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The well-known hysteretic dc SQUID has recently been re-introduced in quantum guise as a current biased Josephson junction qubit with a broadband inductive isolation network.[1] From this new perspective, one of the junctions of the SQUID functions as a qubit (J1), the other junction (J2) serves as a detector, and the loop inductance and J2 together act as an inductive filter that isolates J1 from bias current noise. The currents through J1 and J2 are independently controlled by adjusting the bias current and magnetic flux applied to the SQUID loop. As with conventional current-biased junction qubits [2-4], the quantum states can be manipulated by sending resonant microwave current [4-6] or current pulses [7], the state can be read out by tunneling to the voltage state, and qubits can be coupled together using thin-film capacitors.[4] 

Although rules for optimizing the dc SQUID are well known, different parameters emerge from the requirement that the device operate as a qubit with a long coherence time. For example, to filter current noise from the leads, a large asymmetry in the arm inductances is preferred.  Also, the two junctions in the SQUID are coupled together by the loop inductance L. In order for the phase of the qubit junction to act independently of the phase of J2, L should be relatively large and the two junctions should have well-separated plasma frequencies. On the other hand, if the quantum state of J1 is to be read out with high fidelity in a short time (ns) through its effect on J2, the coupling cannot be too weak. As another example, to achieve a relatively long energy dissipation time, the hysteresis parameter of J1 should be large. This pushes the design towards junctions with relatively large capacitance and critical current as well as low leakage and small dielectric loss. As with conventional SQUIDs, critical current noise, heating, two-level fluctuators [5,6] and flux noise are detrimental to the performance and their impact needs to be minimized.

The operation of a SQUID as a qubit is also somewhat unusual, and some new features emerge. For example, the resulting devices [see inset to Fig. 1(a)] tend to have a relatively large =L(Io1+Io2)/o, where Io1 and Io2 are the critical currents of J1 and J2 respectively, and this leads to multiple trapped flux states in the SQUID loop.[8] Different trapped flux leads to different levels of current flowing through the qubit junction and changes in the energy levels of the qubits. In practice, we use a flux-shaking technique to set the level of trapped flux in the SQUID loop. [8,9]  This same technique allows us to make in situ changes in the broad band isolation between the qubit and the leads: changes in current flowing through the detector junction, produced by trapping flux in the loop or applying bias current, alter the Josephson inductance and the amount by which current noise on the leads is filtered.[10] By varying the coupling between the leads and the qubit, one can readily determine whether noise is being introduced on the leads and evaluate the role of the leads in producing dissipation, decoherence and perturbations in the energy levels.

We have used macroscopic quantum tunneling (MQT), microwave spectroscopy, pulsed current techniques, and Rabi oscillations to investigate individual and coupled dc SQUID qubits. Each qubit junction is a Nb/Al2O3/Nb or Al/Al2O3/Al Josephson tunnel junction that is typically about 10 m or less on a side. MQT reveals excess tunneling events with a level that varies with isolation from the leads, consistent with high-frequency current noise driving the system into upper levels with a very small probability. Application of continuous microwaves reveals single and multi-photon transitions [see Fig 1(b)], power-broadening and the spectroscopic coherence time T2*. Applying microwave pulses to the same devices produces Rabi oscillations with dephasing times T2 ~ 8 ns for the Nb devices [see Fig. 1(a)] and about 20 ns for the Al devices. Comparisons with density matrix simulations and pulsed current measurements reveal small population in the second excited state and energy dissipation from the first excited state with two distinct time constants T1 (10 ns and 50 ns). Neither T1, or T2, or T2* depend on the isolation from the leads. We note that for this level of decoherence to be produced by 1/f noise flux or critical current noise, the noise would have to be 1-3 orders of magnitude larger than typical for SQUIDs at this temperature. These and other aspects of the behavior will be discussed along with our most recent results. 
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Fig. 1. (a) Rabi oscillations in the escape rate of a Nb dc SQUID qubit at 20 mK for 7.6 GHz applied microwaves. Points show data and solid curves show contributions from different levels from a 4-level density matrix simulation. Inset shows dc SQUID qubit, coil is about 100 m on a side. (b) Energy level spectroscopy showing single (0-1, 1-2, 2-3, 3-4) and multi-photon transitions (0-2, 1-3) at T= 0.1 K as function of bias current. 
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