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            Abstract
Universal quantum computation will require qubit technology based on a scalable platform1, together with quantum error correction protocols that place strict limits on the maximum infidelities for one- and two-qubit gate operations2,3. Although various qubit systems have shown high fidelities at the one-qubit level4,5,6,7,8,9,10, the only solid-state qubits manufactured using standard lithographic techniques that have demonstrated two-qubit fidelities near the fault-tolerance threshold6 have been in superconductor systems. Silicon-based quantum dot qubits are also amenable to large-scale fabrication and can achieve high single-qubit gate fidelities (exceeding 99.9 per cent) using isotopically enriched silicon11,12. Two-qubit gates have now been demonstrated in a number of systems13,14,15, but as yet an accurate assessment of their fidelities using Clifford-based randomized benchmarking, which uses sequences of randomly chosen gates to measure the error, has not been achieved. Here, for qubits encoded on the electron spin states of gate-defined quantum dots, we demonstrate Bell state tomography with fidelities ranging from 80 to 89 per cent, and two-qubit randomized benchmarking with an average Clifford gate fidelity of 94.7 per cent and anÂ average controlled-rotation fidelity of 98 per cent. These fidelities are found to be limited by the relatively long gate times used here compared with the decoherence times of the qubits. Silicon qubit designs employing fast gate operations with high Rabi frequencies16,17, together with advanced pulsing techniques18, should therefore enable much higher fidelities in the near future.
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                    Fig. 1: Two-qubit device layout and operation.[image: ]


Fig. 2: Independent and conditional two-qubit control.[image: ]


Fig. 3: Bell state tomography.[image: ]


Fig. 4: Two-qubit randomized benchmarking.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Single-qubit coherence properties in the (1, 1) regime.
Blue data corresponds to Q1 and red data corresponds to Q2. We have characterized the single-qubit coherence properties \({T}_{2}^{\ast }\) and \({T}_{2}^{{\rm{Hahn}}}\), and measured their control fidelities via single-qubit randomized benchmarking. All data are acquired with the frequency feedback protocol described in Extended Data Fig. 2. a, Spin-up probability as a function of wait time in the Ramsey sequence. \({T}_{2,{\rm{Q}}2}^{\ast }=10.5\pm 1\,{\rm{\mu }}{\rm{s}}\) is much shorter than \({T}_{2,{\rm{Q}}1}^{\ast }=24.3\pm 2\,{\rm{\mu }}{\rm{s}}\). b, Spin-down probability as a function of wait time in the Hahn echo sequence. \({T}_{2,{\rm{Q}}2}^{{\rm{H}}{\rm{a}}{\rm{h}}{\rm{n}}}=33\pm 5\,{\rm{\mu }}{\rm{s}}\) is much shorter than \({T}_{2,{\rm{Q}}1}^{{\rm{H}}{\rm{a}}{\rm{h}}{\rm{n}}}=290\pm 40\,{\rm{\mu }}{\rm{s}}\). c, Single-qubit randomized benchmarking with the other qubit initialized in the \(\left|\downarrow \right\rangle \) state. Only the frequencies f1â†“ and f2â†“ are used for gate operations on Q1 and Q2 (single tone randomized benchmarking), respectively. The plot shows the projected state probability with increasing number of Clifford gates. The curve is fitted with \({P}_{\uparrow }=A(1-2{r}_{{\rm{C}}})+B\), and the Clifford gate fidelity is given by \({F}_{{\rm{Clifford}}}=1-{r}_{{\rm{C}}}\). The single-qubit Clifford gates are on average composed of 1.875 primitive Ï€/2-pulses, so the Ï€/2-pulse fidelity is extracted as \({F}_{{\rm{\pi }}/2}=1-{r}_{{\rm{C}}}/1.875\). The fidelity for all ESR pulses is in excess of 99%.

                          Source data
                        


Extended Data Fig. 2 Frequency tracking protocol.
a, Frequency calibration of the ESR frequencies is implemented by interleaving calibration sequences with the randomized benchmarking experiment. After acquisition of three random sequences (one sequence is repeated 125 times), we check if the ESR frequency is still on-resonance by applying a low-power (26 dB lower than the typical operating power) Ï€-rotation. If the spin-up probability is above the threshold of 50% of the readout visibility, the experiment will continue. If the spin-up probability is below the threshold, the resonance frequency will be recalibrated until all ESR frequencies pass the check, and the measurement will continue. More sophisticated frequency tracking schemes could also contribute to higher gate fidelities37,38,39. b, c, Resonance frequency fluctuations \({\rm{\Delta }}f={f}_{1\downarrow }-{f}_{{\rm{avg}}}\) of f1â†“ (b) and \({\rm{\Delta }}f={f}_{2\downarrow }-{f}_{{\rm{avg}}}\) of f2â†“ (c) during the measurement period. We subtracted the average values of the respective frequencies favg for better visibility. Over 13 h of data acquisition, Q1 experiences multiple jumps of about 600Â kHz, while the fluctuations of Q2 remain within about 300Â kHz. Since the resonance frequency fluctuations of Q1 and Q2 are uncorrelated, we exclude fluctuations of B0 or the microwave reference clock as the cause of the frequency changes. d, Variation of exchange coupling \({\rm{\Delta }}J=J-{J}_{{\rm{avg}}}\) during the measurement period. We subtracted the average value Javg for better visibility. The exchange coupling is relatively stable during the experiment. If the frequency fluctuations in b and c were to originate from charge noise, it is unlikely that J would remain unaffected. Furthermore, since the Stark shift of Q1 and Q2 is approximately 30Â MHzÂ Vâˆ’1, a 600-kHz jump would require a change of the bias voltage applied to the D1 and D2 gates of about 20Â mV. Such a change in the electrostatic environment would deteriorate qubit readout via the single-electron transistor charge sensor, but we noticed no substantial change of the readout level during the experiment. On this basis, we further exclude charge noise from being the cause of the frequency changes. We conclude that the frequency jumps are most probably caused by spin flips of residual 29Si nuclei that locally couple to the quantum dots.
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Extended Data Table 1 Number of Clifford gates built from each primitive gate lengthFull size table


Extended Data Table 2 Single-qubit properties in different charge regimesFull size table
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