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Abstract
Superconducting nanocircuits are macroscopic solid-state systems that exhibit quantum-coherent dynamics. In particular it is possible to design such circuits that display the behavior of few-level systems. It is an interesting question whether the
scheme of stimulated Raman adiabatic passage (STIRAP) can be transferred to
these systems. Here we discuss various possibilities to achieve quantum control with
this powerful method for devices in the charge regime and assess the effect of decoherence on their functionality.
Key words: STIRAP; superconducting nanocircuits; macroscopic quantum
coherence
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Introduction

It has been envisioned several decades ago that superconducting circuits containing Josephson junctions may exhibit the dynamics of quantum systems (1;
2; 3; 4). The experimental verification of this fact was achieved by Nakamura et al. for charge qubits (5) and subsequently by a number of experimental groups for other superconducting nanocircuits in various designs and
regimes (6; 7; 8; 9).
It has become clear from the outset that this area of solid-state research could
benefit significantly from the rich experience of controlling single quantum
objects in fields like nuclear magnetic resonance and quantum optics. In fact,
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in the first experiments well-known techniques such as Rabi oscillations, spinecho experiments, observation of Ramsey fringes etc. were used in order to
prove the quantum dynamics of such objects as well as to determine system
parameters such as decoherence and dephasing times.
Naturally one may expect that also more complex methods and topics from
quantum optics find their “analogue” for superconducting nanocircuits. An
important step in this direction has been taken by Wallraff et al. (9) and Blais
et al. (10) who showed that cavity-QED may be “translated” to circuit-QED
in a straightforward manner (see also the experiments by Chiorescu et al. (11)
and Johansson et al. (12)). In these realizations of circuit-QED an important
advantage of superconducting nanocircuits is exploited: there is a variety of
methods to “tailor” the appropriate few-level system and the available coupling parameters such as the coupling between the superconducting qubit (the
artificial two-level atom) and the superconducting resonator (the cavity). For
example, in the experiment of Ref. (9) the ratio of vacuum Rabi frequency
and transition frequency was chosen to be about three orders of magnitude
larger than for typical microwave or optical cavities.
Stimulated Raman adiabatic passage (STIRAP) is another well-established
technique that has numerous applications in quantum optics and beyond
this field (13; 14). Until now, methods based on STIRAP are quite rare in
solid-state physics. There have been proposals for quantum-dot devices,e.g.,
Refs. (15; 16; 17), superconducting circuits in the charge regime (18; 19; 20)
and in the phase and flux regimes (21; 22). A particularly interesting idea is
to use adiabatic passage to obtain population transfer between different states
of a many-body quantum system (23).
In this contribution, we discuss two basic realizations of STIRAP in superconducting circuits in the charge regime. We highlight the analogies and also
the differences with STIRAP in three-level atoms. We consider also the effect
of decoherence and find a remarkable robustness of the method. Further, it is
an objective of this work to investigate whether typical parameter ranges for
charge devices are suitable for the experimental verification of STIRAP.

2

Brief reminder of STIRAP with three-level atoms

To fix ideas and to introduce some notation we briefly review the conventional STIRAP technique. It uses atoms with three energy levels εe , ε1 , ε0 in
a Λ configuration (the corresponding states are |ei, |1i and |0i). By applying laser fields (A0 /2) cos ω0 t, (A1 /2) cos ω1 t with frequencies close to those of
the atomic transitions |0i → |ei and |1i → |ei the energy levels are coupled
(here A0 /2, A1 /2 represent the coupling strengths due to the atomic dipole
moments). The corresponding Hamiltonian written in the basis {|ei, |1i, |0i}
2

can be transformed to the rotating frame (by applying the rotating-wave approximation)
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where we have introduced the detuning ∆ = (εe −ε0 )−ω0 = (εe −ε1 )−ω1 . The
dark state |Di = A0 |1i − A1 |0i (not normalized) can be used for population
transfer from state |0i to state |1i with the so-called counterintuitive scheme.
By prepraring the system in the state |0i with A0 = 0, A1 6= 0 the dark state
can be rotated by slowly switching on the coupling A0 , and simultaneously
switching off the coupling A1 . Adiabaticity is achieved for |Ȧj /Aj | < |Aj |.

