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            Abstract
A quantum computer has the potential to efficiently solve problems that are intractable for classical computers. However, constructing a large-scale quantum processor is challenging because of the errors and noise that are inherent in real-world quantum systems. One approach to addressing this challenge is to utilize modularityâ€”a strategy used frequently in nature and engineering to build complex systems robustly. Such an approach manages complexity and uncertainty by assembling small, specialized components into a larger architecture. These considerations have motivated the development of a quantum modular architecture, in which separate quantum systems are connected into a quantum network via communication channels1,2. In this architecture, an essential tool for universal quantum computation is the teleportation of an entangling quantum gate3,4,5, but such teleportation has hitherto not been realized as a deterministic operation. Here we experimentally demonstrate the teleportation of a controlled-NOT (CNOT) gate, which we make deterministic by using real-time adaptive control. In addition, we take a crucial step towards implementing robust, error-correctable modules by enacting the gate between two logical qubits, encoding quantum information redundantly in the states of superconducting cavities6. By using such an error-correctable encoding, our teleported gate achieves a process fidelity of 79 per cent. Teleported gates have implications for fault-tolerant quantum computation3, and when realized within a network can have broad applications in quantum communication, metrology and simulations1,2,7. Our results illustrate a compelling approach for implementing multi-qubit operations on logical qubits and, if integrated with quantum error-correction protocols, indicate a promising path towards fault-tolerant quantum computation using a modular architecture.
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                    Fig. 1: Construction of a modular architecture and teleported CNOT gate.[image: ]


Fig. 2: Logical data-qubit encoding and CNOT truth table.[image: ]


Fig. 3: Generation of a logical Bell state.[image: ]


Fig. 4: Demonstration of a deterministic teleported CNOT gate.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Overview of the physical device.
a, Photograph of the full device assembly. The main body of the device is constructed from high-purity (99.99%) aluminium and contains four coaxial Î»/4 three-dimensional cavities, three of which are used. The cavities that serve as the data qubits and the bus are outlined in magenta and purple, respectively. A detailed photograph of the cavities is shown in b. Two clamps anchor each sapphire chip; one is highlighted in cyan and detailed in c. The visible connectors are input ports for each cavity; the input and output ports for the transmon and readout resonators are on the underside of the device and therefore not visible. b, Top-down photograph of the cavities. We illustrate the three cavities using the same colour scheme as in a; the inner circle represents the inner conductor that defines the cavity mode; the cyan outline shows the sapphire chip inserted into the device package. Also visible are the antenna pads of the transmon that enable coupling to each cavity. c, Photograph of the sapphire chip on which the transmon and readout resonators are fabricated. The sapphire chip is outlined in cyan and contains several elements: from the top of the figure moving down, the Y-shaped transmon qubit, the readout resonator and the Purcell filter.


Extended Data Fig. 2 Assessing the independence of communication-qubit measurements.
a, Rabi experiment pulse sequence to extract measurement crosstalk. After initializing both communication qubits in the ground state, both qubits are rotated by \(\hat{X}\) rotations, with independent angles Î¸1 and Î¸2 for C1 and C2, respectively. Subsequently, measurements are performed on modules 1 and 2 and the result is recorded. b, c, Measurement crosstalk experimental results. For b (c), C2 (C1) is kept in the ground state, and a Rabi experiment is performed on C1 (C2). The measurement results are shown for C1 (green circles) and C2 (orange squares). For clarity, we describe the results focusing on b; the discussion is the same for c, save for swapping C1 and C2. Top, the C1 measurement results illustrate high-contrast oscillations, whereas the C2 measurement results remain close to zero, as expected when the communication-qubit measurements are independent. Bottom, close-up for measurement results on C2. The lack of structure in the data indicates that the measurement of C2 does not infer any information about the state of C1. To estimate the measurement crosstalk, we perform sinusoidal fits to the data by fixing the frequency and phase of the oscillation and extracting an amplitude and offset. Each data point in this experiment corresponds to 25,000 experiments. For data in the top panels, error bars are much smaller than the marker; for data in the bottom panels, we represent a typical error bar to be within the spread of the points. The slightly reduced contrast in c is specific to this calibration experiment, and potentially due to drifts in the transmon relaxation rate during the many hours of acquisition.


