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Coherent spectroscopy of a strongly
driven triple quantum dot molecule∗

Xie Yan(解 研), Duan Su-Qing(段素青),
Chu Wei-Dong(楚卫东)†, and Yang Ning(杨 宁)

Institute of Applied Physics and Computational Mathematics, Beijing 100088, China

(Received 8 April 2010; revised manuscript received 17 June 2010)

Based on a calculation model, we study the interference phenomena of serially coupled V-type and Λ-type triple

quantum dots (CTQDs) driven simultaneously by a strong driving field and a weak probe field. Strongly depending

on the configuration of the three-level CTQD, the probe absorption spectra, which are shown in the tunneling current,

exhibit various quantum coherence properties. In the case where the two pairs of transitions of the CTQD have a small

eigenfrequency difference ∆ω, the double-coupling effect of the driving field results in two Autler–Townes doublets and

one weak Mollow triplet in one spectrum. With the value of ∆ω increasing, only one Autler–Townes splitting remains

due to the single-coupling of the field. We also find that the effect of spontaneous emission of phonons may lead to

an obvious background current, which can be used to distinguish which transition is driven by the driving field in

experiment. The interesting quantum property of a CTQD revealed in our results suggests its potential applications in

quantum modulators and quantum logic devices.
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1. Introduction

Recently, coupled triple quantum dots (CTQDs)
have attracted much attention. Due to the var-
ious electronic structures and the flexible tunabil-
ities of CTQDs beyond those of a single or dou-
ble quantum dots (QDs), unique quantum proper-
ties have been discovered theoretically and experimen-
tally in CTQDs, for example, tunneling transport,[1−3]

Fano coherence,[4−6] Kondo effect,[7,8] spin coherent
states[9−11] and so on. Besides these physical phe-
nomena, photon-assisted transport and optical inter-
ference are also worth investigating in CTQDs.

Quantum interferences based on three-level sys-
tems are well studied in atom optics, where the typ-
ical quantum coherence effects include coherent trap-
ping and electromagnetically induced transparency.
As artificial atoms and molecules, single and coupled
QDs have similar quantum coherent behaviours[12−14]

which can be exhibited in the optical and the elec-
trical transport phenomena of the system. Recently,
interesting interference spectra related to three-level
quantum systems are observed in a single semicon-
ductor QD driven by two optical fields.[15] In fact, an
adjustable three-level configuration can be more eas-
ily formed in a CTQD. In experiments,[2,3] the elec-

tronic structure of each dot of a CTQD is controlled
independently by using plunger gates, and the control-
lable factors also include the coupling between dots.
An optical coupling three-level system can be formed
by taking one level from each dot and be designed
as a V-, or Λ-, or Ξ- type configuration by engineer-
ing the dot levels. On the other hand, the detection
of quantum behaviour of a CTQD has been carried
out through electrical transport signals in experiment.
Therefore, a CTQD provides an appropriate platform
for the study of the quantum interference based on a
three-level system.

In this paper, the quantum interference in a se-
rially CTQD driven simultaneously by a strong field
and a weak field is studied by calculating the photon-
assisted tunneling current through the system. Each
dot of the CTQD provides one state and a hybridised
three-level system is formed through the coupling be-
tween middle and left (right) dots (see Figs. 1(b) and
1(c)). In such a system, two pairs of transitions,
|0〉 → |1〉 and |0〉 → |2〉, are allowable to be driven by
both of the optical fields. The optical coupling affects
the population of electrons in the levels, which can
manifest itself in the tunneling current of the CTQD.
Spontaneous emission of phonons, which also influ-
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ences the electron population and induces a charac-
teristic background current, is investigated as well.
Rich quantum interference phenomena are found in
photon-assisted current spectra of CTQDs as the en-

ergy difference between E1 and E2 is small, at which
the strong field can drive two pairs of transitions, si-
multaneously. The underlying physics of the quantum
interference is revealed in a dressed-electron picture.

Fig. 1. Potential model for a CTQD (a). Level schemes for a V-type (b) and Λ-type (c) CTQD driven by a strong

driving field Fd and a weak probe field Fp. (d)–(f) Wave functions of the ground state (d), the first (e) and the

second (f) excited states of a V-type CTQD, respectively. Centres of the dots are marked by l, m and r, respectively.