3

STIRAP with superconducting nanocircuits

Before we discuss possibilities for the implementation of STIRAP with superconducting nanocircuits we explain in a nutshell how quantum-coherent
dynamics arises in such circuits.

3.1 Quantum dynamics of charges in a Cooper-pair box

The simplest superconducting nanocircuit is the so-called Cooper-pair box
(CPB), see Fig. 1a. The system is investigated experimentally at ultra-low
temperatures (< 100 mK) such that all parts of the circuit (typically made of
aluminum) are superconducting and there are no quasiparticles in the system.
The dynamical variable is the (discrete) charge number n (i.e., the number of
excess Cooper-pair charges 2e) on the superconducting island (or, respectively,
the phase difference ϕ across the Josephson junction). Charge and phase can
be regarded as conjugate variables (1; 4).
The Hamiltonian of the CPB is
H = EC (n − ng )2 − EJ cos ϕ

(2)

where the first term on the r.h.s. represents the electrostatic energy and the
second term describes the Josephson junction. The representation of charge
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Fig. 1. a) Circuit of the Cooper-pair box. A superconducting island with a charge
of n excess Cooper pairs is connected via a Josephson junction (capacitance C,
Josephson energy EJ ) to a superconducting lead. The potential of the island can be
controlled with the voltage Vg via the gate capacitance Cg . With the (continuous)
offset charge ng ≡ Cg Vg /(2e) the electrostatic energy of the circuit can be written
(2e)2
as E(n) = EC (n − ng )2 with the so-called charging energy E C ≡ 2(C+C
. Typical
g)
−15
values for the total island capacitance are on the order of ∼ 10
F which lead to
a charging energy of ∼ 400 µV.
b) CPB with a tunable Josephson junction. Due to the SQUID layout of the junction
the Josephson energy depends on the external magnetic flux Φ: E J (Φ) = 2EJ cos eΦ
π~ .
c) The four lowest energy levels of a CPB as a function of gate charge for a ratio
EJ /EC = 0.25. STIRAP can be performed between the states |0i, |1i, |ei.

states is related to that of the phase states via the relation |ϕi = n einϕ |ni
(24) and the Hamiltonian can be rewritten in terms of charge states
P

H=

X
n

EC (n − ng )2 |nihn| −

EJ
(|nihn + 1| + h.c.) .
2

(3)

This is convenient in particular if EC  EJ , i.e., for the so-called charge
regime. The opposite limit is termed flux (or phase) regime. From Eq. (3)
we see that the circuit in the charge regime can be considered as a discrete
quantum system, in analogy, e.g., with an atom. 1 We mention that also more
complicated circuits (and different regimes) can be analyzed in a similar way,
i.e., their Hamiltonian displays one or more pairs of conjugate charge and phase
variables in analogy with Eq. (2) such that by choosing a proper representation
these systems can be viewed as discrete few-level systems.

3.2 STIRAP with a single Cooper-pair box

Once we have shown that the CPB represents a discrete quantum system,
we can turn to constructing a STIRAP procedure. Consider Fig. 1c where
1

Therefore, one may find the term “artificial atom” for such circuits.
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we have plotted the lowest energy levels of the CPB circuit as a function of
the gate charge ng (which is constant in time). In principle we can choose
any value of ng as the working point and perform STIRAP, e.g., from the
ground state to the first excited state via the second excited level. We need to
mention, however, that one needs to exclude the vicinity of symmetry points
ng = k + 1/2 (with k an integer). At these points, the level separation may
become rather small and, moreover, the parity of the wavefunctions induces
selection rules (see also Ref. (25)).
In order to realize adiabatic passage with this setup we need to couple two
driving fields that induce the Raman transition. This can be done by adding
a small ac part to the gate charge (i.e., to the gate voltage):
ng (t) = ng0 + nac
g (t)
ac
ng (t) = A0 cos ω0 t + A1 cos ω1 t
with Aj  1. Note the important fact that the driving fields appear on the diagonal of the Hamiltonian Eq. (3) (in contrast to the three-level atom Eq. (1)).
That is, without mixing of the charge states due to the Josephson coupling
the driving fields could not induce any transition.
As the initial state we can choose the ground state |0i. It is prepared by letting
the system relax to thermal equilibrium. By applying Gaussian-shaped pulses
of the microwave fields Aj (t) in the counterintuitive sequence we can transfer
the population from the initial state to the final state |1i as shown in Fig. 2.
In order to obtain these graphs we have solved the von Neumann equation for
the density matrix ρ̇ = (i/~)[ρ, H] + Γρ numerically. The solid lines represent
the ideal case (no dissipation, Γρ ≡ 0) while the dashed lines take into account
relaxation and dephasing
(Γρ)ij =

