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Spins associated to solid-state color centers are a promising platform for investigating quantum compu-
tation and quantum networks. Recent experiments have demonstrated multiqubit quantum processors,
optical interconnects, and basic quantum error-correction protocols. One of the key open challenges
towards larger-scale systems is to realize high-fidelity universal quantum gates. In this work, we design
and demonstrate a complete high-fidelity gate set for the two-qubit system formed by the electron and
nuclear spin of a nitrogen-vacancy center in diamond. We use gate set tomography (GST) to systemati-
cally optimize the gates and demonstrate single-qubit gate fidelities of up to 99.999(1)% and a two-qubit
gate fidelity of 99.93(5)%. Our gates are designed to decouple unwanted interactions and can be extended
to other electron-nuclear spin systems. The high fidelities demonstrated provide opportunities towards
larger-scale quantum processing with color-center qubits.

DOI: 10.1103/PhysRevApplied.23.034052

I. INTRODUCTION

Solid-state color centers are a promising qubit platform
for exploring quantum simulation, computation and net-
works [1]. Pioneering experiments include the demonstra-
tion of small quantum networks [2—5], control of quantum
processors with up to ten qubits [6-9], the implementa-
tion of rudimentary quantum algorithms [10—14], and the
benchmarking of fault-tolerant quantum error-correction
codes [15—17].

One of the main challenges on the road to larger-scale
quantum information processing is to further improve the
fidelity of quantum gates. In the short term, the gate
fidelity sets the attainable depth and complexity of quan-
tum algorithms. In the longer term, error correction and
fault tolerance can be used to overcome imperfections, pro-
vided that single- and two-qubit gate fidelities satisfy error
thresholds [18—21]. These prospects have stimulated a
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wide variety of research aiming to design, characterize, and
optimize high-fidelity quantum gates in various platforms
[8,12,22-38].

For color center qubits, the state of the art is set by the
nitrogen-vacancy (N-¥) center in diamond, which can be
used as a two-qubit system consisting of the N-J elec-
tron spin and the intrinsic '*N nuclear spin [6,8,12,22-24].
High-fidelity single-qubit gates have been demonstrated
for the N-V electron spin and were characterized by ran-
domized benchmarking [22,23]. Recent work reported
a high two-qubit electron-nuclear gate fidelity (99.92%)
using gate designs that are tailored to the noise environ-
ment [24]. However, the employed method of subspace
randomized benchmarking does not consider the full two-
qubit system and provides an upper limit rather than a best
estimate for the fidelity [24]. Additionally, that work did
not include single-qubit gates on the nuclear-spin qubit,
which are challenging to perform due to the always present
electron-nuclear coupling.

Here, we design, optimize, and characterize a complete
set of high-fidelity quantum gates on the two-qubit sys-
tem formed by the N-J electron and nitrogen spins. We
design gates that precisely decouple unwanted interactions
between the two qubits, as well as between the qubits
and the environment, and use gate set tomography (GST)
[39,40] to obtain the process matrix for both single- and
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two-qubit gates in the full two-qubit space. We use these
process matrices to systematically identify sources of gate
errors and develop improved calibration methods. We then
demonstrate high fidelities for all gates in the two-qubit
space (single-qubit gates around F = 99.94% and two-
qubit gate F' = 99.93(5)%). Additionally, we design and
characterize single-qubit gates for specific cases in which
one of the qubits is not actively used, and demonstrate a
fidelity of 99.991(4)% for the electron-spin qubit and a
fidelity of 99.999(1)% for the nitrogen-spin qubit. Finally,
we compile a SWAP gate from the characterized gate set
to illustrate how the information of the gate errors can be
used to implement error-mitigation techniques. We use this
SWAP gate to store quantum states in the nitrogen quan-
tum memory for over 100 s. Our systematic optimization
and high gate fidelities for a complete gate set provide
a promising starting point towards larger-scale quantum
systems based on color-center qubits.

II. SYSTEM: N-V ELECTRON-NITROGEN SPIN
QUBITS

We consider a single N-V center in a type-Ila isotopi-
cally purified diamond at 4 K. We study the two-qubit
register formed by the N-J electron spin and the nitro-
gen ("*N) nuclear spin, and consider the surrounding '3C
nuclear spins (concentration approximately 0.01%) and P1
center electron spins (concentration approximately 75 ppb)
as sources of noise [Fig. 1(a)] [41,42]. The Hamiltonian of
this system is [43]

H = DSZZ + VeB.S. + yeB1S: + lez + VuB:L
b VBl + ALy + Ay Syl + AzS.L, (1)

where D =~ 2.87 GHz is the zero-field splitting of the
electron spin, y, = 2.8024 MHz/G (y, = —307.7 Hz/G)
is the gyromagnetic ratio of the electron (nitrogen) spin,
O~ —4949 MHz is the quadrupole splitting of the
nitrogen spin and [A,, 4y,,4.:] ~ [2.68,2.68,2.188] MHz
are the diagonal hyperfine components of the spin-spin
interaction between the electron spin and the nitrogen
spin (Note II within the Supplemental Material [44]).
[Sx, Sy, S:] ([L, 1, I.]) are the spin-1 operators for the elec-
tron (nitrogen) spin. We work at an approximately aligned,
external magnetic field of B, ~ 62.29 G and B, ~ 0.41
G (Appendix D). We choose two levels of each qutrit to
encode a qubit: m; = {0, —1} and m; = {0, —1} for the
electron and nitrogen spin, respectively [Fig. 1(b)]. We ini-
tialize and read out the N-¥ electron spin through resonant,
optical excitation [45]. Before each experimental repeti-
tion, we prepare the N-J center in the negative charge state
and the lasers on resonance with the N-V transitions [46].
To initialize the nitrogen spin, we swap the electron m; = 0
state to the nitrogen in a two-step SWAP initialization pro-
cess (Appendix G). To read out the nitrogen spin, we map

(a) (b) electron nitrogen
B e g, o
ee ®¥ nitrogen spin ~7.1 MHz

% (qubit)
¢ 1 |

~2.7 GHz

é ¢
[OA 10>,
(C) “>n ~ 4.9 MHz

preparation measurement
fiducials [:] Ea [:] fiducials

FIG. 1. System and experiment overview. (a) The system
under consideration is the N-J center in diamond. The electron
spin-1 (purple) and N spin-1 (green) are surrounded by two
spin baths that generate noise: nuclear '>C spins and P1-center
electron spins. (b) Schematic level diagram of the electron and
nitrogen spin. The transitions indicated in blue are used for the
electron and nitrogen gates. (c) Experimental implementation of
gate set tomography. We initialize the nitrogen spin via a SWAP
with the electron spin (Appendix G), after which we reinitialize
the electron spin optically (SP = spin pump). Then, we run a set
of preparation circuits (fiducials), germs, and measurement cir-
cuits, after which the electron and nitrogen spin are read out. The
germs are longer sequences of gates meant to amplify specific
types of errors [39,40].

SWAP
initialization

its spin state on the electron spin, which is then read out
optically (Appendix H).

III. GATE SET TOMOGRAPHY (GST)

To characterize and optimize gates, we use gate set
tomography (GST). GST is a calibration-free tomogra-
phy method used to characterize an informationally com-
plete set of quantum gates [39,40]. It has previously been
applied on a variety of systems, such as ion traps [47,48],
quantum dots [28], silicon donors [29,49], and supercon-
ducting qubits [50]. The process entails executing a set of
quantum circuits, consisting of preparation and measure-
ment circuits (called fiducials) and germs that are used to
amplify specific types of gate errors [Fig. 1(c)]. Compared
to benchmarking methods, such as randomized bench-
marking [51-56], interleaved randomized benchmarking
[53,57,58], and cross-entropy benchmarking [59,60], GST
estimates the complete process matrices for the gate set. In
this work, we exploit that detailed information of the gate
errors to systematically characterize and optimize gates for
the electron-nitrogen two-qubit system.