Extended Data Fig. 3 Implementation of the teleported CNOT gate.
a, Detailed circuit diagram for the teleported CNOT gate protocol. Top, pulse sequence for an example experiment. Bottom, legend for specific circuit blocks. In the first panel, we show our sequence for encoding quantum information onto the data qubit. In the second panel, we illustrate our implementation of the teleported CNOT gate. We show the pulse sequence used to generate the communication-qubit Bell state. For the communication-qubit measurements, we apply a Ï€/2 rotation on C2 to measure \(\hat{X}\). After the measurement we also perform a measurement-based reset of C1 and C2 before performing feedforward operations on the data qubits. In the third panel, we detail two possible sequences for extracting the data-qubit state. For module 1, we perform logical tomography on the data qubits by decoding the data qubit onto the communication qubit and performing the appropriate tomography rotations on the communication qubit. For module 2, we perform Wigner tomography by performing a parity-mapping sequence on the communication qubit. b, Teleported CNOT gate timing diagram. The teleported CNOT gate is illustrated taking the relative timing of each element into account. The diagram is colour-coded with the following designations: black, single communication-qubit rotations; green, encode and decode (optimal control) operations; blue, teleported CNOT gate local operations (also optimal control); orange, measurements. This presentation provides a visual representation of the relative durations of each part of the protocol. Our implementation of the teleported CNOT gate takes a total of approximately 4.6â€‰Î¼s.


Extended Data Fig. 4 Communication-qubit Bell state.
a, Pulse sequence for generating the communication-qubit Bell pair. After generating the Bell state (first block), quantum state tomography is performed on both of the qubits to assess the quality of the entangled state. b, Characterizing the communication-qubit Bell pair. Experimentally measured Pauli vector components of the two communication qubits are shown. The generated state is \((| ge\rangle +| eg\rangle )/2\), with the ideal values denoted as hollow bars.


Extended Data Fig. 5 Communication-qubit measurement and reset.
a, Pulse sequence for testing communication-qubit measurement and reset. The two communication qubits (transmons) are initialized in the joint state \((| gg\rangle +| ge\rangle +| eg\rangle +| ee\rangle )/2\). The two qubits are then measured and if the measurement indicates that the state is projected to \(| e\rangle \) a Ï€-pulse is applied to flip the state to the ground state. Conditional quantum state tomography is performed to analyse the quality of measurement and reset. This measurement and reset protocol is used in the teleported gate. b, Experimentally measured Pauli vector components conditioned on the measurement outcome. We assign a â€˜0â€™ (â€˜1â€™) to indicate that the measurement projected the qubit to be in \(| g\rangle \) \(\left(| e\rangle \right)\). For all outcomes, we find high fidelity to the two-qubit ground state \(| gg\rangle \), as expected, with ground-state fidelities of {00, 99.3%; 01, 95.7%; 10, 97.7%; 11, 94.2%}. From these results, we establish that the measurement and feedback processes for each qubit are independent; from the single-qubit reset infidelities, we expect a measurement fidelity of 1Â âˆ’Â (0.993Â âˆ’Â 0.957)Â âˆ’ (0.993Â âˆ’Â 0.977)â€‰=â€‰0.948, which is consistent with the result for measurement outcome 11. c, Experimentally measured state after measurement-based reset. Measurement results from b are combined, and the compiled results illustrate that the reset protocol is high-fidelity and independent of the measurement outcome. The fidelity of this reconstructed two-qubit state to \(| gg\rangle \) is 96.9%.


Extended Data Fig. 6 Extended binomial QPT data.
For each panel, we plot the process matrix in the Pauli transfer representation (bottom) and a reconstructed state represented in the Pauli basis (top). For the reconstructed state, we choose the input state \((| 0\rangle +| 1\rangle )| 0\rangle /\sqrt{2}\), which should result in the Bell state \(| {\Phi }^{+}\rangle =(| 00\rangle +| 11\rangle )/\sqrt{2}\) when the CNOT gate is applied. The ideal process for each panel is represented by the dominant components taken to Â±1 and small components taken to 0. a, Conditioned QPT results when the feedforward operations are not applied. The first four panels (labelled â€˜00â€™, â€˜01â€™, â€˜10â€™ and â€˜11â€™) represent the processes conditioned on measurement outcome. Each has qualitatively the same features (for example, the same non-zero elements of the process matrix); however, the differing signs between the four outcomes indicate that each process is modified by single-qubit operations. When all measurement results are combined (labelled â€˜Allâ€™), most of the features are washed away and only certain Pauli operators are left invariant by the process: {II,Â IX,Â ZI,Â ZX}. These operators are exactly the feedforward operations that would normally be applied. This behaviour can also be observed in the state tomography results (top), in which each measurement outcome heralds a different Bell state (\(\{| {\Psi }^{+}\rangle ,| {\Psi }^{-}\rangle ,| {\Phi }^{+}\rangle ,| {\Phi }^{-}\rangle \}\)); when taken all together, the states add incoherently, resulting in a completely mixed state. b, Conditioned QPT results when the feedforward operations are applied. Here, all measurement outcomes (00, 01, 10, 11) indicate the same process, that of the CNOT process. Therefore, when the measurement outcomes are all taken together (All), the compiled process is that of a CNOT gate.
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