The potential parameters are ~ωl = 5.5 meV, ~ωm = 4.0 meV, and ~ωr = 5.3 meV.

2. Model and calculation

2.1.Hamiltonian and equations of mo-

tion

We study the quantum coherence spectroscopy
of a strongly driven CTQD by calculating the
two-mode photon-assisted tunneling current of the
CTQD. We start our study by calculating the elec-
tronic eigenstates of the CTQD. According to recent
experiments[2,3] on the charging diagram and tunnel-
ing conductance of CTQDs, we choose our model to
follow the energy and length scales of real CTQDs.
Under the effective mass approximation, the Hamilto-
nian of an electron in CTQD is written as

H0 =
p2

2m∗ + V (x, y), (1)

with m∗ being the effective mass of electron. We adopt
a parabolic model to describe the confining potential
of a dot. And then the whole potential of the CTQD
can be written as

V (x, y) =
1
2
m∗min{ω2

l [(x− xl)2 + y2],

ω2
m[(x− xm)2 + (y − ym)2],

ω2
r [(x− xr)2 + y2]}, (2)

where (xl, 0), (xm, ym) and (xr, 0) are position co-
ordinates of the left, middle and right dots, respec-
tively, and ωl, ωm and ωr are confining frequencies of
the QDs. The confining potential is given in Fig. 1(a).
Using electron states of the three single dots |Φk

j 〉 (j =
m, l, r) to construct a nonorthogonal basis, one can ob-
tain the eigenstates of the CTQD by solving a general
eigenvalue problem, i.e., |i〉 =

∑
k ck

il|Φk
l 〉+ ck

im|Φk
m〉+

ck
ir|Φk

r 〉. In our calculation, we adopt the parameter of
GaAs material as m∗ = 0.067me. In Figs. 1(d)–1(f),
we plot the wave functions of the three lowest states
|i〉 (i = 0, 1, 2) in the potential with ~ωl = 5.5 meV,
~ωm = 4.0 meV, and ~ωr = 5.3 meV. It is clear that
the electron wave extends beyond one dot due to the
tunneling between dots, which means that the state
is hybridised. The energies of the three states are
E0 = 3.99 meV, E1 = 5.29 meV and E2 = 5.49 meV,
which form a V-type level configuration as shown in
Fig. 1(b). The level configuration can be changed by
varying the dot potentials and positions, and another
level configuration can also be obtained, for example,
a Λ-type one as depicted in Fig. 1(c).
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The tunneling between a CTQD and its electron
reservoirs can be controlled by applying electric volt-
ages to gate electrodes in experiment. Theoretically,
such tunneling effects are described by the tunnel-
ing rates Γs between dot and source and Γd between
dot and drain. In our discussion, the tunneling cou-
pling between the CTQD and the electron reservoirs
is weak, and then the wide-band limit[16,17] is used,
where Γs and Γd are taken to be constant. For the
hybridised state |i〉, the incoming and the outgoing
tunneling rates through it are Γ i

s =
∑

k |ck
il|2Γs and

Γ i
d =

∑
k |ck

ir|2Γd, respectively.
For our studied V-type and Λ-type three-level

CTQDs, the photon assistance strongly affects the
electron transport behaviour. In the wide-band limit,
the photon assistance mainly happens through the
inter-dot barriers, and that through the barriers be-
tween the dots and the reservoirs can be neglected.[18]

We consider two linearly polarised fields applied to
the CTQD, simultaneously: one is strong and acts as
a driving field Fd, the other is weak and serves as a
probing field Fp. Due to the fact that the scale of elec-
tron movement is far smaller than the wavelength of
the fields, the electron-field interaction can be consid-
ered in the dipole approximation. The dipole matrix
element between |i〉 and |j〉, which depends on both
the field polarisation direction e and the inter-dot cou-
pling, is written as dij = e〈i|e · r|j〉 with e being the
elementary charge. For the V- and the Λ-type CTQDs
shown in Figs. 1(b) and 1(c), we are mainly interested
in the quantum coherence phenomena caused by the
optical couplings between |0〉 and |1〉 and between |0〉
and |2〉. This requires that both d01 and d02 should be
much larger than d13, which can be realized by tuning
the direction of e and the dot positions of the CTQD.
For the model CTQD shown in Fig. 1, e is placed
along the y direction, and d01 = 0.09, d02 = 0.1 and
d12 = 0.0006 (arbitrary unit) are obtained for the en-
ergy interval S = E2 − E1 = −0.2 meV. Close values
of d01, d02 and d12 can be also obtained for CTQDs
with different values of S. For simplicity, we fix d01