IV. COMPLETE TWO-QUBIT GATE SET

A universal set of quantum gates requires a two-qubit
gate, as well as single-qubit gates for each qubit. Note
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that, in general, one is interested in the complete evolution
within the two-qubit space. That is, a single-qubit rota-
tion on one of the qubits should simultaneously realize the
identity operation on the other qubit. For example, a single-
qubit /2 gate on the nitrogen nuclear spin is defined as
I, ® R, (7 /2),, with I, the identity matrix.

A key challenge is that the electron- and nitrogen-spin
qubits have an “always-on” hyperfine interaction [Eq. (1)],
and that the electron spin continuously couples to the
surrounding spin bath. Therefore, a central element of
this work is to design composite gates that can precisely
decouple unwanted interactions during the gate operations.

In specific cases, the conditions for single-qubit gates
can be relaxed. For example, when at a given moment in
an algorithm the other qubit is in a known computational

R @ XY8 x | xvs RO X8
2 (@ U] 2 (@

} 1=7.304ps
<
S $ 1=83ps g
g ' g
3
0 1000 2000 3000 4000
Number of XY8s

eigenstate or its information does not need to be preserved,
some interactions do not have to be decoupled. Below, we
first consider the general case of the full two-qubit space.
We discuss single-qubit gates optimized for specific cases
in a later section.

As basic operations on the electron-spin qubit we use 7 -
and 7 /2-pulses, which we implement by applying Hermite
pulse shapes modulated by the electron-spin frequency
(approximately 2.7 GHz). A Hermite pulse shape is cho-
sen to minimize the effects of the detunings introduced by
the different nitrogen-spin states (Appendix E).

Out of these - and 7 /2-pulses, we construct compos-
ite /2 and identity gates [Fig. 2(a)]. All gates include
dynamical decoupling of the electron spin in order to
avoid phase errors due to the electron-nitrogen interaction

(b)
electron nitrogen
LA N
XY8
L@l | gy | 99986)%
y XY8
Ty
(0 Rl | B2 99.933)%
XY8
Ty
RO el [RO| 990465 %
Y X o | s e
T
/9®Rx(g)n RG) | 99.94(2) %

ddirf,

1,9RE, RO | 99.942)%
ddrf,

controlled-R (D) R 3| 99.93(5) %

n ddrf,

(e)

coherent error generator stochastic error generator

0 6e-4 | 3e-3 | 2e-3 / 0 le-5 | 2e-5 7e-6
5e-3 -6e-5 | 2e-4 c X 4e-5 | 3e-5 [ 3e5
o
9]
<Q
-3e-3 3e-5 | -2e-4 ¢y 1e-5 | 1e-5
-4e-4 | 2e-3 | 3e3 z IV 3e-5 | 7e-6 | 4e-6
! X Y V4 I X Y z
nitrogen nitrogen

FIG. 2. Two-qubit GST on the electron-nitrogen system. (a) Pulse sequences for the electron, nitrogen, and two-qubit gates. The
identity operation is implemented by an XY8 decoupling sequence. The electron 7 /2-pulses are placed between XY8 sequences.
The nitrogen single-qubit gates are implemented using DDRF [6]. For the two-qubit gate, all odd rf pulses get an additional 7 phase
shift, which makes the nitrogen rotation conditional on the electron-spin state. (b) Average gate fidelities for the electron-nitrogen
two-qubit system (Appendix C for the definition of average gate fidelity). For each operation (left), we show the gate implementation
[middle, see (a)] and the average gate fidelity (right). The single-qubit gate fidelities take into account the effect on the other qubit
(Appendix C). The error bars represent one standard deviation (a 67% confidence interval). (c) Effect of the XY8 dynamical-decoupling
sequence (I, ® I,) of (a) on the nitrogen spin for different interpulse delays t. We initialize the nitrogen spin in m; = 0 and apply a
variable number of XY8 sequences with 7 = 7.304 s (green) or T = 8.3 us (blue). We find a coherent rotation of the nitrogen spin
at T = 8.3 ps whereas this is absent for T = 7.304 ps. The blue line for T = 8.3 s is a fit that yields the perpendicular magnetic field
B, ~ 0.41 G (Appendix D). The green line for 7 = 7.304 ws is a simulation of the expected signal given the extracted B . The error
bars on the data represent one standard deviation. (d),(e) Coherent and stochastic error generators for the controlled gate (R, (F7/2)).
The box colors are proportional to the magnitude of the indicated values. Dephasing of the electron spin (stochastic, Z ® ) is the main
contribution to the average gate infidelity.
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[predominantly of the form S, /., see Eq. (1)], and to decou-
ple from the environment. To optimize the electron gates,
we calibrate the interpulse delay 7, as well as the ampli-
tude of the electron 7- and 7 /2-pulses for both the gates
around x and y (Appendix K).

To implement gates involving the nitrogen spin, we use
dynamical decoupling radio-frequency (DDRF) gates [6].
The DDRF gate consists of dynamical decoupling on the
electron spin interspersed with rf pulses (approximately
7.1 MHz) on the nitrogen-spin qubit [Fig. 2(a)]. This
decouples the electron spin from its environment while
simultaneously driving the nitrogen spin. By updating the
phases between consequent rf pulses to account for the
nitrogen-spin precession, an effective rotation builds up.
By shifting the overall phase of the rf pulses, we can rotate
the nitrogen spin around either x or y.

This rotation can be chosen to be unconditional (a
single-qubit gate) or conditional on the electron-spin state
(a two-qubit gate), by setting the phases of the rf pulses
[6]. This conditional interaction is a controlled F7r/2 gate
around x:

10) (O, @ Re(—=7/2)u + I1) (11, @ Re(7/2)n,  (2)

where 0 (1) refers to the electron-spin qubit being in m; =
0 (my = —1). To optimize the nitrogen gates, we apply
multiple, consecutive /2 gates, while sweeping the rf
amplitude of the DDRF gates (Appendix K). No separate
optimization is performed for the two-qubit gate.

After optimization (see below for an extended dis-
cussion), we observe single-qubit gate fidelities around
99.94% and a two-qubit gate fidelity of 99.93(5)% for
full two-qubit operation [Fig. 2(b), see Appendix C for
the definition of average gate fidelity]. These fidelities are
amongst the highest reported in any system [27,28,31,32,
35,37,38]. Compared to a previous characterization of dif-
ferent N-V-center gates using subspace randomized bench-
marking [24], the fidelities we obtain are best-estimates
rather than upper limits, we obtain the full process matri-
ces, and we implement a complete gate set that includes
nitrogen-spin single-qubit gates.

To investigate the stability of the system and the robust-
ness of the calibration routines, we perform a total of
four two-qubit GST experiments. Across all experiments,
we consistently find fidelities above 99.9% for all gates.
The two-qubit gate fidelity averaged over the four runs is
Favg = 99.923 £ 0.026% (Note V within the Supplemental
Material [44]).

