |3〉, rather than states |1〉, |2〉, and |3〉,
by applying the pump pulse Ωp(t) and tunneling pulse
T3(t). During this process, the probability amplitude of
|2〉 is unchanged, while the probability amplitude of |0〉
is changed to the superposition states of |0〉 and |3〉. In
this case, the system state vector goes to

Ψ IIj i ¼ cosθ cosϕ 0j i− sinϕ 3j ið Þ− sinθ 2j i; ð9aÞ

tanθ ¼ Ωp tð Þ
T 2 tð Þ ; ð9bÞ

tanϕ ¼ Ωp tð Þ
T 3 tð Þ : ð9cÞ

And as can be seen from Eq. (9a), |ΨII〉 has no compo-
nent of state |1〉. Here, θ and ϕ are the mixing angles.
Then, the amplitudes of the possible coherence are

ρ02
�� �� ¼ cosθ sinθ cosϕj j; ð10bÞ
ρ03
�� �� ¼ cos2θ sinϕ cosϕ

�� ��; ð10aÞ

ρ23
�� �� ¼ cosθ sinθ sinϕj j: ð10cÞ

(a)

(b)

(c)

Fig. 4 a The pump and the tunneling pulses. b The time evolutions
of population Pi = |ai|

2 (i = 0–3). c The coherence dynamics |ρij|. In
step I, the peak values of ℏΩp and ℏT2 are both 4 meV. In step II, the
peak values of ℏΩp and ℏT3 are both 4 meV. Other parameters are
the same as those in Fig. 2

(a)

(b)

(c)

Fig. 5 a The pump and the tunneling pulses. b The time evolutions
of population Pi = |ai|

2 (i = 0–3). c The coherence dynamics |ρij|. In
step I, the peak values of ℏΩp and ℏT2 are 2.83 and 4 meV, respectively.
In step II, the peak values of ℏΩp and ℏT3 are both 4 meV. Other
parameters are the same as those in Fig. 2
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According to Eq. (10), it is possible to control the
coherence by tuning the mixing angles. Thus, by using
the pulse sequences in the right column of Fig. 4a, the
population in state |0〉 is completely transferred to state
|3〉 (right column of Fig. 4b), and the completed coher-
ence transfer from states |0〉 and |2〉 to states |2〉 and |3〉 is
realized (right column of Fig. 4c).
Next, according to Eq. (10), we present the coherence

distribution and show the results in Fig. 5. Step I is to
prepare the coherence between states |0〉 and |2〉, which
can be realized by using the F-STIRAP among states |0〉,
|1〉, and |2〉. The pulse sequences with the ratio of the
peak value being Ωp/T2 = 2/3 are shown in the left col-
umn of Fig. 5a. As time progresses, some population
transfers from state |0〉 to state |2〉 and the final ratio of
the population is P2/P0 = 2 (left column of Fig. 5b).
Meanwhile, the maximum coherence between states |0〉
and |2〉 is obtained (left column of Fig. 5c). In step II,
another F-STIRAP process among states |0〉, |1〉, and |3〉
is used to distribute the obtained coherence. The pulse
sequences are shown in the right column of Fig. 5a. As
time goes, the population is equally distributed in three
states |0〉, |2〉, and |3〉 (right column of Fig. 5b). At the
same time, the coherence between states |0〉 and |2〉 is
equally distributed to that between states |0〉 and |2〉,
states |0〉 and |3〉, and states |2〉 and |3〉 (right column of
Fig. 5c).
From Figs. 4 and 5, it can be concluded that it is pos-

sible to realize coherence transfer and coherence distri-
bution by using other sequences and amplitudes of
pump and tunneling pulses. From Eqs. (6) and (10), the
value of (|ρ02|

2 + |ρ23|
2)1/2 in step II is equal to that of

|ρ02| in step I. In step I, the maximum value of |ρ02| is
1/2; therefore, arbitrary coherence distribution between
states |0〉 and |2〉 and states |2〉 and |3〉 is only limited by
(|ρ02|

2 + |ρ23|
2)1/2 ≤ 1/2. So the limitation of coherence

distribution may be different in the condition of the dif-
ferent pulse sequences.

Conclusions
In this paper, we have theoretically demonstrated that it
is possible to transfer and manipulate coherence among
ground state and indirect exciton states of TQDs by the
technique of STIRAP. The whole process can be separated
into two steps; in the first step, the creation of coherence
between the ground state and one indirect exciton state
can be achieved by one process of F-STIRAP. Then in the
second step, the complete transfer of coherence between
the ground state and the other indirect exciton state can
be obtained by the process of STIRAP, or the equal distri-
bution of coherence among the ground state and two in-
direct exciton states can be obtained by the other process
of F-STIRAP. These results can also be obtained by other
pump and tunneling pulses with different amplitudes and

sequences. Moreover, the value of equal coherence
distribution among the multiple states by the technique
of STIRAP can reach to 1/3, which is larger than that of
using continuous-wave laser. And the only limitation of
the coherence distribution is limited by the value of coher-
ence |ρ02| in the first step. Our scheme allows controlling
and manipulating coherence in a reliable and flexible way
and may have essential applications in quantum infor-
mation processing based on the atomic coherence effect,
such as slow-light storage and quantum logical gates.
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