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            Abstract
Quantum computation presents a powerful new paradigm for information processing. A robust universal quantum computer can be realized with any well controlled quantum system, but a successful platform will ultimately require the combination of highly coherent, error-correctable quantum elements with at least one entangling operation between them1,2. Quantum information stored in a continuous-variable systemâ€”for example, a harmonic oscillatorâ€”can take advantage of hardware-efficient quantum error correction protocols that encode information in the large available Hilbert space of each element3,4,5. However, such encoded states typically have no controllable direct couplings, making deterministic entangling operations between them particularly challenging. Here we develop an efficient implementation of the exponential-SWAP operation6 and present its experimental realization between bosonic qubits stored in two superconducting microwave cavities. This engineered operation is analogous to the exchange interaction between discrete spin systems, but acts within any encoded subspace of the continuous-variable modes. Based on a control rotation, the operation produces a coherent superposition of identity and SWAP operations between arbitrary states of two harmonic oscillator modes and can be used to enact a deterministic entangling gate within quantum error correction codes. These results provide a valuable building block for universal quantum computation using bosonic modes.
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                    Fig. 1: Sketch (not to scale) of device architecture and experimental protocol.[image: ]


Fig. 2: Deterministic entanglement in Fock encoding.[image: ]


Fig. 3: Characterization of eSWAP unitary in coherent state encoding.[image: ]


Fig. 4: Quantum process tomography.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Top view of the 3D double-cavity cQED system.
The centre transmon ancilla (qC) provides nonlinear coupling between the modes of Alice (orange) and Bob (blue). The package accommodates two additional transmon ancillae, qA and qB, which are each coupled to one of the cavities Alice and Bob, respectively. Each transmon ancilla is measured via a neighbouring readout resonator (RA, RB, RC). The RF drives (Ï‰1, Ï‰2) are coupled to the system through the drive port of qC. See Methods for details.


Extended Data Fig. 2 A quantum Fredkin gate.
a, The resonance condition for a parametrically driven SWAP operation measured as a function of one of the drive frequencies and the drive duration with the ancillary transmon initialized in \((|g\rangle +|e\rangle )/\sqrt{2}\). The colour scale shows the probability for the ancilla to be excited (Pe) after a rotation that follows the parametric drive. b, The reconstructed three-mode density matrix after the Fredkin gate for the initial states \(\left|g\right\rangle \otimes \left|0\right\rangle \otimes \left|1\right\rangle \)(upper left), \(\left|e\right\rangle \otimes \left|0\right\rangle \otimes \left|1\right\rangle \)(upper right), \(\frac{1}{\sqrt{2}}\left(\left|g\right\rangle +\left|e\right\rangle \right)\otimes \left|0\right\rangle \otimes \left|1\right\rangle \)(bottom left) and \(\frac{1}{\sqrt{2}}\left(\left|g\right\rangle -\left|e\right\rangle \right)\otimes \left|0\right\rangle \otimes \left|1\right\rangle \)(bottom right). The colour scale shows the real value of each element in the reconstructed density matrices.


Extended Data Fig. 3 The quantum process matrix for Fock encoding.
The real (left) and imaginary (right) components of the complex process matrix Ï‡ are shown for the input (a), the identity operation (b), \(\sqrt{\mathrm{SWAP}}\) (c) and SWAP (d). For each operation, we show the measured (top) and ideal (bottom) matrices for comparison. Each of the measured process matrices are calculated without correction for SPAM errors. The colour scale shows the value for each (real or imaginary) component of the respective process matrices.


Extended Data Fig. 4 QPT for binomial code.
Left to right: the process matrix in the Pauli transfer representation for \({U}_{{\rm{E}}}\left(0\right)\), \({U}_{{\rm{E}}}({\rm{\pi }}/4)\) and \({U}_{{\rm{E}}}({\rm{\pi }}/2)\) acting on Alice and Bob, encoded in the binomial basis. From these results, we obtain a process fidelity of 0.70, 0.58 and 0.65 for the three operations without correction for SPAM errors. The colour scale shows the value for each element of the respective process matrices.


Extended Data Table 1 Hamiltonian parameters of all cQED componentsFull size table


Extended Data Table 2 Coherence properties of the systemFull size table
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