V. GATE OPTIMIZATION

Our starting point were the DDRF gates and calibra-
tion steps as introduced in Bradley et al. [6]. We then
used GST and the resulting model violation and process
matrices to systematically identify previously overlooked

sources of noise and calibration errors. The main improve-
ments made are as follows: (1) Improved calibration of
the microwave and rf pulse amplitudes by embedding
the pulses in XY8 sequences, in order to remove non-
Markovianity and enabling consistent concatenation of the
full gate set (Appendix F), (2) precise calibration of the
the / and Q modulation channels for the electron pulses,
and (3) setting the interpulse delay t and the magnetic-
field strength, according to conditions we derive below, to
decouple the electron spin from the environment and the
14N spin, while simultaneously avoiding spurious uncondi-
tional rotations of the 4N spin. We now describe the latter
point in more detail.

A key gate optimization step is to set the interpulse
delay 7 of the electron XY8 decoupling sequence. Ideally,
this sequence cancels the interaction of the electron-spin
qubit with the spin environment and with the nitrogen-spin
qubit, performing an identity gate on both qubits. How-
ever, such decoupling sequences can resonantly couple the
N-V electron-spin qubit to the dynamics of the surround-
ing spin bath, which includes the dynamics of individual
nuclear spins [42,61-63], as well as of nuclear-spin pairs
[64] and electron-spin pairs [65]. We leverage our detailed
knowledge of the nuclear- and electron-spin environment
of this N-V center [41,42,65] to choose suitable values
of the interpulse delay 7, at which we avoid decoher-
ence of the electron spin due to the '*C and P1 spin baths
(Appendix D).

Next, we optimize the electron XY8 decoupling
sequence for performing the identity operation on the
nitrogen-spin qubit. To remove residual z rotations we set
7 to a multiple of the period set by the average precession
frequency of the nitrogen spin for the two electron states
(t = 4n/(@o + o).

However, for this value of 7, we observe a small but
significant unconditional coherent rotation on the nitrogen-
spin qubit for the electron XY8 decoupling sequence
[Fig. 2(c)]. This coherent rotation can be explained by an
effective S.I, interaction [61,66] between the electron and
nitrogen spin coming from the misaligned magnetic field
of By ~ 0.41 G, which breaks the symmetry of the system
(Appendix D) [66].

To remove this nitrogen-spin rotation, we impose a sec-
ond condition: T = 2am/(wy — w—1). Together with the
first condition, this ensures that a single dynamical decou-
pling unit (t — 7 — 2t — 7 — 7) does not induce any
effective rotation on the nitrogen-spin qubit, independent
of the exact field alignment [Fig. 2(c), Appendix D]. This
design makes the gate robust to magnetic-field misalign-
ment.

VI. GATE ERRORS

GST provides completely positive trace-preserving pro-
cess matrices for the gate set [39,40]. Since the process
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matrix offers a complete description of the two-qubit
evolution under the action of a gate, it provides informa-
tion about the type, origin, and magnitude of infidelities
in our system. Error generators can be used to dissect
the process matrices in distinct error sources with clear
physical interpretations [40]. In particular, the coherent
Hamiltonian and the incoherent stochastic error generators
distinguish between unitary error processes, such as over-
and under-rotations, and stochastic error processes, such as
qubit dephasing.

For the two-qubit gate, the largest remaining error
source is the electron single-qubit coherent error around
z [Fig. 2(d)]. However, coherent errors only contribute
quadratically to the average gate fidelity, whereas stochas-
tic errors contribute linearly [47,67,68]. Therefore, we
conclude that the average gate fidelities of the gates in this
work are mainly limited by single-qubit dephasing (Z.1,,)
and single-qubit bit flips (Y.1/,,) of the electron-spin qubit
(Note VII within the Supplemental Material [44]).

The electron-spin dephasing and bit flips likely origi-
nate from magnetic-field noise. The main candidates for
the source are the fluctuating external magnetic field and
the spin environment of the N-J center [Fig. 1(a)]. The
timescale of the noise plays an important role in its effect
on the gates. Simulations show that quasistatic noise,
which fluctuates slowly and can be considered as con-
stant during a single gate, has no significant effect on
the gate fidelity due to the XY8 decoupling sequences
(Appendix F). However, higher-frequency noise, which
fluctuates within a single gate, may explain the observed
electron-spin dephasing and bit flips. A likely source are
the spin-bath dynamics, in particular, flip-flops (approxi-
mately kHz) of interacting P1 centers (approximately 75
ppb) [41,65].

VII. CONTEXT-SPECIFIC SINGLE-QUBIT GATES

For both single- and two-qubit gates, the two-qubit pro-
cess matrix is the most complete description (Fig. 2). How-
ever, gates optimized using two-qubit process matrices are
not necessarily optimal under all circumstances. For exam-
ple, if one qubit is in a well-defined state (e.g., an eigen-
state) or does not hold valuable information and is allowed
to dephase, then more optimal or simpler single-qubit gate
designs likely exist for the other qubit. Such situations
are very common in quantum algorithms, for example, in
quantum error correction where ancillary qubits are regu-
larly measured and reinitialized [63]. In what follows, we
consider various single-qubit gate designs and their per-
formance in different cases. To characterize these gates,
we perform GST on the single-qubit system of either the
electron-spin or nitrogen-spin qubit.

We first consider single-qubit gates on the electron spin
for the specific case in which the nitrogen spin is in
a known eigenstate. In this case, it is not necessary to

X R @ y
—N— - —N—

AW |

(b) electron operation
nitrogen m,=0

Rl

electron operation
nitrogen mixed

Y.

I XY8 0 XY8
identity @ 99.94(3) % 99.93(2) %
RO ) R
'x\2 X2 99.991(4) % XX%(S 99.880(8) %
R @ RO | 99.9814)% 99.917(8) %
y2 Xv8
(@ nitrogen operation nitrogen operation
electroninm =0orm, =-1 electron m =-1
. . XY8 XY8
identity 99.95(2) % @ 99.994(4) %
R (g) 99.997(4) % RE) | 99.999(1) %
X ddrf if
T i i
Ry(i) 99.997(4) % Ry(zzf 99.999(1) %

FIG. 3. Single-qubit GST for the electron-spin and nitrogen-
spin qubits. (a) Pulse sequences. We additionally implement
single-qubit gates without XY8 decoupling for the electron-spin
qubit and for the nitrogen-spin qubit (1f pulses; length approxi-
mately 100 ws; risetime 1 ws). (b) Average gate fidelities from
single-qubit GST for the electron-spin qubit for two different
cases. (Left) The nitrogen spin is in m; = 0 and the 7 /2 gates do
not include XY8 decoupling. (Right) The nitrogen spin is mixed
and the 7 /2 gates include XY8 decoupling. (c) Average gate
fidelities from single-qubit GST for the nitrogen-spin qubit, for
two cases. (Left) The 7/2 gates are implemented using DDRF,
which can be used regardless of the electron-spin state. Here, the
electron spin is in my; = 0. In Note IV within the Supplemental
Material [44] we show the result for m; = —1, obtaining similar
fidelities. (Right) The w/2 gates are implemented using sim-
ple rf pulses (no decoupling), with the electron-spin state being
mg; = —1. For (b) and (c), the error bars represent one standard
deviation (a 67% confidence interval).

decouple the hyperfine coupling, so that a gate consist-
ing of a simple microwave pulse can be used [Fig. 3(a)].
Figure 3(b) (left) shows the gate fidelities from GST for
my; = 0. Compared to the gate designs with decoupling
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(Note IV within the Supplemental Material [44]), we find
a slight improvement in fidelity, which we attribute to
the removal of the XY8 decoupling sequences. Addition-
ally, the direct microwave pulse is much faster (1.344 s
vs 234.728 ws) and reduces the stochastic gate errors, so
that it is preferred when the nitrogen spin is in a known
eigenstate during algorithms.

