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a b s t r a c t

We propose a theoretical scheme to implement electromagnetically induced transparency (EIT) using an
artificial atom of superconducting circuit. Allowed by the selection rule, two kinds of interactions be-
tween the atom and driving fields can be obtained, in which we focus on the leakage effect. In terms of
dark-state mechanism in generating EIT, the leakage could destroy the EIT considerably. By removing the
leakage effect in an optimized three-level atom, we consider a realization of EIT through the technique of
density matrix. Furthermore, another effective way to optimize the level anharmonicity is analyzed in a
dressing-state method. The scheme could provide a promising approach for experimentally improving
EIT with the artificial atoms.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Serving as artificial atoms, superconducting quantum circuits
have some distinctive advantages, such as flexible design, con-
venient control, potential scalability and precise measurement,
and thus provide the appealing testbeds for exploring the funda-
mental laws of quantum mechanics and realizing quantum state
engineering [1,2]. By adjusting the external parameters including
gate voltages and bias fluxes (or currents), the desired level
structures can be obtained effectively [3–5]. In the artificial atoms
driven by external microwave fields, some interesting dynamical
behaviors have been considered, consisting of Landau–Zener in-
terference [6,7], Stark shift [8], dynamical parity recovery [9] and
optical bistability [10]. In particular, the analogical investigations
of EIT [11,12] with superconducting artificial atoms have increas-
ingly captured the attentions during the past few years [13–17].

The optical EIT has beenwidely explored since its inception [11]
and become one of the most important subjects in quantum optics
[12]. As a non-linear optical phenomenon, EIT makes the probe
light travel through a medium without being absorbed when ap-
plying a strong control light to the medium simultaneously, which
results from the quantum interference between the atomic level
states. By taking advantages of the effect of EIT, the optical prop-
erties of the medium can be changed considerably. And thus many
promising applications associated with EIT have been investigated
extensively, including coherent population trapping [18,19], lasing

without inversion [20], and non-linear optics [21]. As an attractive
research field, EIT also provides a potential avenue towards
studying the controlled slow and fast light [22,23] and im-
plementing optical information storage [24,25].

Based on single Josephson artificial atom [26,27], coupled-atom
system [28,29] as well as resonator-assisted composite system
[30,31], many novel phenomena associated with EITs have been
studied both theoretically and experimentally. Compared with the
natural atoms, the artificial atoms of superconducting quantum
circuits act as solid-state systems and then are more easily affected
by environmental noises, which make them possess the shorter
coherence times generally [32,33]. To obtain the ideal EITs, these
artificial atoms should be protected to have the sufficiently long
coherence times during the processes of the quantum interference
[13,14]. Besides, allowed by the selection rule, the cyclic Δ-type
interactions of the artificial atoms with external fields occur at
some appropriate working points [34–36], which do not exist in
the natural atoms due to dipolar-forbidden transition. Physically,
the cyclic transition can produce the significant effect of quantum
leakage on the dynamical population [37]. Since the leakage is
mainly determined by the level harmonicity, choosing the opti-
mized level structure becomes an alternative way to improve EIT
with Josephson artificial atoms.

In this paper, we theoretically investigate the EIT using an ar-
tificial atom of Cooper-pair box (CPB). For the considered three-
level atom, Λ- (Δ-) type interaction between the atom and two
driving fields can be achieved in the absence (presence) of quan-
tum leakage. In terms of the dark-state mechanism, quantum
leakage has a significant impact on the generation of EIT. After
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choosing the preferable characteristic parameters, the leakage er-
ror can be nearly removed in an optimized atom with the suffi-
cient level anharmonicity. Based on the optimized atom, we pre-
sent the realization of EIT by the technique of density matrix. As
another effective way to optimize level anharmonicity, cavity-field
dressing an artificial atom is considered within a circuit QED. So,
the proposed scheme could offer a potential approach for experi-
mentally optimizing EIT with the superconducting artificial atoms.

This paper is organized as follows. Section 2 describes a three-
level atom and its interactions with driving fields. Section 3 ad-
dresses the impact of quantum leakage on EIT and the dependence
of leakage on level harmonicity. Based on an optimized level
structure, we derive a performance of EIT in Section 4. Another
approach to optimize level anharmonicity is explored in Section 5.
Finally, a brief conclusion is drawn in Section 6.

