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Inevitable interactions with the reservoir largely degrade the performance of entangling gates, which
hinders practical quantum computation from coming into existence. Here, we experimentally demonstrate a
99.920(7)%-fidelity controlled-NOT gate by suppressing the complicated noise in a solid-state spin system
at room temperature. We found that the fidelity limited at 99% in previous works results from considering
only static classical noise, and, thus, in this work, a complete noise model is constructed by also
considering the time dependence and the quantum nature of the spin bath. All noises in the model are
dynamically corrected by an exquisitely designed shaped pulse, giving the resulting error below 10−4.
The residual gate error is mainly originated from the longitudinal relaxation and the waveform distortion
that can both be further reduced technically. Our noise-resistant method is universal and will benefit other
solid-state spin systems.
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High-fidelity entangling gates play a crucial role in
quantum information processing, in particular, fault-
tolerant quantum computation [1]. However, inevitable
interactions with the reservoir dramatically degrade the
performance of the desired gates, especially for solid-state
systems. After decades of efforts, quantum systems like
superconducting circuits [2], trapped ions [3], solid-state
defects [4,5], and quantum dots [6,7] have demonstrated
entangling gates with fidelities above the surface-code
threshold (about 99%) for fault tolerance [8,9], but practical
quantum computation demands a fidelity of at least
99.9% [10]. So far, the fidelity of 99.9% has been reached
for trapped ions [11–14] but still remains elusive for solid-
state systems due to the noisy environment in solids.
The gate errors on logical qubits can be rendered

arbitrarily small by quantum error correction provided that
the errors on physical qubits are below a certain threshold
[1,8–10]. Similarly, the physical errors can be further
corrected dynamically among multiple primitive gates once
the non-Markovian nature embraced by the noise is reason-
ably harnessed [15,16]. Therefore, by combining these two
levels of error correction, the fidelity threshold on primitive
gates could be substantially lowered, thus providing a
feasible approach to practical quantum computation sup-
ported by real-world imperfect devices. However, it is

experimentally hard to achieve higher-fidelity gates after
error correction owing to much extra circuit complexity
incurred by the correction process. Recently, universal gates
on logical qubits have been demonstrated but still perform
much worse than those on physical qubits [17]. The same
situation appears when the method of dynamical error
correction (DEC) is applied for entangling gates, because
the noise characteristics for canceling the errors in between
control pulses are not precisely grasped [4,18,19], and more
pulses and longer gate times may result in larger errors.
Over the past decades, the high-fidelity operations

enhanced by DEC are mainly single-qubit gates [4,20–22],
where the special case is the identity operation spanning a
long duration through dynamical decoupling [23–25].
Although there are many theoretical schemes to realize
DEC-improved two-qubit gates [26–29], experimental
realization remains intractable due to idealized system
description and noise modeling. In this work, the reservoir
noise is precisely measured and nearly 2 orders of magni-
tude suppressed via DEC in a solid-state spin system,
namely, the nitrogen-vacancy (NV) center in diamond at
room temperature. The fidelity of the CNOT gate rea-
lized here is improved from 99.52(2)% (primitive) to
99.920(7)%, both estimated by the method of randomized
benchmarking [30,31].
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As illustrated in Fig. 1(a), the NV center is formed by a
substitutional nitrogen atom and an adjacent vacancy in
diamond lattice. The diamond used in this work is prepared
with 13C natural abundance (1.1%) (see Supplemental
Material [32]), which brings two advantages: One is that
strongly coupled 13C spins are retained and available for
extra quantum resources [18,36,37]; the other is avoiding
costly 12C isotope purification [38]. The spin coherence of
the NVelectron is heavily disturbed by three kinds of noise
sources existing in diamond: the electron spins owned by
lattice defects, 13C nuclear spins, and lattice vibrations. In
general, the noise from lattice defects is negligible for
ultrapure diamond with high-temperature annealing. The
effect of lattice vibrations is limiting the longitudinal
relaxation time of the NV spin whose error is not resistable
by DEC due to its Markovian behavior but can be reduced
orders of magnitude at cryogenic temperatures [39].
Therefore, the noise considered to be resisted is mainly
originated from the 13C nuclear spins that are coupled to the
NV electron spin with magnetic dipolar interactions.
Different from the previous works where the 13C spin

noise is simply taken as static [4,18,19], a complete noise
model is constructed here by precisely measuring the 13C
spin environment. Generally, the 13C spins in the reservoir
are categorized into two groups, that is, the strongly
coupled 13C spins in proximity and the other weakly