Next, we consider the case where the nitrogen spin
is fully mixed (m; = 0,%£1). This case applies when
the nitrogen spin is not (yet) used in an algorithm,
which is common, for example, during sensing experi-
ments or remote entanglement generation [2—4]. In this
case, the strong hyperfine coupling makes it preferable
to apply decoupling, and the simple microwave pulse
[Fig. 3(a)] shows significantly lower fidelity (approxi-
mately 99.86%, Note IV within the Supplemental Material
[44]). Figure 3(b) (right) shows that the fidelities for the
gates with decoupling are slightly reduced compared to
the pure nitrogen-spin state, as the hyperfine interaction
(A;; ~ 2.188 MHz) combined with the limited peak Rabi
frequency (2 ~ 27 MHz) cause different electron-spin
rotations for the three nitrogen states (Appendix E).

For the nitrogen-spin qubit, we first characterize the
DDRF-based single-qubit gates [Fig. 2(a)] in the single-
qubit subspace for different electron-spin states [Fig. 3(c)
and Note IV within the Supplemental Material [44]]. We
find fidelities of 99.997(4)%, confirming that the gate
fidelity in the two-qubit subspace is mainly limited by
errors on the electron spin. When the electron is in a
known eigenstate (here m; = —1), the nitrogen-spin gates
can alternatively be implemented by a simple rf pulse
[Fig. 3(a)] at the corresponding frequency (approximately
7.1 MHz), without decoupling. We introduce a risetime of
1 s and additionally we match the pulse length (~100 ws)
to be a multiple of the nitrogen-spin precession frequency
to avoid any effective z rotation. For this case, we observe
fidelities of 99.999(1)% [Fig. 3(c)], limited by the mea-
surement uncertainty. These gates outperform the DDRF-
based single-qubit gates, for the specific case where the
electron spin is in an eigenstate, and the fidelities obtained
are among the highest single-qubit gate fidelities reported
on any platform [22,27,28,37,69—73].

To explicitly demonstrate a universal gate set, we also
implement a T gate (or 7 /4 gate) for both the electron-spin
and nitrogen-spin qubit using the gate designs that include
XY8 decoupling [as in Fig. 2(a)]. We characterize the T
gates in the single-qubit subspace (Note IV within the Sup-
plemental Material [44]). For the electron-spin qubit, we
find an average gate fidelity of F' = 99.989(7)%, and for
the nitrogen-spin qubit we find F' = 99.986(6)%.

For comparison, we also perform single-qubit random-
ized benchmarking [51,53] on the electron 7 /2 gates with
and without XY8 decoupling, as well as on the nitrogen
DDRF /2 gates. We compare the average fidelity from
randomized benchmarking to simulations based on the

process matrices obtained from GST (Appendix M). We
generally find good agreement between the two methods,
with small deviations likely originating from the presence
of non-Markovian noise [47]. A detailed analysis is given
in Appendix M.

VIII. SWAP GATE IMPLEMENTATION

The two-qubit process matrices from GST provide a
complete characterization, which can be used to predict
the outcome of any gate sequence or algorithm on the two
qubits. In principle, for the two-qubit system, no other
gate sequences need to be investigated. Nevertheless, it
is instructive to consider the compilation of extended cir-
cuits and algorithms from the characterized gate set. In
particular, the effect of coherent errors [Fig. 2(d)] and their
suppression by error-mitigation methods depends on the
specific sequences of gates in an algorithm.

As an example, we choose to implement an electron-
nitrogen SWAP gate and use it to swap quantum states from
and to the nitrogen-spin qubit, which provides a long-lived
quantum memory. We construct a single SWAP gate using a
total of 17 gates from the characterized gate set [Fig. 4(a)].
Note that a SWAP operation can be compiled with fewer
gates, but this choice allows us to validate the predictive
power of the obtained GST process matrices. From the
two-qubit process matrices, we obtain an expected SWAP
gate fidelity of 98.7%.

To investigate the SWAP gate, we repeatedly apply
it, swapping a quantum state between the two qubits
[Fig. 4(b)]. We apply the SWAP sequence an even num-
ber of times with the electron spin prepared along each of
its cardinal axes. After about 20 SWAP gates, the resulting
average state fidelity reaches 0.5. The prediction using the
process matrices obtained with GST is in good agreement
with the experimental results, even up to approximately
800 elementary gates (Appendix N), indicating that the
GST model and its assumptions are accurate.

Next, we theoretically analyze the limitations of the
SWAP gate using the error generators [Figs. 2(d) and 2(e)].
The main source of the observed decay are coherent errors
that build up by repeatedly applying the SWAP gate. Upon
theoretically excluding the coherent errors from the pro-
cess matrices, a much slower decay is predicted, going well
beyond 150 SWAP gates [Fig. 4(b)]. Removing all coher-
ent errors is not easily achieved experimentally. However,
based on the explicit knowledge of the coherent error pro-
cesses, tailored sequences might be designed to cancel
their effect. A simple example is to add an inversion 7
gate (two extra electron 7 /2 gates) between every SWAP
gate, which cancels part of the accumulation of coher-
ent errors [Fig. 4(b)]. Alternatively, error-mitigation tech-
niques such as Pauli twirling [18,51,74,75] can be used to
prevent coherent errors from adding up (see the analysis in
Appendix O).
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FIG. 4. Implementation of an electron-nitrogen SWAP gate. (a) Sequence to perform an electron-nitrogen SWAP gate composed of the

gates characterized by two-qubit GST (Fig. 2). The compiled sequence is not generally optimal, but demonstrates the utility of GST in
predicting the action of extended circuits. (b) Application of n sequential SWAP gates. The experimental data (blue points) are predicted
well by the GST process matrices (blue line). The GST predictions without any coherent error (cyan) and with an additional 7 -pulse
between sequential SWAP gates (green) are also shown. The error bars are smaller than the data points. (c) Storage of all six electron
cardinal states (+x, +y, £z) on the nitrogen spin with the SWAP gate, showing the protection of a quantum state for over 100 s. We
compare the experimental data for 4z to the GST prediction that does not include any free evolution. We find that the 4z decay is well
explained by the obtained process matrix and thus likely caused by gate imperfections. For the experimental data for +£x, y, it is not
possible to predict the signal from just the obtained process matrices, as the GST process did not include the (varying) free-evolution
time. The nitrogen XY 8 decoupling is implemented with the DDRF 7 /2 gates around x and y characterized by two-qubit GST (Fig. 2).

The error bars on the data represent one standard deviation.

The example in Fig. 4(b) underlines the limitation of
using a single number as a metric of the quality of a gate.
The average gate fidelity captures the effect of decoher-
ence during the gates properly. However, if unitary errors
build up or cancel in a compiled circuit, it becomes impos-
sible to predict the error rate from the average gate fidelity
alone [68]. Process matrices obtained with GST, on the
other hand, predict the behavior of such compiled circuits
accurately and can be used to design optimized subroutines
(Appendix N).

Finally, as an example of a potential application for the
SWAP gate, we use the nitrogen-spin qubit as a quantum
memory to temporarily store an arbitrary quantum state.
First, we prepare the electron spin in one of six cardinal
states and swap the state to the nitrogen-spin qubit. Then,
we apply XY8 dynamical decoupling on the nitrogen-spin
qubit using the GST-characterized DDRF /2 gates. We
measure the average state fidelity of the nitrogen spin as
a function of the number of XY8 decoupling sequences
[Fig. 4(c)]. We find that the quantum state on the nitrogen
spin can be maintained for over 100 s, showing its promise
as a quantum memory (see also Ref. [6]).