and d02 at the same value and take d12 = 0 but vary
S to investigate different CTQDs.

We consider the quantum interference in the near-
resonant condition, where the detuning ∆j

d(p) of field

Fd (Fp) satisfies ∆j
d(p) ¿ ~ω0j + ~ωd(p) with ~ω0j =

|Ej − E0| and ~ωd(p) being the field frequency (j =
1, 2). In this case, the rotating-wave approximation is
valid and the interaction Hamiltonian is written as

HI = ~Ω1
da†1a0ei∆1

d t + ~Ω2
da†2a0ei∆2

d t + ~Ω1
pa†1a0ei∆1

pt

+ ~Ω2
pa†2a0ei∆2

pt + h.c., (3)

where, a is the electron operator, and the Rabi fre-
quency Ωj

d(p) = d0jεd(p)/~ with εd(p) being the field
amplitude.

Phonon effect will be an important factor which
influences the quantum transport behaviour of a
CTQD system. Experiments have demonstrated that
spontaneous emission of phonons dominates the non-
linear electron transport of a double QD system at mK
temperature.[19] The decay rate of excited levels due
to spontaneous emission of phonons can be written as
follows:[20]

Γij = 2πg

(
Tc

∆Eij

)2 ∆Eij

~

[
1− sin(∆Eij/~ωs)

∆Eij/~ωs

]

× e−∆Eij/~ωc , (4)

where ωs = cs/d, cs and d are the longitudinal speed
of sound and the distance between the neighboring
dot centres respectively, g ≈ 0.05 is the dimension-
less coupling constant, ∆Eij = Ej − Ei is the energy
difference between the upper level and the lower one.
Following Ref. [20], we take the exponential cutoff en-
ergy ~ωc = 1 meV in the calculation.

For the studied three-level CTQD interacting
with the two fields Fd and Fp, electron reservoirs and
phonon environment, the evolution of electron states
can be described by the Liouville equation:[18,21]

∂ρ(t)
∂t

= − i
~
[HI,ρ(t)] + Γphononρ(t) + Γleadρ(t), (5)

where ρ(t) = |Ψ(t)〉〈Ψ(t)| is the density matrix. The
first term on the right-hand side of Eq. (5) is a re-
versible part describing the electron–field interaction.
And the second and third terms are irreversible parts
which describe the effects of the spontaneous emission
of phonons and the tunneling between the CTQD and
its reservoirs, respectively. By numerically calculat-
ing Eq. (5), the population probability Pi of state |i〉
can be obtained. Then, the stationary photon-assisted
tunneling current is calculated from the following for-
mula:

I = e[Γ 1
dP1 + Γ 2

dP2 − Γ 0
dPE]stat = eΓs[PE]stat, (6)

for the V-type CTQD or

I = e[Γ 1
dP1 + Γ 2

dP2 + Γ 0
dP0]stat

= e[Γ 1
s PE + Γ 2

s PE − Γ 0
s P0]stat, (7)

for the Λ-type one, where PE = 1− P0 − P1 − P2, the
population probability of ‘empty’ state where there
exists no tunneling electron in the CTQD.
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2.2.Dressed states and absorption spec-

trum

The quantum coherent behaviour of the field-
driven three-level system can be understood better
from a dressed-electron picture: a fully quantised de-
scription for the electron and its driving field. The
fully quantised Hamiltonian is written as

Hd =
2∑

i=0

Eia
†
iai + ~ωdb†b + ~(κa†1a0b + κ∗a†0a1b

†)

