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Experimental realization of a universal set of quantum logic gates with high fidelity is critical to
quantum-information processing, which is always challenging due to the inevitable interaction between
the quantum system and environment. Geometric quantum computation is noise immune, and thus, offers a
robust way to enhance control fidelity. Here, we experimentally implement the recently proposed extensi-
ble nonadiabatic holonomic quantum computation with solid spins in diamond at room temperature, which
maintains both flexibility and resilience against decoherence and system-control errors. Compared with
the previous geometric method, the fidelities of a universal set of holonomic single-qubit and two-qubit
quantum logic gates are improved in experiments. Therefore, this work makes a step towards high-fidelity
quantum-information processing based on extensible nonadiabatic holonomic quantum computation in

realistic systems.
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I. INTRODUCTION

Based on quantum superposition and entanglement
[1-3], quantum-information processing can offer a dra-
matic increase in speed over classical methods in simu-
lations [1,4], prime factoring [5], database searching [6],
machine learning [7], and so on. Currently, as quantum
coherence [2] is fragile under noise from either real-
istic environments or control fields, one of the most
urgent requirements of quantum computation is to realize
an error-resilient universal set of single-qubit and two-
qubit gates [8—11]. By employing a composite pulse with
dynamical control, gate fidelity can be enhanced system-
atically at the cost of a significant amount of operation
time [12—14]. Compared with the dynamical control that
depends on the instantaneous value of the Hamiltonian
of a quantum system, geometric phases depend only on
the global property of an enclosed path, and thus, have
built-in noise-resilient features against certain local noise
[15-20]. Moreover, if the quantum system has degenerate
eigenstates, the geometric phase can act on the degener-
ate subspace [21,22] and is a key recipe for achieving
high-fidelity quantum gates and constructing a full
geometric quantum computation (GQC).
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Originally, the GQC is constructed by adiabatic evolu-
tions to avoid transitions between different energy-level
states, and the logic gates depend only on the ratio of
control parameters, which are immune to fluctuations in
their absolute values [23,24]. However, the adiabatic con-
dition simultaneously requires a long run time, and thus,
decoherence will introduce considerable errors [25-28].
To overcome such an intrinsic disadvantage, nonadiabatic
holonomic quantum computation (NHQC) schemes are
proposed in theory based on a driving-system Hamiltonian
with time-independent eigenstates [15,29]. Compared with
the adiabatic case, this scheme is fast and is experimentally
demonstrated in superconducting circuits [25,30], nuclear
magnetic resonance [31,32], solid-spin systems [18,33—
35], and trapped ions [36]. However, because of the chal-
lenges of exquisite control among quantum systems, sys-
tematic errors will introduce additional fluctuating phase
shifts and lead to a serious reduction of fidelity com-
pared with dynamical gates [23,37,38]. To make quantum
operation robust against control errors and decoherence,
the combination of NHQC and decoherence-mitigation
methods, such as dynamical decoupling, decoherence-free
subspaces [29], and quantum-error correction [39], is a
promising strategy [40]. Recently, an extensible version
of the NHQC+ scheme [41,42], which is robust against
control errors without decoherence-mitigation methods by
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relieving the parametric constraints of the original case,
was proposed. In the experiment, only single-qubit oper-
ation was demonstrated in a superconducting circuit [25]
and trapped ions [43]. It is still a nontrivial task to realize
two-qubit gates based on the NHQC+ scheme due to the
challenging requirement for exquisite control over compli-
cated energy-level structures in experiments [25,26,43].

Here, based on the NHQC+ scheme [41,42], we exper-
imentally demonstrate high-fidelity single-qubit and two-
qubit holonomic quantum gates, which together make a
universal gate set, all by nonadiabatically manipulating
spin states in a diamond nitrogen-vacancy (N-V) center
using a significantly simplified single-loop evolution. By
shaping both amplitudes and phases of two microwave
fields, we show explicitly in experiments that the NHQC+
scheme is robust against significant variations in control
parameters. As a typical hybrid solid-spin system, the N-
V center’s electronic spin (S = 1) coupled with a nitrogen
nuclear spin (/ = 1) shows several intrinsic properties for
the NHQC+ scheme. It also poses some challenges in
experiments, mostly because the characteristic properties
of the two types of spins differ by 3 orders of magni-
tude. The electron-spin dephasing time is usually shorter
than typical durations of gates applied to nitrogen spin.
Here, we apply a dynamical decoupling method [41,44]
in the scheme to achieve high-fidelity nontrivial nonadi-
abatic holonomic two-qubit gates in experiments. There-
fore, based on the NHQC+ scheme, a programmable solid-
state quantum-information processor can be constructed
efficiently at room temperature. Moreover, the geometric
phase has a close relationship with the topological phase.
The demonstration of robust holonomic quantum gates is a
critical step towards the realization of topological quantum
computation [45,46].

