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Because of quantum superposition, quantum computation
can solve many problems, such as factoring large integers [1]
and searching unsorted databases [2,3], much faster than clas-
sical computation. To realize practical quantum computation
and then gain the desired advantages, a universal set of quan-
tum gates with sufficiently high fidelities are needed. How-
ever, various inevitable errors reduce the gate fidelities and
finally collapse the computation results, which makes the re-
alizations of quantum computation very challenging. To relax
the challenges, different kinds of robust quantum gates have
been proposed and holonomic gates are one promising kind.
Holonomic gates depend only on evolution paths of a quan-
tum system but not on evolution details. Thus, they are con-
sidered to be robust against certain errors and have attracted
much attention until now.

Early holonomic gates were realized by evolving the sys-
tems adiabatically, which makes the systems expose to the
environments for a long time and therefore induces se-
rious decoherence problem. To overcome the long run-
time problem, nonadiabatic holonomic quantum computa-
tion was recently proposed by realizing the nonadiabatic
holonomies in the unitary evolutions [4, 5]. The realiza-
tions of nonadiabatic holonomies can be explained as fol-
lows. Consider an N-dimensional quantum system ex-
posed to the Hamiltonian H(f) and suppose there is an L-
dimensional computational subspace S(0) spanned by the
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basis vectors {Igbk(O))},f:l. If the initial state is in the
subspace S(0) and the following two conditions are sat-
isfied: () TL, IOXGD = Th 16:0)(0)l, and
>ii) (P (OIH®|i(1)) = 0, k, 1 = 1,..., L, then the evolution
operator is a nonadiabatic holonomy acting on the compu-
tational subspace S(0), where 7 is the whole evolution time
and | (1)) = Texp[-i fot H(t)d? 1|¢r(0)), with T being time
ordering.

From the holonomy conditions (i) and (ii) in the above
paragraph, one can see that the first condition guarantees that
the action on the computational subspace is unitary while the
second condition guarantees that the dynamical phase van-
ishes and the evolution becomes purely geometric. Generally,
making sure the two holonomy conditions are simultaneously
satisfied needs considerable effort and is very challenging.
Despite this, due to both the robust feature and the high-speed
implementation, impressive progress has been made in the
field of nonadiabatic holonomic quantum computation. So
far, many schemes of realizing nonadiabatic holonomic gates
have been put forward for various physical systems. Partic-
ularly, nonadiabatic holonomic gates have been experimen-
tally demonstrated with circuit quantum electrodynamics, nu-
clear magnetic resonance, and nitrogen-vacancy centers in di-
amond [6-11].

Due to the long electronic spin lifetime, fast initializa-
tions, optical readouts, and coherent manipulations even at
room temperature, nitrogen-vacancy centers are considered
as a promising candidate for quantum information process-
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ing. Until now, many nonadiabatic holonomic quantum com-
putation schemes have been built based on nitrogen-vacancy
centers. However, these previous schemes usually employed
microwave controls and therefore individual system address-
ing without crosstalk was difficult. Besides, the quantum gate
realizations with microwave controls are not compatible with
the initializations and the readouts that are usually achieved
in optical ways. To solve these problems, recently Zhou et al.
[12] proposed a nonadiabatic holonomic quantum computa-
tion scheme based on nitrogen-vacancy centers via all-optical
manipulations. In the scheme, the initializations, nonadia-
batic holonomic gates, and readouts were all realized by us-
ing coherent population trapping and stimulated Raman tech-
niques. The one-qubit gates of the scheme were realized by
varying the detunings, amplitudes and phase differences of
the applied laser fields, i.e., the single-shot implementations.
The two-qubit gates of the scheme were realized by using two
ways. One way was confining the needed nitrogen-vacancy
centers into one cavity and the other one used muti-cavity
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P. W. Shor, SIAM J. Comput. 26, 1484 (1997).
L. K. Grover, Phys. Rev. Lett. 79, 325 (1997).
G. L. Long, Phys. Rev. A 64, 022307 (2001).
E. Sjoqvist, D. M. Tong, L. Mauritz Andersson, B. Hessmo, M. Johans-
son, and K. Singh, New J. Phys. 14, 103035 (2012).
5 G. FE Xu, J. Zhang, D. M. Tong, E. Sjoqvist, and L. C. Kwek, Phys.
Rev. Lett. 109, 170501 (2012).
6 G. Feng, G. Xu, and G. Long, Phys. Rev. Lett. 110, 190501 (2013).
7 A. A. Abdumalikov Jr, J. M. Fink, K. Juliusson, M. Pechal, S. Berger,
A. Wallraff, and S. Filipp, Nature 496, 482 (2013).
8 S. Arroyo-Camejo, A. Lazariev, S. W. Hell, and G. Balasubramanian,
Nat. Commun. 5, 4870 (2014).
9 C.Zu, W.B. Wang, L. He, W. G. Zhang, C. Y. Dai, F. Wang, and L. M.
Duan, Nature 514, 72 (2014).
10 H.Li, Y. Liu, and G. L. Long, Sci. China-Phys. Mech. Astron. 60,
080311 (2017).
11 B.B. Zhou, P. C. Jerger, V. O. Shkolnikov, F. J. Heremans, G. Burkard,
and D. D. Awschalom, Phys. Rev. Lett. 119, 140503 (2017).
12 J. Zhou, B. J. Liu, Z. P. Hong, and Z. Y. Xue, Sci. China-Phys. Mech.
Astron., 61, 010312 (2018).

[SS I SR

A~


https://doi.org/10.1137/S0097539795293172
https://doi.org/10.1103/PhysRevLett.79.325
https://doi.org/10.1103/PhysRevA.64.022307
https://doi.org/10.1088/1367-2630/14/10/103035
https://doi.org/10.1103/PhysRevLett.109.170501
https://doi.org/10.1103/PhysRevLett.109.170501
https://doi.org/10.1103/PhysRevLett.110.190501
https://doi.org/10.1038/nature12010
https://doi.org/10.1038/ncomms5870
https://doi.org/10.1038/nature13729
https://doi.org/10.1007/s11433-017-9058-7
https://doi.org/10.1103/PhysRevLett.119.140503
https://doi.org/10.1007/s11433-017-9119-8
https://doi.org/10.1007/s11433-017-9119-8