+ ~(κa†2a0b + κ∗a†0a2b
†), (8)

where b is the photon operator, and κ is the complex
coupling constant. The above Hamiltonian is further
written as a sum of two terms as follows:

Hd = Hd
0 + Hd

I ,

Hd
0 = ~ωd(a†1a1 + a†2a2 + b†b),

Hd
I = ~(ω10 − ωd)a†1a1 + ~(ω20 − ωd)a†2a2

+ ~(κa†1a0b + κ∗a†0a1b
†)

+ ~(κa†2a0b + κ∗a†0a2b
†). (9)

Using eigenstates of Hd
0 : |0, n + 1〉, |1, n〉 and |2, n〉

with n being the photon number, as a basis, one can
numerically diagonalizing the interaction Hamiltonian
Hd

I and then obtain the dressed-electron states

|i, n〉 = ci0|0, n + 1〉+ ci1|1, n〉+ ci2|2, n〉 (10)

with energy Ein (i = α, β, γ).
In the dressed-electron picture, positions of the

probed absorption peaks are determined by the en-
ergy intervals Ej,n − Ei,n−1, and the peak intensities
can be calculated from the following formula:

J (ωij) ∝ Wij [Πj(+∞)−Πi(+∞)], (11)

where, Wij is the transition rate for |i, n−1〉 → |j, n〉,
Πi(+∞) and Πj(+∞) are the occupation probabili-
ties for steady-states |i, n− 1〉 and |j, n〉, respectively.
Wij can be calculated from

Wij = |〈i, n− 1|e · r|j, n〉|2
= (ci0cj1d01 + ci0cj2d02)2. (12)

The occupation probability Πi (Πj) can be obtained
from ρ(t) = |Ψ(t)〉〈Ψ(t)| through a unitary transfor-
mation Π(t) = σρ(t)σ†, where σ is the transforma-
tion matrix from the bare-state basis to the dressed-
state one.

3. Results and discussion

The Autler–Townes (AT) doublet and Mollow
triplet are typical quantum coherent characteristics
of a strongly driven three-level quantum system. For
a V-type or Λ-type three-level system where one of
the two transitions is coherently driven by a strong
field, the weak probe absorption from the other tran-
sition splits into two resonances, known as the AT dou-
blet splitting. When the probe absorption is on the
strongly driven transition, the spectrum shows Mol-
low triplet splitting. Recently, these quantum inter-
ference phenomena extensively studied in atomic sys-
tems were observed in a single semiconductor QD.[15]

Using the fine-structure splitting of exciton states in
the QD, a V-type three-level configuration is formed
consisting of two exciton states with an energy inter-
val of 15 µeV and the crystal ground state. The two
linearly polarised transitions are driven by two optical
fields, and the Autler–Townes and Mollow splittings
are observed in the absorption spectrum. In contrast
to a single QD, a V- or Λ-type three-level configura-
tion with adjustable energy intervals can be designed
using a CTQD. Abundant quantum interference phe-
nomena are expected in such a three-level CTQD, and
can be observed not only in optical spectrum but also
in spectra of photon-assisted currents.

3.1. Spectra of photon-assisted currents

We study the quantum coherent behaviour of
strongly driven V-type and Λ-type CTQDs by inves-
tigating the spectra of their photon-assisted currents.
The driving field Fd is set to be resonant with one
of the two transitions of the three-level CTQD. By
scanning the frequency of a weak probe field Fp, the
spectra of photon-assisted currents are obtained for
various CTQDs with a varying energy interval S. In
Figs. 2(a) and 2(b), we plot the photon-assisted cur-
rents of V-type and Λ-type CTQDs as functions of
ωp − ω0i (i = 1, 2) and S. The spectra of V-type
and Λ-type CTQDs show similar characteristics. As
the energy interval |S| is large, the spectra consist
of only two peaks. With |S| decreasing, more peaks
appear in the spectra and the peak intensities also
change accordingly, and the background current in-
creases sharply in the meanwhile. As |S| decreases fur-
ther and approaches zero, all peaks disappear rapidly.
To see the variations of the spectra in more detail,
we extract several spectrum lines from Fig. 2(a) and
plot them in Fig. 3(a). At S = −0.4 meV, only two
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peaks, with an interval of 2Ωd and approximatively
equal height, appear near ωp = ω02. Obviously, they
correspond to the well-known AT doublet. We label
them with A1 and A2. With |S| decreasing, another
pair of AT doublet peaks, labeled with A3 and A4,
can be shown at about ωp = 2ωd − ω02. Between the
two pairs of AT doublet peaks, three peaks labeled
with M1, M2 and M3 are also seen simultaneously.
The middle one M1 lies at the resonant frequency
ωp = ωd = ω01 and the two others have an interval
of 2Ωd away from M1. They belong to the so-called
Mollow triplet. We see that the spectra of photon-
assisted currents exhibit the properties of absorption
spectra of a three-level quantum system. A remark-
able property of the spectra is that the peak intensity

