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            Abstract
Quantum computation requires many qubits that can be coherently controlled and coupled to each other1. Qubits that are defined using lithographic techniques have been suggested to enable the development of scalable quantum systems because they can be implemented using semiconductor fabrication technology2,3,4,5. However, leading solid-state approaches function only at temperatures below 100 millikelvin, where cooling power is extremely limited, and this severely affects the prospects of practical quantum computation. Recent studies of electron spins in silicon have made progress towards a platform that can be operated at higher temperatures by demonstrating long spin lifetimes6, gate-based spin readout7 and coherent single-spin control8. However, a high-temperature two-qubit logic gate has not yet been demonstrated. Here we show that silicon quantum dots can have sufficient thermal robustness to enable the execution of a universal gate set at temperatures greater than one kelvin. We obtain single-qubit control via electron spin resonance and readout using Pauli spin blockade. In addition, we show individual coherent control of two qubits and measure single-qubit fidelities of up to 99.3 per cent. We demonstrate the tunability of the exchange interaction between the two spins from 0.5 to 18 megahertz and use it to execute coherent two-qubit controlled rotations. The demonstration of â€˜hotâ€™ and universal quantum logic in a semiconductor platform paves the way for quantum integrated circuits that host both the quantum hardware and its control circuitry on the same chip, providing a scalable approach towards practical quantum information processing.
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                    Fig. 1: Large-scale approach for silicon qubits.


Fig. 2: Single-qubit characterization at 1.1Â K.


Fig. 3: Exchange and two-qubit logic at 1.1Â K.


Fig. 4: Dependence of dephasing on temperature and exchange interaction.



                


                
                    
                
            

            
                Data availability


All data underlying this study will become available on the 4TU ResearchData repository, https://doi.org/10.4121/uuid:22653416-85b0-4d7d-ad48-65967f9ea7ad.
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Extended data figures and tables

Extended Data Fig. 1 Charge readout and visibility.
a, Histograms of the readout signal for the singlet and triplet state for two operating temperatures. The sensitivity is reduced at higher temperatures, mainly because of the thermal broadening of the Coulomb peaks. The readout signal is obtained by subtracting a reference line obtained from a sequence with no microwave pulse applied. The integration time corresponds to 40 Î¼s. The readout fidelity may be improved by optimizing the charge sensing36 and by using a radiofrequency reflectometry or dispersive measurement scheme, as shown in ref. 7. b, Rabi oscillations of Q1 (see also Fig. 2b), obtained by assigning the state spin-up or spin-down to each single-shot trace, by using a threshold obtained from the histograms in a. From the data we can extract the visibility, which we find to be V â‰ˆ 0.2 at T = 1.1 K.


Extended Data Fig. 2 Spin-to-charge conversion.
a, Normalized probability of detecting the four two-electron spin states as a triplet state (U, spin up; D, spin down). The probability that the triplet antiparallel spin state is correctly identified as a triplet can be reduced by the non-perfect adiabaticity of the pulse and by a faster tripletâ€“singlet relaxation.


Extended Data Fig. 3 Exchange interaction.
a, b, Resonance frequency of both qubits as a function of the detuning energy. a, Transitions f1 and f4. b, Transitions f2 and f3. We measure the excited states by ESR-controlled spin flips applied to the control qubit.


Extended Data Fig. 4 Relaxation times.
a, b, Single-spin relaxation times of Q1 and Q2. The measurements are performed by fitting the decay of the states |â‡µâŸ© and |â‡…âŸ© to state |â‡ŠâŸ©. We extract T1(Q1) = 2.0 ms and T1(Q2) = 3.7 ms, consistent with ref. 6. Triplet probabilities have been normalized to remove readout errors.


Extended Data Fig. 5 Time dependence of the resonance frequencies and the readout point.
a, Time dependence of the resonance frequencies f1 and f4 of Q1 and Q2, respectively. The exchange interaction is set to 2.5 MHz. The data have been offset by 6.9491 GHz and 6.9620 GHz for f1 and f4, respectively. b, Time dependence of the readout point obtained by sweeping along the detuning axis in a measurement identical to the one shown in Fig. 1d. The best readout point is achieved with a Gaussian fit of the visibility peak.


Extended Data Fig. 6 Dephasing times for Q1 and Q2 as a function of exchange interaction.
a, Dephasing times of Q1 and Q2 as a function of exchange interaction, fitted with the model discussed in Supplementary Information section II. Because of the different tuning configuration, the dephasing times are slightly longer than the ones reported in the main text. In this configuration, we measure a tunnel couping of tc = 0.8 GHz and a Zeeman energy difference of Î´EZ = 10.6 MHz. Error bars are 1 s.d. from the mean.


Extended Data Table 1 Complete list of gates used in the single-qubit randomized benchmarkingFull size table
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