II. NHQC+ SCHEME WITH N-V CENTER

First, we explain how to implement the holonomic
single-qubit gates in experiments. We manipulate the
electron-spin states of the N-J center in synthetic dia-
mond [47,49] at room temperature, as shown in Fig. 1(a).
We encode |my; = —1) =|0) and |my, = 1) = |1) as the
qubit basis states and use |my; = 0) = |a) as an ancillary
state for geometric manipulation, as shown in Fig. 1(b).
The electron-spin state is initialized to |m; = 0) by optical
pumping and read out by identifying the distinct fluores-
cence intensity of the states after a 300-ns green-laser
pulse. We apply a magnetic field of 378 G along the N-
V' axis using a permanent magnet. Under this magnetic
field, the nearby nuclear spin can be optically polarized
through level anticrossing, enhancing the coherence time
of the electron spin [3] with T ~ 8 us and T, ~ 600 us,
which are obtained from Ramsey and spin-echo signals,
respectively.
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FIG. 1. (a) Schematic of the unit cell of diamond, includ-
ing an N-V center. (b) Encoding of a qubit in the spin-triplet
ground state and microwave coupling configuration. (¢) Concep-
tual explanation of geometric quantum operation in the Bloch
sphere, showing the geometric phase that equals half of the
enclosed solid angle, yg. (d) Schematic of different paths for
the NHQC (red) and NHQC+ (brown) with optimization meth-
ods. (¢) Holonomic X gate on a bright state. Experimental results
(dots) fit well with simulations (solid lines) with n = 1. (f) Per-
formance of an X gate with control errors («) for NHQC and
NHQC+ schemes with initial state |0). Envelopes of the two
driving fields of NHQC are truncated Gaussian pulses [18,19].

We apply microwave (MW) pulses to couple the transi-
tion from the ancillary level |a) to the qubit states |0) and
[1) with Rabi frequencies 2; (¢) and 2, (), respectively,
as shown in Fig. 1(b). The Hamiltonian for the couplings
between these three levels takes the form

H, = [@e—m |o>+@e—"”2|1>] (al +He,

Q .
= Ee_"m |b) (a] + H.c., )

where Q=,/Q%+ Q3, and the bright state is [b) =

sin(0/2) |0) — cos(6/2)e |1) withtan(/2) = Q/R2 and
¢ =¢1 — ¢y —m. In the NHQC+ scheme, 6 and ¢
are time independent. Correspondingly, the dark state,
|d) = cos(6/2) |0) + sin(6/2)e |1), is decoupled from
the {|b), |a)} subspace. Here, we choose the dark state and
an orthogonal state, |/) = e~/ /?[cos(B/2)e "/ |b) + sin
(8/2)e'*?|a)], to demonstrate how to build up holo-
nomic single-qubit gates. In the NHQC+ scheme, any
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complete set of basis vectors satisfies the following con-
ditions: (i) the cyclic evolution paths, IT; (0) = I1; (7) =
|d) (d] and TI, (0) = I1, (v) = |b) (b|; and (ii) the von
Neumann equation, (d/d)I1; (f) = —i[Hy, 1], where
[1,(¢¥) = |d) (d| and [1,(¢) = |¢) (Y| denote the projectors.
Using the von Neumann equation, we obtain the follow-
ing coupled differential equations [42,43]: f = ¢/cos B,
B = Qsin (¢ + ¢1), and ¢ = Qcot B cos (¢ + ¢1), where
the dot represents the time differential.

