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            Abstract
The ability to individually control the numerous spins in a solid-state crystal is a promising technology for the development of large-scale quantum processors and memories. A localized laser field offers spatial selectivity for electron spin manipulation through spinâ€“obit coupling, but it has been difficult to simultaneously achieve precise and universal manipulation. Here, we demonstrate microwave-driven holonomic quantum gates on an optically selected electron spin in a nitrogen-vacancy centre in diamond. The electron spin is precisely manipulated with global microwaves tuned to the frequency shift induced by the local optical Stark effect. We show the universality of the operations, including state initialization, preparation, readout and echo. We also generate optically addressable entanglement between the electron and adjacent nitrogen nuclear spin. High-fidelity operations are achieved by applying amplitude-alternating pulses, which are tolerant to fluctuations in microwave intensity and detuning. These techniques enable site-selective quantum teleportation transfer from a photon to a nuclear spin memory, paving the way for the realization of distributed quantum computers and the quantum Internet with large-scale quantum storage.
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                    Fig. 1: Principle of optically addressable universal holonomic gates.[image: ]


Fig. 2: Experimental demonstration of the gate contrast depending on the laser power or the NV position.[image: ]


Fig. 3: Experimental demonstration of optically addressable universal single-qubit operations.[image: ]


Fig. 4: Optically addressable entanglement generation.[image: ]
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Extended data

Extended Data Fig. 1 Ramsey interference induced by an optical Stark shift.
a, Ramsey interference at the laser power of 640 nW and the detuning of 1.6 GHz. After initializing the spin to |0ã€‰S, the addressing laser is irradiated during the free evolution time between Ï€/2 pulses of the Ramsey interference (Top). b, Ramsey interference at the laser power of 1440 nW and the detuning of 1.6 GHz. c, Stark shift Î”S as functions of the laser power and detuning. d, Coherence time in the bright space T2Stark as functions of the laser power and detuning. e, Their product Î”ST2Stark as functions of the laser power and detuning. Error bars show standard deviations.


Extended Data Fig. 2 Simulations of an amplitude-alternating pulse.
a, b, Fidelity of the X and identity (I) gates implemented by (a) a square envelope pulse and (b) an amplitude-alternating pulse as a function of Î”tMW. The top graphs show the time dependence of the microwave Rabi frequency Î©MW. c, Process fidelity as a function of Rabi frequency error Î±, which denotes the magnification from ideal Rabi frequency Î©0 as Î©MW = Î±Î©0. The gate fidelity is defined as |Tr(Usâ€ Ui)|/2, where Ui and Us denote an ideal gate and a simulated gate.


Extended Data Fig. 3 Numerical simulations of the gate fidelity.
a, b, c, Infidelities of Pauli-X (a), Y (b), and Z (c) gates as a function of the hyperfine splitting. Fidelity is defined as Tr(Ï‡simÏ‡i), where Ï‡sim, Ï‡i denote simulated and ideal gates. Red lines show the active cases and blue lines show the inactive cases.


Extended Data Fig. 4 Experimental sequence of an optically addressable initialization.
First, the optically addressable manipulation transfers |+1ã€‰S into |0ã€‰S by the addressing laser for the optical stark shift of Î”S = 2 MHz (given by Î©L = 80âˆš2 MHz and Î”L = 1.6 GHz) and the amplitude-alternating microwave pulse with Rabi frequency of Î©MW = 2 MHz. Next, a spin pumping by a resonant excitation to |Eyã€‰ equally distributes the |0ã€‰S population into |Â±1ã€‰S. This process is repeated 10 times.


Extended Data Fig. 5 Optically addressable nuclear spin manipulations.
a, Experimental sequence of quantum state tomography and quantum process tomography shown in b, c. First, optically addressable electron spin manipulation is performed to an initial state of |0, 0ã€‰S, N. When the electron spin is in |0ã€‰S (|Â±1ã€‰S) the nuclear spin manipulation is active (inactive). After the manipulations, the electron spin is initialized to |0ã€‰S to readout the nuclear spin state by the repetitive readout of electron spin with CNOT-like gates. b, State probabilities of the six prepared states {|+ã€‰N = (|+1ã€‰N+|âˆ’1ã€‰N)/âˆš2, |âˆ’ã€‰N = (|+1ã€‰Nâˆ’|âˆ’1ã€‰N)/âˆš2, |+iã€‰N = (|+1ã€‰N+i|âˆ’1ã€‰N)/âˆš2, |âˆ’iã€‰N = (|+1ã€‰Nâˆ’i|âˆ’1ã€‰N)/âˆš2, |+1ã€‰N, |âˆ’1ã€‰N}. Without the addressing laser, the nuclear spin state stays in |0ã€‰S. c, Absolute values of Ï‡ matrix elements reconstructed by the quantum process tomography for the optically addressable Pauli-X, Y, Z gate. Red (blue) bars are elements with unity (zero) values in the ideal state. Error bars show standard deviations.
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