is very sensitive to the level structure of CTQD when
|S| is small. In Fig. 3(b), we plot the dependences of
intensities of peak A1−4 with respect to their back-
ground currents on S. It can be seen that the intensi-
ties of A1, A3 and A4 firstly increase and then decrease
with |S| decreasing, and the intensity of A2 decreases
all the while. As S is close to 0, all peaks disappear
due to the symmetrical three-level configuration of the
CTQD. In contrast to the AT doublet peaks, the Mol-
low ones always have very weak strengths. Moreover,
there is a vibration near the M1 peak (see Fig. 3(c)),
and consequently part of the spectrum curve is bellow
the background current. This is a near-resonant ‘gain’
effect which was observed recently in the absorption
spectrum of a single dot.[15]

Fig. 2. (a) Photon-assisted currents of a V-type CTQD driven by a driving field Fd resonantly coupling with

transition |0〉 → |1〉 while varying the level E2 of |2〉 and scanning the probe field Fp. The currents are plotted as

functions of S = E2 − E1 and ωp − ω02. (b) Photon-assisted currents of a Λ-type CTQD driven by Fd resonantly

coupling with transition |0〉 → |2〉 while varying the level E1 of |1〉 and scanning Fp, as functions of S and ωp−ω01.

The relevant parameters are frequency ωd = 363 GHz and Rabi frequency Ωd = 4 GHz for Fd, Rabi frequency

Ωp = 0.5 GHz for Fp, tunneling rate Γs = Γd = 1 GHz, and the decay rate Γ01 (Γ02) calculated from Eq. (4).

Fig. 3. (a) Current spectrum lines extracted from Fig. 2(a). The spectrum lines of S = −0.40,−0.06,−0.03 and

0.003 meV are marked as I1−4. (b) Intensities of AT doublet peaks A1−4 with respect to their background currents

as functions of S. (c) Mollow triplet peaks M1−3 in the spectrum line of S = −0.06 meV.
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3.2.Underlying quantum coherent be-

haviours

To reveal the underlying quantum physics of the
above spectra of CTQDs, we should investigate the
absorption spectra of the three-level CTQDs under a
dressed-electron picture. In Fig. 4(a), we give the vari-
ation of dressed states with S for the V-type CTQD
and its driving field Fd resonantly coupling with tran-
sition |0〉 → |1〉. Under the action of Fd, the ‘bare’
states |0, n + 1〉, |1, n〉 and |2, n〉 become the ‘dressed’
states |α, n〉, |β, n〉 and |γ, n〉, where n denotes the
photon number of Fd. They are the linear combina-
tions of the bare states (see Eq. (10)). In Figs. 4(b)–
4(d), we plot the evolutions of the components of
dressed states with S. As |S| is large, Fd mainly cou-
ples |0, n + 1〉 and |1, n〉, and produces dressed states
|γ, n〉 and |β, n〉 as bonding and anti-bonding states,
respectively.

Fig. 4. (a) Dressed-electron states of the V-type CTQD

and its driving field Fd for the same condition as in

Figs. 2(a); (b), (c) and (d) variations of components of

dressed states |α, n〉, |β, n〉 and |γ, n〉, respectively.