As shown in Fig. 1(c), we adopt a single-loop evolu-
tion path to induce a pure geometric phase. Specifically,
during the whole cyclic evolution time of 7, we set 8 =
wsin®(t/t) and f = n[2B — sin(2p)]. Here, the parame-
ter n is the degree of error suppression [42]. When  — 0,
the current protocol implementation reduces to the pre-
vious NHQC case [42]. During the first time interval,
[0,7/2), we set (¢t = 0) = 0. For the following part, ¢ €
[t/2,7], we set ¢ (t =1/2) = yg and ¢(t) = yc with a
constant angle y;. Moreover, we invert the dynamical
phase of the latter interval to be opposite to the former one,
and thus, no dynamical phase will be accumulated finally.
It is quite different from the original NHQC scheme,
as shown Fig. 1(d), where the dynamical phase at each
moment is zero due to stringent requirements [15,18,19].
As a result, the corresponding evolution operator based
on the NHQC+ scheme takes the form U(0, t) = |d) (d| +
€76 |b) (b| in the {|d) , |b)} subspace, which is a holonomic
single-qubit gate in the computation basis {|0) , |1)}:

U, ,y) = &6/ p=ilvg/ Do )

It describes a rotation operation around the axis n =
(sin 6 cos ¢, sin O sin ¢, cos 0) by an angle y, with a global
phase factor exp(iys/2).

In experiments, we first observe the behavior of the
states driven by H; with the same experimental setup as
that outlined in Refs. [47,48]. We initialize the qubit to the
bright state, |b) = |0) — |1)/«/§, and set@ = m/2, ¢ =0,
and yg = m to construct an X gate. Then the bright state
evolves under the X gate and is projected to |a), |b) and the
dark state, |d) = |0) + |1)/+/2. The experimental results
are shown in Fig. 1(e). At the end of the pulse sequence,
the bright state will acquire a pure geometric phase. Also,
the bright state is always decoupled from the dark state
by H, |d) = 0. Furthermore, to show the robustness of the
NHQC+ scheme, we perform an X -gate operation, flipping
|0) to |1) with an error in the amplitude of the control pulse,
where the maximum Rabi frequency, Q,x, has some vari-
ation: Quax = (1 + «)<2. The theoretical and experimental
results are shown in Fig. 1(f). The probability of the final
state in |1) is plotted as a function of «. The system-
atic errors of the original NHQC scheme lead to a serious
reduction in gate fidelity, compared with dynamical gate
and infidelity scales, of ¢ ~ «?, which agrees with numer-
ical results [23,38]. However, for the NHQC+ scheme,

fluctuation of the control field is suppressed with optimal
control, and the gate infidelity is scaled by & ~ a*, which
is more robust than the previous scheme for a broad range
of pulse errors [26,42,43].

II1. SINGLE-QUBIT GATE

Then, we demonstrate implementation of the single-
qubit holonomic gates in a single-loop path with the
N-V center based on a similar procedure to that dis-
cussed above with n = 0.4. We characterize the holonomic
single-qubit gate through a standard quantum-process-
tomography (QPT) method [43,47], with experimental
sequences shown in Fig. 2(a). The experimental pro-
cess matrices, Xexpt, Of four specific geometric gates, /,
X /2, Y/2, and X, are shown in Fig. 2(b), with fidelities
of 0.983(4), 0.975(5), 0.978(5), and 0.977(5), respec-
tively. Here, the process fidelity is calculated through F' =
‘Tr ( KAexpt. XJ;)‘ by comparing it with the ideal operation,
xid- The gate fidelities are better than those previously
reported [18]. As the original QPT is implemented by
dynamical operation [34] with a long run time, it is more
prone to noise, parameter imperfection, and decoherence
effects than a holonomic gate. However, for the NHQC+
scheme in our experiment, the gate time is much smaller
than the coherence time of the N-V center [13]. Here, we
can implement X /2 and Y/2 gates successively and per-
form QPT when the gates are repeated, as shown in Fig. 3.
The average fidelity [13,18,50], NV, of the NHQC+ gates
can be calculated as follows: Fy = % + %(1 —2p)V =

()