X
γi + γ j
ρij − (1 − δij )γ̃ρij − δij
ρkk γk→i
2
k

(4)

with γi = k6=i γi→k . The dissipator is taken time-independent in the rotating
frame (thus overestimating decoherence) and includes all transitions as well as
a dephasing rate γ̃ accounting phenomenologically for low-frequency noise. For
the decay rate of the second excited state we assume γe = γe→1 + γe→0 = 2γ1 .
P

We see that population transfer with a high efficiency can be achieved even
in the presence of considerable decoherence sources. Note that in this implementation population transfer does not occur between pure charge states as
the Josephson coupling is always switched on. Thus, away from the symmetry
points, the eigenstates are almost pure charge states with small admixtures of
the neighboring charge states.
5

pulse amplitude

The detection of the final state is done by measuring the state of the island.
Appropriate read-out devices are, e.g., a big Josephson junction (6) or a tank
circuit (9).
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Fig. 2. Population transfer in a single CPB with E J /EC = 0.25 and zero detuning
∆ = 0. The working point is ng = 0.4. In a typical CPB experiment one has
EC ∼ 50 µeV, e.g., a time unit corresponds to about 1.3 × 10 −11 s.
Solid lines represent the diagonal elements of the density matrix for the system
without dissipation, dashed lines are for a system with dissipation (see text). We
have used γ1 = 3.0 × 10−5 , γ̃ = 2.0 × 10−4 . The main effect of decoherence is that
the transfer is not completed as the population that arrives in state |1i decays to
the ground state |0i. Notice that also the population of |ei is increased.

3.3 STIRAP with two Cooper-pair boxes – without ac fields
While the implementation in the preceding section is very much analogous to
STIRAP with a three-level atom, one can also realize the Hamiltonian directly
in the rotating frame (see Eq. (1)). That is, no ac driving fields are required in
this case. The corresponding circuit consists of two capacitively coupled CPBs
and is shown in Fig. 3. The coupling capacitance CK is, apart from its presence
in real circuits, necessary in order to break symmetries of the spectrum that
could hamper the STIRAP procedure.
The dynamical variables are the charge numbers n1 and n2 of the two islands.
We assume equal junction capacitances C. In real devices, the gate capacitance
is often much smaller than the junction capacitances Cg  C. With these
simplifications, the electrostatic energy of the circuit is
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Fig. 3. a) Two-island setup for the implementation of STIRAP. It is important that
both Josephson couplings can be controlled. The same device can be used to implement two capacitively coupled charge qubits (cf., e.g., Ref. (26)).
b) Charging energy of various charge states as a function of gate charge with
CK /C = 1.0. We have put a small offset to the lines corresponding to degenerate charge states.
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Here, EC = (2e)2 /(2C). The system can be characterized with the basis of
charge states {|n1 , n2 i} where |n1 , n2 i ≡ |n1 i ⊗ |n2 i. Consider gate charges
ng1 = ng2 = ng . 1/2. Then, states |n1 , n2 i with n1 , n2 ∈ {0, 1} have the
lowest charging energy (see also Fig. 3b). Including these four states and their
Josephson couplings, the Hamiltonian in the basis {|0, 0i, |0, 1i, |1, 0i, |1, 1i}
reads
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 −(1 − 2ng ) +
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We see that E(0, 1) = E(1, 0). Further, the energy of the fourth state |1, 1i is
by an amount of the order ∼ EC > EJj further away from E(0, 1) than that of
the state |0, 0i. Therefore, we can implement an adiabatic population transfer
|1, 0i −→ |0, 1i as follows.
We prepare (by appropriate switching of gate voltages) the state |1, 0i (i.e. one
excess Cooper pair on the left island) and switch off the left Josephson coupling
EJ1 (t = 0) = 0 while the right coupling is non-zero EJ2 (t = 0) 6= 0. Then we
slowly turn off the right coupling EJ2 and, simultaneously, switch on EJ1 .
The procedure terminates when the right coupling is completely switched off.
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During the procedure the excess Cooper pair is transferred from the left to the
right island. Again, we can use also Gaussian-shaped functions for EJj (t) =
t−t
EJ exp [−( Tdelj )2 ] as long as the pulses are applied in the counterintuitive
sequence. Here, T characterizes the pulse width and tdelj is the delay time of
the jth pulse.
If the couplings are set to zero at the beginning and the end of the transfer,
ideally exactly one (Cooper-pair) charge is transferred between the islands. It
is remarkable that this does not depend on the state of the lead. 2 However,
we need to mention here that the experimental realization of this procedure
is difficult. A two-island setup is even more sensitive to background-charge
fluctuations than an experiment with a single CPB (27). Further, with current
technological solutions it is hard to really switch off a Josephson junction;
typically EJ can only be reduced to a few percent of its maximum value.
Nevertheless, the STIRAP experiment can be carried out. The only difference
is that, instead of pure charge states, one has almost pure charge states with
small admixtures (with amplitudes ∼ EJ /EC of adjacent charge states) in the
initial and final state.
In Fig. 4 we show the time evolution of the relevant diagonal elements of
the density matrix for the two-island implementation of STIRAP. Also in
this case we note the remarkable robustness of the procedure with respect to
decoherence.