Due to the large detuning ∆2
d, the dressed state

|α, n〉 mainly consists of |2, n〉. With the decrease
of |S|, ∆2

d reduces and the field Fd can couple all
the three bare states. Then each dressed state in-
cludes three bare states with non-zero probabilities ρi

(i = 0, 1, 2). At S = 0, the three-level configuration is
symmetric, and then both |1〉 and |2〉 are resonantly
coupled with |0〉 by Fd. A coherent superposition
of the bare states occurs. The dressed states |α, n〉
and |γ, n〉 become anti-bonding and bonding states,
respectively. And the dressed state |β, n〉 becomes an-
other anti-bonding state only consisting of |1, n〉 and

|2, n〉, including no |0, n+1〉. It is the well-known trap-
ping state which can lead to the absorption cancela-
tion. In the following discussion, we will see that some
interesting quantum interferences just come from the
formation of such a trapping state.

The absorption peaks in spectrum correspond to
transitions between dressed states: |i, n − 1〉 → |j, n〉
(i, j = α, β, γ). The peak positions are determined by
the energy intervals Ej,n − Ei,n−1. And the peak in-
tensity is proportional to the transition rate Wij and
the difference of occupation probability (Πj−Πi) (see
Eq. (11)). From Eq. (12) we can see that a non-zero
Wij requires the initial state to include component |0〉
and the final one to include component |1〉 or |2〉 or
both of them. For a three-level system, there are possi-
ble transitions with seven frequencies. In Fig. 5(a), we
give the dependences of transition rates between the
dressed states of the CTQD on the energy interval S.
As S < −0.1 meV, both Wαβ and Wαγ , corresponding
to transitions of AT doublet peaks A3 and A4, respec-
tively, have near-zero values. From Fig. 4(b), we see
that the initial state |α, n−1〉 of the two transitions in-
cludes little component of |0, n〉 when S < −0.1 meV.
This leads to small Wαβ and Wαγ . A noticeable thing
is that Wαβ , Wβα, Wγβ and Wβγ tend to be zero as S

approaches to zero. This is an interesting quantum co-
herent effect resulting from the trapping state |β, n−1〉
(|β, n〉), the initial (final) state of the four transitions.
When |β, n−1〉 acts as an initial state of a transition,
it cannot provide component |0, n〉, while |β, n〉 acting
as a final state provides inverse coefficients cβ1 and
cβ2. Both cases result in zero transition rates. Then,
transitions between the trapping state and any other
one are forbidden, and therefore, the trapping state
is also called dark state. In Fig. 5(b), the occupation
probabilities for dressed states are plotted as functions
of S. As |S| is large, electron mainly occupy |β〉 and
|γ〉. With |S| decreasing, occupation of |α〉 increases
due to the enhancement of coupling between |0〉 and
|2〉. At S = 0, symmetrical states |α, n〉 and |γ, n〉
have equal occupation rates Πα and Πγ . Figure 5(c)
shows the variation of ∆Πij = Πj − Πi with S. We
see that ∆Παγ and ∆Πβγ have maximum values at a
certain S. ∆Πii = Πi(n)−Πi(n−1) = 0 (i = α, β, γ)
means that |i, n〉 and |i, n− 1〉 are equally populated.
Here a first order approximation is adopted when the
number of photons, n, in field Fd has a dispersion ∆n

around the mean value n which is large in absolute
value, small in relative value: 1 ¿ ∆n ¿ n.[22]

117302-6



Chin. Phys. B Vol. 19, No. 11 (2010) 117302

Fig. 5. Transition rates between dressed states (a). Occu-

pation probabilities (b) and their differences (c) of dressed

states. Intensities of AT doublet A1−4 and Mollow triplet

M1−3 in absorption spectrum (d).