P
1

X/2 X2 |
Y/2 Y/2 ‘
X |

-1

FIG. 2. QPT results of single-qubit operation. (a) Experimen-
tal pulse sequence to characterize the performance of the single-
qubit gate. (b) Bar charts of the real and imaginary parts of
Xexp for specific gates I, X' /2, Y/2, and X, giving fidelities of
0.983(4), 0.975(5), 0.978(5), and 0.977(5), respectively. Labels
on the X and Y axes correspond to operators in the basis set
{1,0,0,,0:} of the {|0),]1)} subspace. X /2 (Y/2) is a 7/2
rotation around the x (y) axis in the Bloch sphere.
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FIG. 3. Decay of the fidelity of nonadiabatic holonomic

X /2 and Y/2 gates obtained via QPT. Experimental data for
X /2 (red dots) and Y/2 (blue dots) gates are fitted by F =
[T+ —ep)d- 2p)N] /2 (solid line), and e describes errors
in state preparation and measurement. Gold line represents the
necessary fidelity threshold of 99% for the implementation of
state-of-the-art error-correction codes based on surface codes.

1+ 1exp(=T/Ti,), where T = Nt and p is the average
error per gate. We can estimate the average fidelity of X /2
and Y/2 gates to be Fy, =1—py,n =0.9957(5) and
Fy;, = 0.9961(4), respectively, from experimental data;
these values exceed the threshold of necessary fidelity for
the implementation of state-of-art error-correction codes
based on surface codes [20]. By lowering the tempera-
ture [51], 71, and T, can be prolonged by 3 — 6 orders
of magnitude in proportion to 7}, which means that the

(@) (b)
11,a)  Laser

performance of the NHQC+ scheme can be improved
significantly for solid quantum-information processing.

IV. TWO-QUBIT GATE

To realize a universal quantum computation, a two-qubit
gate is also necessary. Here, we use the nonzero host-
nitrogen nuclear spin (/ = 1 for '4N) of the N-J center as
the target qubit, as shown in Fig. 4(a). The Hamiltonian
can be expressed as

H, = DS? + y.BS, + PI? + y,BL + A..S.L..  (3)

Here, S, and I, are the z components of the spin —1 oper-
ators for the electron and '*N nuclear spins, respectively.
Ye and yy are the electronic and N nuclear gyromag-
netic ratios. The zero-field splitting is D = 2.87 GHz, the
nuclear quadrupolar splitting is P = —4.95 MHz, and the
hyperfine interaction between the N-J electron and the
YN nuclear spin is 4 = 2.16 MHz. By applying state-
selective MW and radio-frequency (rf) pulses, we can
couple different energy levels. For arbitrary sublevels of
the electron-spin ground state, the '*N nuclear spin has a
lambda (A) energy structure, which is preferable to real-
ize the NHQC+ scheme [41,42]. Similarly, we encode
[m; = —1) =10) and |m; = 1) = |1) as the qubit basis
states and use |m; = 0) = |a) as an ancillary state for the
geometric manipulation of the N nuclear spin.

For a two-qubit gate, the target qubit is changed,
depending on the state of the control qubit. The unitary
operation for a controlled rotation (CROT) gate is equiv-
alent to a controlled NOT (CNOT) gate [10,52]. A typical
CROT gate can be represented as

R 0
Ucrot = < y(()n) 1),

(c)

N

[1,0)
|1’1> MW2

0.5

State

prep
MWwW3

f2 MWI

Ia‘ a)

|a,0)
la, 1)

CNOT
2

00711

FIG. 4.

(a) Level structures of electron and nuclear spins for the geometric CROT gate and the MW and 1f coupling configuration.

(b) Time sequence for the implementation and verification of the geometric CROT gate between electron and nuclear spins. CROT gate
is implemented by applying rfl and rf2 pulses simultaneously. Duration time for CROT gate is 42 us. MW pulses are used to implement
a spin echo to increase the N-J center’s coherence time, and the selective MW sequence is myw3 — Tmw2 — Tmwi — Tmwa. 1o verify
the CROT gate, we use a combination of MW1-MW4 and a rf to implement QST. (c) Matrix elements of the output density operator
reconstructed through QST, where geometric CROT is applied to the product state |0) — |1)/+/2 [1).
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TABLE I. Measured fidelities of the output states of the NHQC+ CROT gate with six typical input states.
Initial state [11) [01) (101) — [11))/+/2 [10) |00) (100) — 10))/+/2
Final ideal state [11) —100) —(]00) 4 [11))/+/2 [10) |01) (101) — |10))/+/2
Fidelity 0.973(8) 0.974(9) 0.952(5) 0.96(1) 0.962(9) 0.940(7)