coupled 13C spins, as shown in Fig. 1(a). Five strongly
coupled 13C spins are detected by monitoring the NV
coherence under dynamical decoupling (DD) sequences
[39,40], as shown in Fig. 1(b). The coupling parameters of
the five 13C spins are obtained by fitting each resonance dip
(see more details in Supplemental Material [32]), with their
results gathered in the table in Fig. 1(c). In the weak
coupling limit, the parallel component Ak of the 13C
hyperfine interaction transitions into classical static noise,
while the transverse component A⊥ under the 13C spin
precession performs like time-varying noise. Therefore, the
residual noise from the weakly coupled 13C spins is treated
as classical, including static and time-dependent compo-
nents. The static component obeys a zero-mean Gaussian
distribution with the strength measured to be σ ≈ 20 kHz.
The time-varying part ηðtÞ has two quadrature amplitudes
X and Y with the strengths measured to be σx ¼ σy ≈
30 kHz and is given by ηðtÞ ¼ X cosðωCtÞ þ Y sinðωCtÞ
with ωC denoting the 13C Larmor precession frequency (see
Supplemental Material [32]). The five 13C spins are also
classicized with the time-varying components displayed on
the right in Fig. 1(c), for analyzing the noise-filtering
behavior of the designed pulses in Fig. 2(a).
With the noise model above, the shaped pulse is

designed to cancel the errors arising therefrom for
achieving a high-fidelity CNOT gate. The CNOT gate is
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FIG. 1. Characterization of the solid-state spin system and its reservoir. (a) Schematic of a single NV center in diamond lattice. The
coherence of the NV electron spin is severely disturbed by the surrounding 13C nuclear spins. The proximal five 13C nuclear spins are
strongly coupled to the NV center and, thus, taken as quantum noise, as measured and displayed in (b) and (c). The other 13C spins are
effectively considered as classical noise containing static and time-varying components. The shaped pulse is employed to dynamically
correct the errors caused by the noises above. (b) Detection of the 13C-nuclear-spin reservoir with the NV spin coherence under a DD-32
sequence. The horizontal axis is the interval τ between two π pulses (see Supplemental Material [32]). The signatures of the proximal
five 13C spins (dips 1–5) emerge around the ninth resonance dip (the order k ¼ 9) corresponding to the interval τ ¼ ð2k − 1Þπ=ωC,
where ωC is the 13C Larmor precession frequency under a magnetic field of ≈510 G. Dip 10 belongs to k ¼ 8, while dips 20 and 30 belong
to k ¼ 10. The solid line represents the coherence curve calculated based on the coupling parameters from (c). (c) The coupling
parameters of the five 13C spins by fitting the results with different orders under the DD-32 sequence and the accordingly calculated

noise spectrum under a magnetic field of about 510 G. Ak and A⊥ represent the hyperfine components Azz and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
zx þ A2

zy

q
, respectively.

All errors in parentheses are one standard deviation.
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the nuclear-state-controlled electron NOT (CnNOTe) gate
performed upon the hybrid system constituted by the NV
electron spin and the 14N nuclear spin. Considering the
complexity of the problem, the numerical method is
adopted to optimize the shaped pulse for filtering the
noise with higher orders. It is worth noting that it is
unnecessary to take the nearby 13C spins as quantum
objects in the numerical optimization, which dramatically
reduces the required computation overhead and makes the
optimized shaped pulse applicable for the other NVs
without the need for a priori knowledge of the 13C spin
distribution (see Supplemental Material [32]).
In order to estimate the performance of the optimized

pulse, the ability to resist different time-varying noises is
first investigated [41,42]. The noise-filtering method, just
as used in DD [24,43], is employed here for analyzing the

gate fidelity by calculating the overlap integral between
the filter function FðωÞ and the noise spectrum SðωÞ.
Nevertheless, due to the control-noise noncommutativity,
the expression of the gate fidelity must be expanded in
series [44,45]:

F g ¼ 1−
1

2π

Z þ∞

−∞

dω
ω2

SðωÞF1ðωÞ

−
1

ð2πÞ2
Z þ∞

−∞

dω
ω2

SðωÞ
Z þ∞

−∞

dω0

ω02 Sðω0ÞF2ðω;ω0Þ− � � � ;