With Wij and ∆Πij , the intensities of peaks in
absorption spectra can be obtained (see Eq. (11)) as
shown in Fig. 5(d). There exist maximum intensi-
ties for A1,3,4 and M2,3. And the dependences of in-
tensities of A1−4 and M2,3 on S are similar to those
in the spectra of photon-assisted currents. All the
peaks vanish at S = 0, but there are two different
reasons for their such behaviours. For A1,4, it is be-
cause of Πα = Πγ , while for A2,3 and M2,3, it is be-
cause of their zero-value transition rates Wiβ (Wβi).
Of course, absorption peak M1 always has a zero in-
tensity because |i, n − 1〉 and |i, n〉 are equally popu-
lated (∆Πii = 0). However, in the spectra of photon-
assisted currents of CTQDs, M1 has a vibrating inten-
sity, showing a ‘gain’ effect. It comes from the coher-
ently exchanging interaction between the driving and
probe fields and does not correspond to population
inversion.[15] Another noticeable result is that intensi-
ties of M2,3 are stronger than those of A3 in Fig. 5(d),
but they are weaker than those of A3 in the spectra of
photon-assisted current spectra in Fig. 3(a). In fact,
only when a transition induced by an optical absorb-
tion obviously enhances the population on state |2〉
of the V-type CTQD, can it demonstrate itself in the
photon-assisted current. The transitions of M2,3 oc-
cur mainly between |0〉 and |1〉 and hardly change the
population on |2〉, which leads to their weaker inten-

sities in the spectra of photon-assisted currents. On a
whole, the spectrum of photon-assisted current of the
CTQD still exhibits the properties of quantum coher-
ent absorption.

3.3.Phonon effect

The electron behaviour of a CTQD always mani-
fests itself in its phonon environment. Therefore, the
phonon effect can strongly affect the spectrum of the
CTQD, in particular, as it is comparable to the effect
of the optical field. At low temperature, the main ef-
fect of phonon is the spontaneous emission of phonons
which leads to decay of excited electron. Using Eq. (4)
and according to the related experiment, we calculate
the decay rate Γij between the two states |i〉 and |j〉
of the two adjacent dots as a function of the energy
difference ∆Eij = Ej − Ei as shown in Fig. 6(a). In

Fig. 6. (a) Decay rate as a function of energy difference

∆Eij = Ei − Ej between two neighbouring dot states |i〉
and |j〉, with taking ~ωs = 15.7 µeV. (b) Photon-assisted

currents of V-type CTQD by changing E1 and scanning ωp

of Fp, with the field Fd resonantly coupling at transition

|0〉 → |2〉 at ω02 = 363 GHz, and the other parameters

being the as same as those in Fig. 2(a).

our study, corresponding to the variation of the energy
difference ∆E01 (∆E02), Γ01 (Γ02) changes from 0.66
to 0.30 GHz. The Rabi frequency of the probe field
Fp is Ωp = 0.5 GHz, comparable to Γ01 (Γ02), while
that of the driving field Fd is Ωd = 4 GHz, far larger
than Γ01 (Γ02). For the V-type CTQD, the phonon
spontaneous emission Γ01 helps the electron tunnel-
ing transport, while Γ02 holds it back. If Fd couples
states |0〉 and |2〉, it can eliminate the disadvantage
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of Γ02. Then the phonon-assistant current caused by
Γ01 appears as a large background current as shown
in Fig. 6(b). On the contrary, if Fd couples |0〉 and
|1〉, the weak Fp cannot eliminate the disadvantage of
Γ02, then the background current is small as seen in
Fig. 2(a). Similar effects can also occur in a Λ-type
CTQD. By using these phonon-assistant current phe-
nomena, which transition is driven by the strong field
can be determined in experiment.

4. Conclusions

We study the photon-assisted current spectra of
CTQDs driven by a strong and a weak field. Using
the ground states of the three QDs, the optically cou-
pled levels are designed as V-type or Λ-type three-
level configuration. Quantum interference phenomena

are revealed in the probe absorption spectra of the
field-driven CTQD. When the eigenfrequency differ-
ence ∆ω between the two pairs of transitions, formed
between the middle and the left (right) dots, is large,
there is one Autler–Townes splitting in probe spec-
trum. With the decrease of ∆ω, the strong driving
field can couple the two transitions simultaneously and
two Autler-Townes splittings and one weak Mollow
triplet are observed in one spectrum line. As ∆ω = 0,
corresponding to a completely symmetric CTQD, a
large tunneling current is induced due to the effect of
coherent trapping, and no absorption peaks can be ob-
served in the spectrum. We also investigate the effect
of phonon spontaneous emission on the current spec-
tra, and reveal that the intensity of phonon-assistant
background current depends on which transition is
driven by the strong field.
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