where 1, 0, and R, () represent 2 x 2 matrices, corre-
sponding to the unit operator, zero matrix, and a rotation
matrix around the y axis with R, () = e~ "%/2. Figure
4(b) shows the circuit model of the CROT gate. First,
we initialize the hybrid quantum system to the auxiliary
state, |a, 1), by the green laser. Then, by employing MW
operation, the bright state of the electron spin, |b, 1), is
prepared. Due to the magnetic dipole interaction, A4..S.7,,
the energy-level splitting of the '“N nuclear spin depends
on the electron-spin state. Assisting with state-selective rf
pulses, we can apply a holonomic Y gate to the N nuclear
spin, which depends on the electron-spin state, as shown
in Fig. 4(a). Hence, for such a solid hybrid-spin system,
the two-qubit CROT gate can be implemented similarly to
the single-qubit case. However, the duration of one CROT
gate is long, so the decoherence effect destroys a significant
part of the quantum information. To correct that, we apply
a dynamical decoupling method to the scheme with spin-
echo pulses [9,10,18,23] at the middle of the whole circuit,
with the time sequence shown in Fig. 4(b). As an example,
with an initial state of |0) — |1)/ V2 1), the final state is
detected by quantum-state tomography (QST). The exper-
imental results are shown in Fig. 4(c). Compared with the
ideal final state, |00) + |11) /ﬁ, the measured entangle-
ment fidelity is 95.2(5)%, which unambiguously confirms
the entanglement and is higher than that obtained with pre-
vious protocols for the same system [18,23]. Furthermore,
the measured final-state fidelities are listed in Table I for
six typical input states for the holonomic two-qubit CROT
gate.

V. CONCLUSION

We experimentally demonstrate a universal set of robust
holonomic gates using individual spins, which paves the
way for all-geometric quantum computation with a solid-
state system. The noise-resilient feature of the realized
single-qubit geometric gates is also verified by compar-
ing the performances of NHQC and NHQC+ schemes.
The distinct advantages of the realized NHQC+ scheme
indicate that it is a promising candidate for robust
quantum-information processing. Moreover, a nontrivial
high-fidelity two-qubit CROT gate is preformed with this
geometric protocol and enhanced by the dynamical decou-
pling method. Since the electron and nuclear spins of
different N-V centers can be wired up quantum mechan-
ically and magnetically by direct dipole interactions [53,
54], phonon-induced spin-spin interactions [55,56], and

carbon-nanotube-mediated coupling [57,58], a scalable
fault-tolerant quantum network is promising. Moreover,
the NHQC+ protocols used here for the pure geometric
implementation of universal gates should also be of inter-
est to other physical systems, such as superconducting
circuits, trapped ions, quantum dots, and nuclear magnetic
resonance.
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APPENDIX A: OPTIMAL CONTROL SEQUENCE

For the resonance NHQC+ scheme [42,43], two time-
dependent parameters need to be controlled precisely, to
enhance the robustness of quantum gates against control-
amplitude fluctuation. Suppose there is an error («) in
control amplitude, the Hamiltonian of the system can be
expressed as

H =0+ a)?eiid’mlb)(al +Hec.. (Al

In our experiments, the influence of control-amplitude
errors can be evaluated at the end of the first interval, 7/2,
and the probability amplitude error is given as

P=1((/2) | Ya(@/) =14+01+0r+---,
(A2)

where |, ) is the state with the systematic control error,
and O,, is the mth-order perturbation term. Here, we cal-
culate only the probability amplitude to the second order
as

2

T2
P~1—0o? / e 7 B sin® Bdt (A3)
0
To nullify the error effect [42,43], we set f = n[28 —
sin(28)],¢(t = 0) = 0, and ¢, (¢t = t/2) = yg, which lead
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FIG. 5. (a),(b) Amplitude and phase of MW field used in experiments for the NHQC+ X gate. (c¢) Waveform pulse of 4o -truncated

Gaussian shape in the conventional NHQC X gate without phase modulation. (d) Dynamical phases of the X gate in NHQC+ (orange
curve) and NHQC (red dashed line) schemes as a function of time ¢ during the full evolution.

to P = 1 — o sin? n7r/(2n)2. In the experimental demon-
stration, we select n = 1 to show the MW-control-field
error resilience of the NHQC+ scheme [Fig. 5(a)], and the
waveform is shown in Fig. 5(b). The typical 4o -truncated
Gaussian waveform of the MW for the NHQC protocol is
shown in Fig. 5(c). The X gate can be realized in a single-
loop way by keeping the relative MW phase unchanged
[19].