ð1Þ

where F1ðωÞ and F2ðω;ω0Þ are the filter functions of the
first two orders. Since the noise-filtering behavior of
the optimized pulse cannot be sufficiently depicted by the
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FIG. 2. Resistance to time-dependent noise and quantum noise. (a) The CNOT gate error induced by time-dependent noise for three
kinds of control pulses. The primitive gate is realized by a rectangular pulse (green), while the other two are constructed by shaped
pulses to dynamically correct the noise-induced errors, of which the one is optimized to resist only static noise (blue) and the other is
resistant to both static and time-varying noises (red). In the calculation, two components of the time-dependent noise obey Gaussian
distributions with the strengths σx ¼ σy ¼ 70 kHz. (b) The enlarged display near the 13C Larmor frequency in (a), together with the 13C
noise spectrum [Fig. 1(c)]. (c) The state evolution under the NOToperation of the CNOT gate with 1000 samples of the time-varying noise
at the 13C Larmor frequency. (d) Localization of the proximal five 13C spins that function as quantum noise in (e). (e) Resistance to
quantum noise exhibited by the quantum-state purity under the NOT operation of the CNOT gate. The five 13C spins are taken as quantum
objects, and their couplings to the NV center are included in the whole Hamiltonian. See the behaviors under the identity operation of the
CNOT gate in Supplemental Material [32].
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leading-order term, we directly calculated the gate errors
under different time-varying noises, which can serve as an
all-order filter function in some sense. The results obtained
for the optimized pulse with a duration of 1.5 μs are plotted
in Fig. 2(a), together with those of the primitive pulse
(401 ns) and another shaped pulse with only static-noise
resistance (1.5 μs) for comparison. The latter performs badly
near the 13C Larmor frequency ωC and even worse than the
primitive pulse due to a longer duration, which justifies
constructing the complete noise model instead of a sim-
plified static one [4,18,19]. The time-varying-noise resis-
tance near ωC optimized for the shaped pulse also works for
the proximal five 13C spins with all errors near the minimum
below 10−4, as shown in Fig. 2(b). The performances of the
pulses above manifest even more obviously by monitoring
the state evolutions under 1000 noise samples at ωC,
graphically represented as the trajectories of the Bloch
vector in Fig. 2(c). The trajectories for the time-varying-
noise-resistant pulse finally converge into a small region, in
comparison to the largely dispersed regions exhibited by the
other two pulses. As a matter of fact, the effect of the
strongly coupled 13C spins can be precisely analyzed by
absorbing them to constitute a seven-qubit quantum register,
with their locations given in Fig. 2(d). Under this scenario,
the quantum-state purity is utilized to evaluate the ability to
resist the quantum noise from other qubits, as displayed in
Fig. 2(e). The final purity is recovered above 0.9999 for the
shaped pulse with time-varying noise optimized, which
signifies that destructive entanglements with the 13C spins
are canceled out among the subpulses of the shaped pulse.
In the following, the high fidelity manifested by the

shaped pulse optimized above is experimentally charac-
terized by the Clifford-based randomized benchmarking
(RB) [30,31]. However, it is inconvenient to directly apply
two-qubit RB for the hybrid system here, due to the control
difference between the electron spin and the nuclear spin.
Alternatively, considering the negligible error from
nuclear-spin decoherence [Fig. 4(d)], the two-qubit RB
for the CnNOTe gate can be simplified into estimating the
fidelities of the identity operation and the NOT operation in
two nuclear subspaces, which is called subspace random-
ized benchmarking [46] (see Supplemental Material [32]).
Before benchmarking the operations above by interleaved
RB (IRB) [31], single-qubit RB needs to be implemented
first to serve as a reference. The shaped pulse shown in
Fig. 3(b) is designed for performing the π=2 gate in both
subspaces defined as Fig. 3(a), from which single-qubit
Cliffords are established. The average fidelities per Clifford
are measured to be 99.936(4)% for the state mI ¼ 0 and
99.979(3)% for the state mI ¼ þ1 by fitting the RB results
in Fig. 3(c). Since every Clifford has about 2.2 π=2 gates
on average, the fidelity of the π=2 gate turns out to be
99.980(1)%. As described in Fig. 2, the shaped pulse with
the profile [Fig. 4(a)] is optimized to resist the complete
noise model, including static and time-varying, classical,