4

Conclusion

In summary, we have discussed the possibility to implement stimulated Raman
adiabatic passage with superconducting nanocircuits in the charge regime.
Essentially we have presented two versions of STIRAP, on the one hand an
implementation that is driven by microwaves and that is very much analogous
to STIRAP in a three-level atom. On the other hand, STIRAP can also be
implemented by tailoring the rotating-frame Hamiltonian of the three-level
atom. The latter implementation does not require microwave sources. With
both schemes it is possible to achieve highly efficient population transfer that
is robust against the action of decoherence. 3
2

It is straightforward to check explicitly that the result does not change for any
superposition of lead charge states. Note that, after all, also the single CPB as a
two-level system does not display any dependence on the state of the lead.
3 We mention that the simultaneous presence of high-frequency and low-frequency
noise components in superconducting circuits render the action of decoherence in
these systems qualitatively different from that in quantum optics. Its investigation
is an interesting topic in its own right.
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Fig. 4. Population transfer with the setup in Fig. 3 with E J /EC = 0.25 using Gaussian pulse shape for EJj (t). The working point is ng = 0.4 and the capacitance
ratio CK /C = 1.0. Solid lines are results without decoherence; dashed lines describe
the system with decoherence. We have used identical relaxation rates for all transitions between charge states γi→k ≡ γ = 6.0 × 10−5 (constant in time) which for
EC ∼ 50 µV corresponds to a relaxation time of the first excited state |0, 0i of ∼ 200
ns. For dephasing we have used γ̃ = 4.0 × 10 −4 .
We observe that during the STIRAP procedure the population is distributed among
many higher charge states (as an example we have plotted the population of the
state |1, 1i).

One goal of this discussion is to provide a simple basis and parameter estimates
for the experimental realization of STIRAP in superconducting nanocircuits.
As we have shown, the implementations use standard circuit designs with
rather common parameters and corresponding time scales. Consequently, it
should be feasible to experimentally verify stimulated Raman adiabatic passage in nanocircuits with state-of-the-art technology.
Of course, there are interesting potential applications of this scheme. One
possibility to apply the microwave-driven implementation is in quantum-state
engineering similar to quantum optics, e.g., for the preparation of Fock states
of resonators coupled to the nanocircuit (20). Another idea for an application
is imposed by the implementation in Section 3.3. If both couplings are switched
off before and after the population transfer, one can be sure that an integer
number of charges has passed from one island to the other. That is, precise
charge pumping is another possible solid-state application of STIRAP.
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