We compare the experimental data with a simulation
based on the two-qubit GST process matrices (without the
inclusion of a free-evolution time). From this simulation,

we find that the errors in the nitrogen DDRF 7 /2 gates can
explain the decay of the nitrogen £z eigenstates [Fig. 4(c)].
Additionally, we find that the electron-spin population
decays at a timescale similar to the decoherence of the
nitrogen +x and £y states (Appendix P). This suggests
that the current measurement is limited by gate imper-
fections that affect the electron-spin population, and that
longer coherence times are likely achievable by using the
gates of Fig. 3, but this is not pursued here.

IX. CONCLUSION

In conclusion, we have designed, characterized, and
systematically optimized a universal set of single- and two-
qubit gates on the electron-nitrogen spin system of the N-J/
center using gate set tomography. A central element of
the gate design and optimization is to precisely decouple
the (unwanted) effects of the electron-nitrogen hyperfine
interaction. We have demonstrated single-qubit gate fideli-
ties of up to 99.999(1)% and a two-qubit gate fidelity of
99.93(5)%. These are among the most accurate quantum
gates shown on any platform [22,24,27,28,31,32,35,37,38,
69—73], and present a step towards enabling larger-scale
algorithms.
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Future work might further improve the gates by tar-
geting the dominant error generators identified here
[Figs. 2(d) and 2(e)]. Additionally, improved fidelities
for initialization, readout and (photon-mediated) electron-
electron two-qubit gates will be required for large-scale
quantum information processing. The methods developed
here provide a starting point for optimizing gates for a
variety of colour centers in various materials, including
diamond, silicon carbide, and silicon [76-78], as well as
for gates in multiqubit systems [6,17].
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APPENDIX A: EXPERIMENTAL DETAILS

1. Experimental setup and sample

The experiments are performed on a type-Ila iso-
topically purified (targeted 0.01% '3C) (100) diamond
substrate (Element Six). We use a home-built confocal
microscope to address a single N-V center at 4 K. A
solid immersion lens and antireflection coating are fab-
ricated around the N-J center to increase the collec-
tion efficiency [46]. We use three orthogonal permanent
NdFeB magnets mounted on linear actuators (Newport
UTS100PP) to apply an external magnetic field aligned
along the N-V symmetry axis. To initialize and read out
the N-J electron-spin state, we use resonant optical exci-
tation (Toptica DLPro and New Focus TLB-6704-P). We
measure readout fidelities of 83.3(4)% for the m; = 0 spin
state and 98.9(1)% for the m; = —1 spin state, obtain-
ing an average readout fidelity of 91.1(2)%. To prepare
the N-V in the N-V~ charge state and lasers on-resonance
with the N-V~ transitions, we perform a charge-resonance
check [46], which additionally involves 515-nm (green,
Cobolt MLB) excitation. Through direct current modula-
tion or cascaded acousto-optical modulators, we realize
on-off ratios exceeding 100 dB for all lasers so that the
electron-spin relaxation 7 is negligible [63].

2. Microwave and rf driving

For electron-spin driving, we use single-sideband mod-
ulation at 250 MHz. The I and Q signals are generated on
an arbitrary waveform generator (Tektronix AWG5014C),
which modulates an rf source (R&S SGS100A). We use a
20-W amplifier (AR 20S1G4) to attain peak Rabi frequen-
cies of approximately 27 MHz, followed by a microwave
switch, which is shut when microwaves are not applied to
protect the N-V from amplifier noise [81]. For nitrogen-
spin driving, we generate the rf frequency directly from
the arbitrary waveform generator. Finally, the electron-
spin and nitrogen-spin driving signals are combined on a
diplexer. For more details on the electronics, see Note |
within the Supplemental Material [44].

3. Magnetic-field stabilization

To mitigate magnetic-field fluctuations, we intermit-
tently (approximately every 1020 min.) calibrate the
electron-spin resonance frequency to within 2 kHz of the
set point by moving one of the three permanent magnets.
Due to this intermittent calibration, the typical peak-to-
peak fluctuations of the electron-spin resonance frequency
during the two-qubit GST experiments do not exceed
10 kHz.
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TABLE I.  Settings and model violation for the presented GST
experiments. L is the maximum circuit depth, repetitions is the
number of experimental repetitions per circuit and N, quantifies
the model violation [39].

Fig. 2
Name L  Repetitions N,
Full operation 128 1000 11.7
Fig. 3
Name L  Repetitions N,
Electron operation nitrogen m; = 0 128 1000 8.71
Electron operation nitrogen mixed 128 1000 15.4
Nitrogen operation electron 0 or —1 128 2000 1.3
Nitrogen operation electron my = —1 512 1000 2.76

APPENDIX B: DATA ANALYSIS

Here, we summarize the experimental settings and
model violation for the presented GST results. We group
the results per figure and indicate the corresponding name
in that figure (Table I). First, we show the maximum circuit
depth L used for that experiment. When we indicate L =
128, that implies that germs of depth 1,2,4,8, 16,32, 64,
and 128 were run [39]. Then, we indicate the experimen-
tal repetitions used for each circuit. The estimation error of
gates in GST is typically of the order O(1/(L+/N)) where
N is the number of repetitions [39]. To perform the GST
analysis, we use pyGSTi [82]. For the process matrix, we
require complete positivity and trace preservation (CPTP).
Lastly, we report the N, metric for L = 128, which quanti-
fies the model violation [39]. The error bar on the average
gate fidelities obtained with GST represent one standard
deviation (a 67% confidence interval). Other important
elements of the GST experiments are the preparation fidu-
cials, germs, and measurement fiducials used. We provide
these separately, together with the data.

APPENDIX C: AVERAGE GATE FIDELITY

In this work, we use the average gate fidelity as a met-
ric to summarize the quality of each gate. The average
gate fidelity is calculated by comparing the process matrix
in the Pauli transfer matrix representation [83], obtained
through gate set tomography, to the ideal target process
matrix [67]:

F _ Tr(PprPtarget)/d + 1
avg — d +1 )

(ChH

where Peyp, (Prarget) 18 the process matrix for the experimen-
tal (ideal) gate in the Pauli transfer matrix representation
such as [67]

1
(Pp)j = ETF(UiA(O}'))a (C2)

where A is the map of the gate to be characterized, oy(;) is
the Pauli operator for axis i (j) and d is the dimension of
the system of interest.

In this work, we primarily consider two-qubit GST
and process matrices of dimensions 16 x 16 (d = 4, two-
qubit space) (Figs. 2 and 4). In the section “Context-
specific single-qubit gates” we use single-qubit GST,
which only considers a single-qubit subspace, and thus
process matrices of dimensions 4 x 4 (d = 2, single-qubit
space) (Fig. 3). In the latter case, deviations from the iden-
tity process on the other qubit do not directly result in a
reduced gate fidelity.

APPENDIX D: XY8 SEQUENCE: DECOUPLING
THE ELECTRON-NUCLEAR INTERACTION

Our gate designs use dynamical decoupling sequences to
decouple the interaction between the electron and nuclear
spin, as well as the interactions of the electron spin with
the surrounding spin baths and other noise sources. We
then realize single- and two-qubit gates involving the N
nuclear spin by adding direct rf driving.

