
NSF Nanoscale Science and Engineering Grantees Conference, Dec 3-6, 2007

Grant # : ECS-0608842

Design and Realization of Decoherence-Free

Nanoscale Superconducting Qubits 
NSF NIRT Grant ECS-0608842
PIs: Michael Gershenson, Boris Altshuler, Premala Chandra, and Lev Ioffe
Rutgers, the State University of New Jersey
Introduction and Objectives
For successful implementation of quantum computing, the logical elements of a quantum computer (a.k.a. qubits) should be sufficiently decoupled (“protected”) from the noisy environment so that the quantum error-correction protocols can be implemented.  The NSF-supported research at Rutgers University focuses on the design, fabrication and characterization of a fundamentally new class of fault-tolerant (topologically protected) superconducting qubits.  These qubits incorporate error correction at the “hardware” level, due to nontrivial symmetries originating from fine-tuned interactions between nanoscale Josephson junctions in these logical elements.  The ultimate goal of the research program is to develop the first solid-state logical element for quantum computation that would be simultaneously scalable and topologically protected from environmental noise.  This multidisciplinary research program is at the confluence  of  physics,  engineering,  materials  and  computational  science,  and  is  based  on
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Figure 1.  The prototype of a superconducting qubit protected from local sources of noise.
Panels (a), (b), and (c) show the schematic design and the micrographs of the device, respectively.  A basic building block of the protected qubit is a “rhombus” which includes four nanoscale Josephson junctions (JJs) shown as red crosses on Panel (a).  The magnetic flux (R through each rhombus of an area of 1 (m2 controls the effective Josephson energy of the rhombi.  The “heart” of the device is three four-rhombi chains connected in parallel. The chains are included in a superconducting loop with two larger JJs (bigger red crosses on Panel (a)). By varying the magnetic flux (L in the loop, one can control the phase difference across the rhombi chains.  The Josephson junctions are formed at each intersection between aluminum strips on Panels (b) and (c).  This SQUID-like device is protected from external high-frequency noise and non-equilibrium quasiparticles generated outside of the device by two meander-type inductances L and an interdigital capacitor C.  The Coulomb effects in the device can be probed by charging the gate capacitor Cg connected to the central strip common for all chains.  
synergistic interactions between theorists and experimentalists.  Development of fabrication-friendly designs for protected superconducting qubits, and the subsequent construction and characterization of these novel nanodevices is crucial for the successful realization of quantum computation.  
Key Results

The success of this approach critically depends on the feasibility of fabrication of nanoscale Josephson junctions with sufficiently small scattering of parameters in the regime of moderate quantum fluctuations.  According to our numerical calculations, the optimal coherence protection in the arrays of coupled JJs is realized for the ratio of two characteristic energies, the Josephson coupling energy EJ and the Coulomb energy EC, within a range of 3-5.  Equally important, all the nanoscale JJs in the array should have the values of EJ/EC within ~30%.  These requirements are necessary for the fine-tuning of quantum fluctuations and significant reduction of the qubit decoherence rate.  
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Figure 2.  Coherent transport of pairs of Cooper pairs.
Panels (a-c) show oscillations of the supercurrent ISW as a function of the external magnetic field.  When the magnetic flux through a single rhombus, (R, significantly differs from (0/2 ((0 is the superconducting flux quantum), ISW oscillates with the period ((L= (0, where (L is the flux through a large (~110 (m2) loop of the SQUID-type device (panel (b)).  When (R is close to half integer of (0, the supercurrent of individual Cooper pairs is blocked by quantum fluctuations, and the observed oscillations of ISW with the period ((L= (0/2 are due to the hoherent transport of pairs of Cooper pairs with charge 4e (panel (c)). The amplitude of the second harmonic is in good agreement with our numerical simulations.
We have developed the fabrication techniques that enabled us to satisfy these requirements.  In particular, the scattering in geometrical dimensions and resistances of Al-Al2O3-Al Josephson junctions with lateral dimensions ~ 150 nm have been reduced below ~ 10%.  In the series of ultra-low-temperature experiments with prototype qubits, we have demonstrated that operation of these devices is in good agreement with our calculations.  In particular, using the external magnetic field for controlling the strength of quantum fluctuations, we have observed the supercurrent of correlated pairs of Cooper pairs in the absence of conventional supercurrent in the network of nanoscale Josephson junctions [2]. This is an essential test for the proper strength of quantum fluctuations in the device. 
The theoretical activities include the development of a novel quantum error-correcting code that takes advantage of the asymmetric nature of noise in physical qubits [3], new ideas on the microscopic origin of critical current and normal-state resistance noise in Josephson junctions [4], calculation of the current voltage characteristic of a chain of identical Josephson circuits characterized by a large ratio of Josephson to charging energy that are envisioned as the implementation of topologically protected qubits [5], and the ideas of topological protection of qubits based on trapped ions [6].
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