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Abstract.
A qubit may undergo Landau-Zener transitions due to its coupling to one or several quantum

harmonic oscillators. First we show that for a qubit coupled to one oscillator, Landau-Zener transi-
tions can be used for single-photon generation and for the controllable creation of qubit-oscillator
entanglement, with state-of-the-art circuit QED as a promising realization. Second, for a qubit cou-
pled to two cavities, we show that Landau-Zener sweeps of the qubit are well suited for the robust
creation of entangled cavity states, in particular symmetric Bell states, with the qubit acting as the
entanglement mediator. Finally, for a qubit coupled to an environment or bath we propose to employ
dissipative Landau-Zener sweeps of the qubit for the detection of bath properties. At the heart of
our proposals lies the calculation of the exact Landau-Zener transition probability for the qubit, by
summing all orders of the corresponding series in time-dependent perturbation theory.

Keywords: quantum information, entanglement, quantum noise, quantum dissipation, driven quan-
tum systems, level crossing
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INTRODUCTION

Entanglement is a purely quantum mechanical property of multipartite systems. A sys-

tem is entangled if its quantum state cannot be described as a direct product of states
of its subsystems. It is measurable in terms of nonclassical correlations of the subsys-

tems. Many efforts exist to make use of entanglement in quantum information process-

ing (QIP) [1]. In this paper we propose to create entanglement in circuit cavity quantum

electrodynamics (QED). We consider creation of entanglement between a superconduc-

ing qubit and the circuit analogue of an optical cavity and how to generate single photons

in the latter [2]. We also demonstrate how two spatially separated circuit cavities can be

entangled by letting a superconducting qubit undergo a Landau-Zener (LZ) sweep [3].

This will be a robust method to create Bell states in two-cavity circuit QED. Further-

more, we discuss how LZ sweeps of a qubit in circuit QED or elsewhere can give useful

information on the qubit’s dissipative environment [4, 5].

In optical cavity QED, atoms (qubits) become entangled with optical cavity modes
(oscillators). Two optical-cavity modes can be entangled by adiabatic passage of an

atom through one or more cavities [6–8]. It seems technologically challenging to scale

up optical cavity QED to many qubits, as would be required for useful QIP. Recently, the
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field of circuit QED has emerged in which analogues of cavity QED have been realized

with superconducting qubits and quantum harmonic oscillators [9–12]. Superconducting

circuits are promising because of their potential scalability and because many of their

parameters are highly tunable. The route proposed here to scale up present-day circuit

QED is the circuit analogue of optical two-cavity QED or N-cavity QED [7, 8].

One method to manipulate the state of a qubit is to use Landau-Zener sweeps [13].

Recently, LZ transitions have been observed in superconducting qubits [14–17]. In this

paper we concentrate on quantum state manipulation in multi-cavity circuit QED via

Landau-Zener sweeps of a qubit. Bit flips in the qubit can take place even in the absence

of a direct coupling between the qubit levels, induced instead by the coupling to the
oscillators. We studied the semiclassical limit of this model before [18]. Here we focus

on the situation in which the oscillators start in their ground states. We show how single

photons and symmetric Bell states can be created in two circuit oscillators. Decisive

advantage of our proposal is that qubit-oscillator interaction strengths are static, in

contrast to standard cavity QED where precise dynamical control is required.

MODEL FOR LZ SWEEPS IN QUBIT-OSCILLATOR SYSTEMS

We consider the time-dependent Hamiltonian for a LZ sweep in a multi-level system

H(t) = ∑
a

(εa +
1
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FIGURE 1. Adiabatic eigenstates during LZ sweep of a qubit coupled to an oscillator. Shown is the

four-step LZcycle for single-photon generation in circuit QED: The first step is single-photon generation

in the cavity via the adiabatic LZ transition |↑0〉 → |↓1〉, brought about by switching the qubit energy

sufficiently slowly. Second, the photon is released from the cavity via the (controlled) cavity decay

|↓1〉→ |↓0〉. In the third step, another individual photon is generated via the reverse LZ sweep |↓0〉→ |↑1〉.
Fourth and finally, a further photon decay completes the cycle. This cycle can be repeated.

QUBIT-OSCILLATOR ENTANGLEMENT

We first consider LZ transitions in the standard cavity QED model of one qubit coupled

to one oscillator, with H(t) as in Eq. (3) with cosθ = 1 and ∆ = 0. Since we start out

in the ground state |↑,0〉 and the Hamiltonian in Eq. (3) correlates every creation or

annihilation of a photon with a qubit flip, the dynamics is restricted to the states |↑,2n〉
and |↓,2n+1〉. Remarkably, by a dynamical selection rule (“no-go-up theorem”) [2, 5],
of the states |↑,2n〉 only |↑,0〉 stays occupied. The final state can be written as

|Ψ(∞)〉=
√



OSCILLATOR-OSCILLATOR ENTANGLEMENT

Now consider the situation that the qubit is coupled to two cavities instead of one, with

identical resonance frequencies Ω1,2 = Ω and qubit-oscillator strengths γ1,2 = γ . (For

Ω1 6= Ω2, see [3].) We will now show how the two cavity oscillators become entangled

by a Landau-Zener sweep of the qubit. We will again assume ∆ = 0, so that all bit flips

in the qubit are caused by interactions with the oscillators. The Hamiltonian becomes

H =
vt
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FIGURE 2. Final transition probability P↑→↓(∞) as a function of intrinsic interaction ∆, for several

values of the coupling angle θ , based on Eq. (4). Bath quantities E0 and S can be identified by varying ∆,

which together provide information on the spectral density of the bath. Here: E0 = 2.0
√



CONCLUSIONS

LZ sweeps of superconducting qubits are a robust way to produce single photons in

circuit QED and to create symmetric Bell states in circuit oscillators. LZ transition

probabilities are insensitive to dephasing at zero temperature. For qubits in a dissipative

environment, LZ sweeps of can be a valuable tool to characterize the environment.
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