1. Decoupling from the *C and P1-center baths

During dynamical decoupling, the N-V electron-spin
qubit can couple to single nuclear-spin dynamics [42,61—
63], as well as electron- [65] and nuclear-spin [64] pair
dynamics. In particular, we have previously demonstrated
the control of a single '*C spin [42] and of a single pair
of P1 centers [65] surrounding this N-J center. To avoid
decoherence of the N-V electron-spin qubit due to these
nuclear and electron spins, we choose a suitable value
of the interpulse delay 7. There is no observable inter-
action between the N-J electron spin and the P1-center
pair for dynamical decoupling sequences below T = 10 us
[65]. Additionally, at an external magnetic field of B, =
62.291(3) G, the interpulse delays T at which the '3C
nuclear spins (concentration approximately 0.01%) couple
coherently to the N-V electron-spin qubit are t = (2k +
1)7yp where 79 = 1/(4y.B;) =~ 3.75 ws. Together with the
two other conditions (see below), this leads us to choose
T = 7.304 s, at which T we avoid coupling to the nuclear-
spin bath and P1 electron-spin pairs.

2. Decoupling the electron-nitrogen interaction

Above, we considered the decoupling of the N-V
electron-spin qubit from the environment. However, we
also need to consider unwanted evolution of the nitrogen-
spin qubit during the electron XY8 decoupling sequences,
introduced by the hyperfine interaction. To minimize this,
we satisfy two additional conditions for the interpulse
delay 7 in dynamical decoupling.

First, we set t to a multiple of the period given by
the average precession frequency of the nitrogen spin in
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ms = 0 and m; = —1. Second, we set T to a multiple of the
period defined by the effective electron-nitrogen hyperfine
interaction. That is, if wy (w_1) is the precession frequency
of the nitrogen spin when the electron spin is in m; = 0
(my = —1), we set T =4man/(wy+ w_;) where n is an
integer and simultaneously t = 2wm/(wy — w_1) where m
is an integer.

a. The first condition: T = 4nn/(wy + w—-1)

The first condition ensures that the nitrogen spin under-
goes a multiple of a 27 rotation around z for each gate.
In this way, we minimize control errors around z. Due to a
hardware constraint, t is limited to multiples of 4 ns, which
is relatively easy to satisfy when the average precession
period is already a multiple of 2 ns. Therefore, we set the
magnetic field such that the average precession frequency
of the nitrogen spin is a multiple of 2 ns.

We adjust the magnetic field using the two electron-
spin resonance frequencies: the transitions from m; = 0
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FIG. 5.

to my; = +1. This is an efficient way to approximately
align the magnetic field by minimizing the sum of the
my = 0 to my; = +1 transition frequencies [84]. Addition-
ally, we move to a magnetic-field magnitude that satisfies
the first condition described above: we set the magnetic
field such that the period of the average nitrogen precession
frequency is 166 ns (a multiple of 2 ns).

b. Nitrogen-spin rotation for Tt = 4nn/(wy + w—1)

After satisfying the first condition, we observe a coher-
ent rotation of the nitrogen nuclear spin under dynamical
decoupling of the electron spin (Fig. 5). This rotation of
the nitrogen nuclear spin has been observed previously
in the context of dc field sensing [66]. The slightly mis-
aligned magnetic field in our system breaks the symmetry
of the hyperfine interaction and induces an effective 4.,.S. 1,
interaction between the electron and nitrogen spin. This
term then introduces a coherent rotation on the nitrogen
spin when applying a dynamical decoupling sequence with

(b)
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Nitrogen rotation under electron XY8 decoupling for two different magnetic fields. (a) The nitrogen spin is initialized in

m; = 0 and under electron XY8 decoupling at © = 7.304 s, we observe a slow rotation of the nitrogen spin. This indicates that
the condition t = 27m/(wy — w—_1) is not exactly matched for t = 7.304 ws. (b) Nitrogen rotation under electron XY8 decoupling
at T = 8.3 ws. The reduced contrast compared to (d) indicates that the condition v = 4w n/(wy + w—;) is not exactly matched for
7 = 8.3 us and thus for 7 = 7.304 ws. (c) Nitrogen rotation under electron XY8 decoupling at t = 7.304 s for an optimal external
magnetic field. No rotation of the nitrogen spin under XY8 decoupling is observed, since T = 7.304 ws satisfies both conditions at
this magnetic field: T = 4nn/(wy + w-1) and T = 2am/(wy — w—1). (d) For the optimal magnetic-field setting, we observe a full-
contrast rotation under decoupling at T = 8.3 ws. This happens because 7 = 8.3 s is not a multiple of the effective electron-nitrogen
interaction time (t # 27wm/(wy — w—1)), while it is a multiple of the period set by the average nitrogen-spin precession frequency
(t =4nn/(wo + w—1)). We fit the data in (d) to a simulation of XY8 decoupling on the system Hamiltonian, with B, as a free
parameter (solid line). We find B, = 0.414 G, which we then use to simulate the data in (c) (solid line).
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a t that satisfies the first condition, as is known from
for example the control of *C nuclear spins [85]. Note
that the effective 4., coupling of the nitrogen under mis-
aligned magnetic field was discussed in depth by Liu et al.
[66]. For completeness, we summarize the related discus-
sion here. The effective 4., originating from a misaligned
magnetic field is

B4
Ay =L p (D1)
D — yeBz
where B, is the off-axis magnetic field and F ~

_ 2 .
N(EEQ%—ZZZ)ZZ). These equations assume that the external

magnetic field is such that the N-J center is close to the
ground-state level-anticrossing (GSLAC), which is not sat-
isfied in our work, rendering some approximations used in
Ref. [66] quantitatively inaccurate. Compared to an N-V
close to the GSLAC (see Ref. [66]), the nitrogen-spin rota-
tion in this work is a more subtle effect that only appears
when applying on the order of 1000 XY8 sequences (8000
m-pulses).

Under the presence of such an 4., term, we can predict
the rotation angle ¢ of the nitrogen spin per single dynam-
ical decoupling unit consisting of (t —7 — 27 — 7 — 1)
using the following equation [61]:

cos(¢) = cos(a) cos(B) — cos(f) sin(x) sin(B), (D2)
where ¢ = w_1T, B = wyT, and 6 is the angle between the
two rotation axes of the nitrogen spin for the two different
electron eigenstates (m; = 0 and m; = —1). The two rota-
tion axes are obtained from the exact eigenstates we extract
from the system Hamiltonian in Eq. (1).

¢. The second condition: T =2nm[(wy — w_1)

To avoid this unwanted rotation on the nitrogen-
spin qubit, we require ¢ = 0. To that end, either o =
0 (mod 27) and 8 = 0 (mod 27) or ¢ = 7 (mod 27) and
B = (mod 2m). In other words, we require o — 8 =
0 (mod 2m). This can be rewritten to obtain the second
condition outlined before: T = 2w m/(wy — w_1).

Note that we can rewrite the two conditions (7 =
4n/(wo + w_1) and T = 2wm/(wy — w_1)) as:

27 (2
27 = M’ (D3)
wo
2w (2n —
by 2XC=m) D4)
w_

There are two ways to satisfy these equations. The first
type of solution is if 7 is an integer multiple of the periods
set by both wy and w_. This solution is obtained if 2n + m
(and therefore 2n — m) is an even number. Intuitively, in
that case the evolution during a single T equals the identity

operation for both electron states and no nitrogen spin rota-
tion can be created. For the second type of solution, 2z + m
is odd (and therefore 2n — m is odd). In that case, the evo-
lution during a single 7 is an effective evolution of angle
7, for both my = 0 and my, = —1, which also becomes the
identity operation for a full unit of the dynamic decoupling
sequence (t — 7 — 2T — T — 7).

Because setting these conditions results in ¢ = 0, the
N evolution becomes the identity operation, independent
of the magnetic-field alignment. This choice of parameters
thus makes the decoupling sequence—and by extension
the gates in this work—intrinsically robust to magnetic-
field misalignment.