APPENDIX B: DYNAMICAL PHASE IN NHQC+

In the construction of the NHQC+ gate, the dynam-
ical phase can be cancelled out. As shown in Fig.
I(c), cyclic evolution with time t is divided into two
parts. During the first interval, ¢ € [0,7/2), the initial
value of ¢(¢) is set to ¢(t=0) =0, and ¢(7/2) =

Or/zf cos Bdt = 0, where f = ¢/cos B, f = Qsin(g +
¢1),and ¢ = Qcot B cos(p + ¢;). The corresponding evo-
lution operator is Uy (0, t/2) = |d) (d| + €' |a) (b|, where
y1 = —f (t/2)/2. During the second interval, ¢ € [t/2, 7],
we set p(t =1/2) =y and p(t=71) = frr/zf cos Bdt =
y6, With yg being an arbitrary constant angle. Then, the
evolution operator is U,(t/2,7) = |d) (d| + €72 |b) (al,
where y» = Yy +f (/2)/2. In this way, the dynamical
phase is cancelled out and the holonomic matrix is given
by U(0, 1) = |d) (d| + €6 |b) (b|. In comparison, there is

a strict constraint imposed on the driving Hamiltonian for
the NHQC scheme, to make the dynamical phase vanish
during gate operations. Meanwhile, we plot the dynamical
phases in NHQC+ and NHQC schemes during a whole X
gate evolution, as shown in Fig. 5(d).

APPENDIX C: THE EFFECT OF p

The parameter 1 is the degree of error suppression. It
seems that the optimized pulse is bounded by 2., and
thus, the improvement of the gate performance can only be
attributed to optimal control [42]. But, in the case of n > 1,
under the restriction, the gate duration time t will be too
long, and decoherence will introduce unacceptable gate
infidelity. Hence, we need to confirm the optimal value of
n under the targets with both a short time v and low sys-
tematic error sensitivity. In experiments, we find that the
robustness of the holonomic quantum gates in our scheme
is significantly improved with n = 0.4, and the control
sequence is shown in Fig. 6(a)-6(c). When n — 0, the cur-
rent implementation reduces to the previous NHQC case,
and the infidelity of the quantum gate scales as & ~ a2,

Hence, the NHQC+ scheme shares the same advantages
as those of NHQC over adiabatic GQC for speeding up
the operation times of quantum gates. In terms of system-
atic control-field errors, the NHQC+ protocol can become

(a) (b) © .
NHQC+ 2
124
’N\ ~~ ~~
) =
S s Es £f
SN SN
G 4l
NHQC+ NHQC+
0 ; | 01 X/2 gate 0 X gate
0 100 200 0 100 200 0 100 200
t (ns) t (ns) t (ns)

FIG. 6.

(a) Amplitude of MW field in experiments for single-qubit holonomic gates. (b),(c) Phases of MW field used in experiments

for NHQC+ X /2 and X gates with n = 0.4. For the Y/2 gate, ¢ = /2 and the amplitude- and phase-modulation sequence are the

same as those of the X /2 gate.
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potentially more robust. The reason is that this protocol
removes the limitation of the pulse shape. Practically, the
parameter paths are typically not unique and can be chosen
from a family of solutions for experiments. To compare
with the NHQC scheme, we keep the same gate duration
in experiments, where a higher maximal MW power is
needed for the NHQC+ scheme. Previous process fidelities
based on the NHQC scheme [18] with the N-V center are
96.5% £ 1.9%, 96.9% =+ 1.5%, and 92.1% =+ 1.8% for the
NOT gate, the rotation gate, and the Hadamard gate, respec-
tively; these values are lower than that with the NHQC+
scheme.
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