and quantum noises. The noise-resistant ability is acquired
by experiencing the complicated evolutions displayed in
Fig. 4(b), corresponding to the identity operation and the
NOT operation in both subspaces, respectively. By applying
the IRB sequences, the fidelity of the CNOT gate realized by
the shaped pulse is found to be 99.920(7)% in Fig. 4(c)
after subtracting the single-qubit reference. Compared with
the primitive gate with a fidelity of 99.52(2)%, the shaped
pulse with only static-noise resistance has a lower fidelity
of 98.27(6)% for the fact that the noise model is inaccurate
and a longer gate time leads to a larger error, as stated
regarding DEC.
The residual error 0.80ð7Þ‰ is accountable by scruti-

nizing the errors from varieties of experimental imperfec-
tions that are collected in Fig. 4(d) (see a detailed analysis
in Supplemental Material [32]). After suppressing the error
from the spin reservoir by 2 orders of magnitude, the errors
from the longitudinal relaxation of the NV spin and
the waveform distortion of the shaped pulse dominate.
The error from the longitudinal relaxation for our room-
temperature setup is estimated to be 0.32‰ by measuring
three-level relaxation behaviors, which can be removed by
running at cryogenic temperatures [39]. The error from the
waveform distortion is 0.21‰ by performing the state

FIG. 3. Single-qubit gates and randomized benchmarking.
(a) Level diagram of the NV-14N coupled system. The four levels
inside the shaded box are utilized as two qubits, and the
microwave is resonantly applied in the spin state mI ¼ 0.
(b) The optimized shaped pulse that simultaneously performs
the π=2 gate in bothmI ¼ 0 andmI ¼ þ1 subspaces. The shaped
pulse exhibits a piecewise-constant amplitude (Rabi frequency)
profile with eight pieces of 30-ns subpulses in both real and
imaginary parts. See more details in Supplemental Material [32].
(c) The single-qubit RB results for two nuclear spin states. The
Clifford gates are comprised of the π=2 gate in (b). By fitting the
results, the average fidelities per Clifford are given by 99.936
(4)% for the state mI ¼ 0 and 99.979(3)% for the state mI ¼ þ1.
Inset: the implemented RB sequences.
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tomography after the IRB sequences and can be further
mitigated by carefully refining the waveform details or by
quantum optimal control [47,48]. The remanent error from
the 13C spin bath is calculated to be 0.074‰ based on the
noise model above, including the five 13C spins, the static
noise (20 kHz), and the time-varying noise (30 kHz). Other
errors are insignificant: The amplitude instability of
the applied microwave produces an error of 0.030‰; the
effects from the rotation wave approximation and the
population leakage into the third level are calculated
together to give an error of 0.020‰; the 14N-nuclear-spin
decoherence from the applied pulse not from the 13C spin
bath gives an error of 7 × 10−6; and the errors from other
sources are all below 10−6.
In conclusion, we demonstrate a 99.920(7)%-fidelity

CNOT gate in a solid-state spin system by employing DEC.
The spin reservoir is precisely measured for establishing a
complete and real noise model, consisting of static noise,
time-varying noise, and quantum noise. The shaped pulse is
exquisitely designed to dynamically correct the errors from
all kinds of noises. The method above is extensively
applicable for solid-state spin systems, such as phosphorus
dopants [5,49] and quantum dots [6,7] in silicon, defects in
diamond and silicon carbide [50,51], rare-earth-doped
crystals [52,53], and so forth. The analysis of the residual
gate error indicates that all errors above 10−4 can be
removed technically, providing the possibility to improve

the fidelity up to 99.99%. The high-fidelity CNOT gate
realized here is of significant importance for practical
quantum computation. Furthermore, considering being
performed on a hybrid spin system, it is also crucial for
exchanging quantum information between electron and
nuclear spins on the interface of quantum memory [49,54].
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FIG. 4. CNOT gates and gate error analysis. (a) The optimized shaped pulse for realizing a high-fidelity CNOT gate. As shown in Fig. 2,
the shaped pulse is resistant to static noise, time-varying noise, and quantum noise. It has 30 pieces of 50-ns subpulses in both real and
imaginary parts, and more details can be found in Supplemental Material [32]. (b) The measured evolutions under the NOT and identity
operations of the CNOT gate by applying the shaped pulse in (a). The solid lines are the theoretical simulations. (c) The fidelity
measurement of the CNOT gates realized by the pulses in Fig. 2 by the modified IRB. Inset: the implemented modified IRB sequences.
(d) Error budget for the residual gate infidelity.
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