3. Calibrating the magnetic field to minimize the
nitrogen-spin rotation

The rotation of the nitrogen spin during XY 8 decoupling
was measured for two different values of 7: T = 7.304 s
and v = 8.3 ps. At the magnetic field obtained to sat-
isfy the first condition for t (Sec. D2a), T = 7.304 ps is
already a close multiple of the effective electron-nitrogen
interaction time, while T = 8.3 s is not.

To measure the leftover rotation of the nitrogen spin
at these values of 7, we apply many XY8 dynamical
decoupling sequences with the nitrogen starting in m; = 0
(Fig. 5). For a suboptimal external magnetic-field mag-
nitude, we find that the nitrogen spin is rotated from
my; =0 to m; = —1 by an XY8 decoupling sequence at
T = 7.304 ps [Fig. 5(a)]. Additionally, the nitrogen rota-
tion present at T = 8.3 ws does not show full contrast
[Fig. 5(b)]. We optimize the magnetic-field magnitude
such that no nitrogen rotation is visible when decoupling
at T =7.304 ps [Fig. 5(c)] and a full-contrast nitro-
gen rotation is visible when decoupling at 7 = 8.3 us
[Fig. 5(d)]. This is equivalent to optimizing the magnetic
field such that T = 7.304 s satisfies both conditions: T =
4an/(wy)+ w—_1) and T = 2am/(wy — w_1) with n = 44
and m = 8. This magnetic field ensures that no spurious
nitrogen rotations are introduced at T = 7.304 s by the
XY8 decoupling. In Fig. 5(c) we verify that for our mag-
netic field we see no visible rotation of the nitrogen spin
up to 4000 XY8 sequences on the electron spin (32 000
pulses).

4. Magnitude of the magnetic-field misalignment

To investigate the required perpendicular magnetic field
to reproduce this effect, we simulate the action of XY8
decoupling sequences on the electron-nitrogen spin sys-
tem. We take the system Hamiltonian in Eq. (1) and
simulate the effect of each 7 pulse using a time-dependent
Hamiltonian propagator calculation as described in Note
IIT within the Supplemental Material [44]. In Figs. 5(c)
and 5(d), we show the simulation result for the nitrogen
spin when a perpendicular magnetic field is present and
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when t is 100/(wo + w1) =~ 8.3 ws and 88/(wy + w;) =
7.304 ws. We fit to the experimental result for 7 = 8.3 us
in order to obtain B,. We find B, = 0.41400000(1) G
with a reduced chi-squared of the fit of x? = 1.8. Note
that the confidence range of the perpendicular field is from
the error of the fit, and the uncertainties on the coeffi-
cients within the Hamiltonian used in the model were not
considered during the fit.

The simulations in Fig. 5 together with the data pre-
sented in Figs. 2 and 5 show that the conditions out-
lined above are required to avoid any coherent rotation of
the nitrogen spin. In future experiments, the necessity of
the first condition (t = 4mn/(wy + w_1)) can be avoided
through the use of more advanced phase-tracking methods.

APPENDIX E: GATE DESIGNS

In this section, we discuss some details of the electron
and nitrogen pulses. We use a microwave frequency reso-
nant with the m; = 0 to m; = —1 transition when m; = 0.
The main issue for the electron single-qubit gate is the
relatively large interaction strength between the electron
and nitrogen nuclear spin. Since the detuning induced by
the coupling of the nitrogen spin (approximately 2 MHz)
is comparable to our peak Rabi frequency (approximately
27 MHz), we use a Hermite envelope generated with the
following formula:

t— Touse/2 \ 2
fo=4[1-n 1= Thue/2
0.1667 Tputse

<t_ Tpulse/2 )2
xexp—\=—~—1,

El
0.1667 Tyuise EL

1.000
0.998 1
2
2 0.996
[N
0.994 4
0.9921 i y s L
-4 -2 0 2 4
Detuning (MHz)
FIG. 6.

where 4 is the amplitude of the Hermite envelope, 1 is a
coefficient that is 0.956 (0.667) for a 7~ (r/2-)pulse and
Touise 1s the defined pulse length (in this work, Tpyse =
144 ns) [86,87]. This makes it possible to rotate the elec-
tron spin similarly regardless of the nitrogen spin state. We
can write the Hamiltonian of the N-V electron spin for a
given nitrogen eigenstate m; as
H, = DS? + ¥.BS. + miA..S., (E2)
where 4., ~ 2.188 MHz is the electron-nitrogen hyperfine
interaction. If we now add a time-dependent Hamiltonian
rotating at D + y.B and move into the rotating wave frame
of this frequency, the Hamiltonian after applying rotating
wave approximation is
H, = mjA..S. + Q.(cos(¢)Sx + sin(¢)S)). (E3)
Thus the electron has a different detuning depending on
the nitrogen-spin state. Therefore, when applying the same
microwave pulse, the effective rotation is along a differ-
ent rotation axis and has a different angle for different
m;. The Hermite envelope for the microwave pulse helps
the phase accumulation during the microwave pulse to be
more robust to detuning [86,87]. Figure 6(a) [6(a)] shows
a simulation of the fidelity of a Hermite (square) m/2
pulse sandwiched between XY8 decoupling sequences as
a function of the microwave frequency detuning. For both
7 /2 pulses, we use the same maximum Rabi frequency of
12.693 MHz and for the 7 pulses in the XY 8 sequence, we
use the same maximum Rabi frequency of 26.653 MHz.
For the Hermite pulse envelope, a gate with fidelity over
99.9% over a range of =2 MHz of detuning is possible,

(b)
1.0000
0.9995 1
>
= 0.9990
E XY8 XY8
0.9985
0.9980
4 2 0 2 4

Detuning (MHz)

Pulse fidelity of a square and Hermite 7/2 pulse as a function of detuning. (a) Square /2 pulse fidelity as a function of

microwave frequency detuning. We find a rapid deterioration of pulse fidelity in the presence of detuning. We sandwich the square
7 /2 pulse in between XY 8 decoupling sequences made of square 7 pulses. (b) Hermite 77 /2 pulse fidelity as a function of microwave
frequency detuning. We obtain high pulse fidelities for a much larger range of detunings compared to the square pulse. For both the
square pulse and Hermite pulse, we use a maximum Rabi frequency of 12.693 MHz for the 7 /2 pulse. We sandwich the Hermite /2
pulse in between XY 8 decoupling sequences made of Hermite 7 pulses with a maximum Rabi frequency of 26.653 MHz.
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whereas for a square envelope the fidelity drops and fluctu-
ates rapidly as a function of detuning outside the =1 MHz
range.

The nitrogen-spin gates consist of decoupling sequences
on the electron spin, as described above, combined with
radio-frequency pulses. Alternatively, we apply only radio-
frequency pulses of approximately 100 s in duration with
the electron in m; = —1 (Fig. 3). We apply the radio-
frequency pulses resonant with the m; = 0, —1 transition
for my = —1 at a frequency of 7.120706 MHz. We add an
error function envelope to each rf pulse with a risetime of

1 ws.

