Two Coupled Flux Qubits with Controllable Interaction
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We demonstrate that the inductive coupling energy between two, three-junction flux qubits [1] can be controlled by varying the bias current in the readout SQUID [2].  We fabricated the two flux qubits, A and B, and the single readout SQUID (Superconducting QUantum Interference Device) surrounding them using two-angle evaporation of aluminum onto a silicon chip.  Each of the two qubits was coupled to a superconducting loop through which we could pass a stabilized current, enabling us to control the flux in each qubit independently.  To maintain values of current below 1 mA per flux quantum, we chose substantially higher values for the geometrical inductance of the qubits [3] – typically
200 pH – than used previously [1].  In this regime, the loop inductance is non-negligible compared to the junction inductance, requiring us to calculate the properties of such qubits [4].  The chip was enclosed in a superconducting cavity and cooled to about 40 mK.  
Spectroscopic measurements of the two, nominally identical, qubits at flux biases where they did not interact revealed energy gaps at their degeneracy points of (A = 8.879 ±
0.005 GHz and (B = 8.980 ± 0.005 GHz, respectively.  The two qubits interacted through their mutual inductance and through induced screening currents in the readout SQUID.  We first investigated this interaction near flux biases, away from the single-qubit degeneracy points, at which the qubit energies were equal.  The interaction gives rise to the four states |0>, |1>, |2> and |3>.  At the degeneracy point, the ground state |0> and the third excited state |3> are triplets; for an antiferromagnetic qubit interaction |1> is a singlet and |2> is a triplet.  Figure 1 shows two spectra obtained from microwave-induced transitions between the 
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Fig. 1:  Spectroscopy of first and second excited states of two coupled flux qubits.  The fluxes applied to the two qubits are (A and (B.  Dots represent data and solid lines are hyperbolic fits.  (a) Splitting of 122.6 ± 0.8 MHz for zero bias current in the readout SQUID.  (b) Reduced splitting of 96.7 ± 2.6 MHz with bias current of 460 nA applied to the SQUID.
ground state |0> and the excited states |1> and |2>.  In Fig. 1(a), the splitting at the anticrossing is 122.6 ± 0.8 MHz.  For the lower singlet state |1>, there is clear evidence that 

the transition probability from the triplet ground state vanishes near the degeneracy point.  The splitting at the anticrossing is in good agreement with our calculated value, with no fitted parameters.  Figure 1(b) shows the spectra obtained in the presence of a static bias current in the zero-voltage state of the readout SQUID.  For a bias current of 460 nA, the splitting at the degeneracy point has been reduced to 96.7 ± 2.6 MHz.  This reduction arises from the change in the dynamic inductance of the SQUID which reduces the overall antiferromagnetic coupling between the qubits [1].  The reduction in the splitting at the degeneracy point for several values of bias current was in good agreement with predictions.

Subsequently, we measured the spectra near the double degeneracy point at which both qubits are biased with a half-integer number of flux quanta.  We observed that the minimum splitting was enhanced from the value (B - (A = 101 MHz by a total of 108 ( 10 MHz.  this energy level repulsion, which arose from the interaction between the two qubits via their mutual inductance and via the readout SQUID, agreed well with predictions.  Observations of Rabi oscillations and flux echoes on the excited states and measurements of dephasing times will be presented.
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