2. An artificial atom and its interactions with driving fields

The quantum circuit under consideration contains a super-
conducting loop interrupted by a box with excess Cooper-pairs n
and two identical Josephson junctions characterized by coupling
energy EJ0, as schematically shown in Fig. 1. A static gate voltage Vg

applied to the gate capacitance Cg induces offset charges. A mag-
netic flux Φe threading the loop is used to modulate the effective
Josephson coupling, πΦ Φ= ( )E E2 cos /J J e0 0 , with Φ = h e/20 being the
flux quantum. In the charge-phase regime, EJ has the same order of
the charging energy Ec [38,39], and satisfies Δ⪢ ∼ ⪢E E k TJ c B , where
Δ is superconducting energy gap, k TB denotes the energy of
thermal excitation. Within the charge state basis {| 〉n , | + 〉}n 1 , the
static Hamiltonian of the system reads

∑= [ ( − ) | 〉〈 | − (| 〉〈 + | + )]
( )

H E n n n n
E

n n H c
2

1 . . .
1n

c g
J

0
2

Here the first term is charging energy with scale = ( )E e C2 /2c t
2 ,

where Ct is the total capacitance of the box, and =n C V e/2g g g in-
dicates the induced gate charges. Ac gate voltages Ṽp and Ṽc are
applied to the box through gate capacitances Cp and Cc, respec-
tively, inducing the transitions between the eigenlevels of the
system [40], as mentioned below.

According to Eq. (1), the first three levels Ek versus the gate
charge ng for =E E1.5J c are plotted in Fig. 2, with k¼g, e and a. At
bias point =n 0.35g , we select the level states | 〉g , | 〉e and | 〉a , which
can be expanded in terms of Cooper-pair states | 〉n , namely,

| 〉 = ∑ | 〉k c nn kn , with ckn being superposition coefficients. Such a
quantum circuit has the well-separated level structure and then
can be considered as an effective artificial atom. Although the
quantum states at magic point ( =n 0.5g ) are to first-order de-
coupled from 1/f noise of the gate charges and then are helpful to
combat the dephasing effects [38], the selection rule of level states
impedes the desired driving-induced transition between | 〉g and | 〉a
[41]. For this reason, we choose these three states at the present
working point of =n 0.35g .

Two classical microwave pulses ω˜ = ( )V V tcosp p p and
ω˜ = ( )V V tcosc c c are applied to the atom, leading to the respective

level transitions | 〉 ↔ | 〉g a and | 〉 ↔ | 〉e a , here ωp and ωc are nearly
resonant with the corresponding transition frequencies ωag and
ωea. The interaction Hamiltonian between the microwave pulse Ṽp

(serving as a pump driving) and the CPB system takes the form of
diagonal coupling [41]

∑= − ˜ ( − )| 〉〈 |H E n n n n n2 ,ps c p
n

g

where ω˜ = ( )n n tcosp p p , with = ( )n C V e/ 2p g p . The Ṽp-induced
transition matrix element between | 〉g and | 〉a is = 〈 | | 〉t g H aga ps .
According to | 〉 = ∑ | 〉g c nn gn and | 〉 = ∑ | 〉a c nn an , we have

∑ Ω ω= − ˜ ( − ) = ( )⁎t E n n n c c t2 cos ,ga c p
n

g gn an ga p

where Ω = − E O n2ga c ga p, with = ∑ ( − ) ⁎O n n c cga n g gn an being the
overlap between | 〉g and | 〉a at the bias point ng.

Similarly, the interaction Hamiltonian between the control
pulse Ṽc and the atom can be expressed as

∑= − ˜ ( − )| 〉〈 |H E n n n n n2 ,cs c c
n

g

where ω˜ = ( )n n tcosc c c , with = ( )n C V e/ 2c g c . The pulse Ṽc-induced
transition matrix element is

Ω ω= ( )t tcos ,ea ea c

in which Ω = − E O n2ea c ea c, with = ∑ ( − ) ⁎O n n c cea n g en an.
For the artificial atom, the selection rule determined by the

parity symmetries of the level states at the present working point
( =n 0.35g ) allows the transition between | 〉g and | 〉e as well, which
is significantly different from the dipolar-forbidden transition in

Fig. 1. Schematic diagram of the considered artificial atom driven by a control
microwave field Ṽc and a probe field Ṽp.

Fig. 2. The three lowest eigenlevels Ek of the quantum circuit versus the gate
charge ng, with k¼g, e and a. Here the system characteristic parameters satisfy

=E E1.5J c , with π =E /2 3.0 GHzc . The level states | 〉g , | 〉e and | 〉a are chosen at the
biased point =n 0.35g .
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