APPENDIX F: EFFECT OF QUASISTATIC NOISE
ON XY8 DECOUPLING

In this section, we discuss the effect of quasistatic mag-
netic noise on the electron XY8 decoupling sequence. Such
noise can originate from magnetic-field fluctuations, either
from the externally applied magnetic field or from the spin
bath (13C nuclear spins and P1 center electron spins). For
quasistatic noise, we take the magnetic field as constant
for the duration of a gate. For almost all gates that we dis-
cuss, we use a decoupling sequence on the electron spin.
This makes sure that any phase picked up by the electron
spin due to the quasistatic bath is canceled out. Figure 7
shows a simulation of how an XY8 sequence (identity
gate) responds to a constant magnetic-field detuning by
extracting the average gate fidelity of the XY8 as an iden-
tity gate from the process matrix of an XY8 sequence in the
electron single-qubit subspace. The simulation was con-
ducted with the full two-qubit Hamiltonian of the system,
so the gate fidelity contains information on how both the
electron and nitrogen react to the quasistatic environment.
From this result, we see that for a quasistatic environment,

1.0000 | eee o °

0.9998 +

0.9996 ~

0.9994 -

Gate fidelity

0.9992 -

0.9990 — ‘ : : ;
-4 -2 0 2 4
Electron frequency detuning (MHz)

FIG. 7. Simulation of the effect of electron frequency detuning
on the average gate fidelity of XY8 decoupling. We simulate the
application of a single XY 8 decoupling block as a function of the
electron frequency detuning. We find that the effect of detuning
is negligible.

the XY8 sequence (identity gate) should ideally not show
any additional infidelity.

APPENDIX G: NITROGEN-SPIN INITIALIZATION

In this section, we discuss the initialization of the nitro-
gen spin to its m; = 0 state. In the gate set tomography
results presented in the main text, we use SWAP-type ini-
tialization of the nitrogen spin. In Fig. 8 we show the
corresponding sequence. We perform a SWAP between
the electron m; = {0, —1} subspace and the nitrogen spin.
Since the nitrogen spin is a spin-1 system, and we swap
qubit-to-qubit, we need a two-step SWAP process. First, we
initialize the electron spin in m; = 0. Then, we perform a
swap on the m; = {0, —1} subspace of the nitrogen spin.
Next, we reinitialize the electron spin after which we per-
form a swap on the m; = {0, 41} subspace. Note that we
use a reduced type of SWAP gate: as the electron spin is set
to an eigenstate, the first of the three two-qubit gates can
be omitted compared to the full SWAP gate of Fig. 4.

An alternative to SWAP is to use measurement-based ini-
tialization (MBI). The sequence is given in the inset of
Figs. 9(a) and 9(b). First, we initialize the electron spin in
ms; = —1, after which we apply a weak microwave pulse.
This microwave flips the electron spin back to m; = 0 only
when the nitrogen spin is in m; = 0. Finding the electron
spin in m; = 0 upon reading out, initializes the nitrogen
spin in m; = 0.

To compare the different initialization methods, we mea-
sure an electron spin resonance (ESR) spectrum after ini-
tialization of the nitrogen spin. In Fig. 9(a), we perform a
single round of MBIl initialization. In Fig. 9(b), we perform
two rounds of MBI initialization. At the cost of a slower
experimental rate, we find a significantly improved initial-
ization fidelity. In Fig. 9(c), we show the ESR spectrum
after SWAP initialization as in Fig. 8. We find a marginally
improved fidelity compared to double MBI initialization.

spin pump
electrontom =0

swap on m, = {0,~1} subspace

swap on m, = {0,+1} subspace

FIG. 8. Experimental sequence for SWAP initialization of the
nitrogen spin. We perform a two-step SWAP process due to the
spin-1 nature of the nitrogen spin. First, we perform a swap on
the m; = {0, —1} subspace, after which we perform a swap on
the m; = {0, +1} subspace. The gates are as defined in the main
text. However, the gates on the subspace m; = {0,+1} of the
nitrogen spin utilize a different rf frequency (Note IV within the
Supplemental Material [44]). For the SWAP icon on the left, the
superscript 0 indicates that this is not a full SWAP (cf. Fig. 4),
but that the initialization of the electron spin in my =0 is a
requirement.
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FIG. 9. ESR spectra for different initialization methods. (a)
We use a single round of measurement-based initialization
(MBI) to initialize the nitrogen spin. The data is fitted to
the sum of three Gaussians: a — A4 exp(—(x —x1)/(20%)) —
Ay exp(—(x —x2)%/(203)) — A3 exp(—(x — x3)*/(203)). We fit
to Gaussian functions, because we used a Gaussian pulse shape
to measure the ESR spectrum. We find the contrast as 4/(4; +
Ay + A3) where A, is the amplitude of the middle dip. We find a
value of 0.924(8) with a reduced chi-square of the fit of x> = 1.9.
(b) We use two rounds of MBI to initialize the nitrogen spin.
We find a contrast of 0.979(6) with sz = 3.7. (c) We used SWAP
initialization (Fig. 8) to initialize the nitrogen spin. We find an
initialization fidelity of 0.985(7) with x2 = 21.6.

APPENDIX H: NITROGEN-SPIN READOUT

After each gate set tomography experiment performed in
this work, we measure both the electron spin and the nitro-
gen spin. The full sequence to do so is given in Fig. 10. We
read out the electron spin optically in a single shot [45].
Afterwards, we reinitialize the N-J electron spin in m; = 0
and read out the nitrogen spin. We compile our readout out
of gates characterized by GST. The applied sequence of
gates maps the nitrogen z projection to the electron spin
z projection, after which we read out the electron spin
optically.

APPENDIX I: NITROGEN-SPIN COHERENCE

In this section, we discuss coherence measurements of
the nitrogen spin. To bring the nitrogen spin in a superpo-
sition and to apply echo pulses, we use the DDRF gates

AN SP RO R D)

m={0,-1}

RO R
ﬁ 4 dzdrf X tdzr;

read out nitrogen

read out and
reinitialize electron

FIG. 10. Sequence to read out the electron and nitrogen spin
sequentially. The electron spin is read out and initialized (by
spin pump, SP) optically. The nitrogen spin is then mapped to
the electron spin using only gates characterized with gate set
tomography. Finally, we read out the electron spin.

(Fig. 11). First, we measure the inhomogeneous dephas-
ing time T, of the nitrogen spin for the electron spin in
msy = 0 [Fig. 11(a)] and m; = —1 [Fig. 11(b)]. We find
that 75 is dependent on the electron-spin state, obtaining
a factor approximately 3 larger 75 in m; = 0 compared to
ms = —1. We do not currently have a good explanation for
this observed difference.

In Fig. 11(c) we show a nitrogen spin-echo measurement
with the electron spin in m, = 0. In Fig. 11(d) we show
the same measurement with the electron spin in m; = —1.
Here, we find that the coherence time in m, = —1 is longer
than in my; = 0, which is the opposite finding from the 77
measurement presented above. The observed increase in
T, time for my; = —1 may have to do with the presence of
a frozen core around the N-V center, which implies that
more quasistatic noise can be echoed out.

In Fig. 11(e), we show the nitrogen coherence for dif-
ferent numbers of echo pulses. We find an increase of
coherence with increasing number of pulses, as expected.
For N = 64, we find a coherence time of 7, = 73(9) s.

APPENDIX J: ELECTRON-SPIN COHERENCE

In this section, we discuss the electron coherence under
dynamical decoupling. In Fig. 12(a), we show the electron
coherence as a function of the number of 7 -pulses applied
to the electron spin. We make sure that the interpulse
delay 7 is a multiple of the period set by the *C Larmor
frequency to mitigate resonances from electron-nuclear
interaction. While we see a steady increase in coherence
time for increasing the number of pulses [Fig. 12(b)], sig-
nificant outliers in the data are also visible. We attribute
these to the presence of 50-Hz noise. While detrimental
at large values of t, at T = 7.304 s, which is the value
of 7 used for the gate designs in this work, we are not
significantly affected by this.

APPENDIX K: GATE PARAMETER
CALIBRATIONS

In this section, we discuss the calibrations performed for
each gate. Next to magnetic-field adjustment (Sec. D) and
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FIG. 11.
sey experiment with the electron in mg = —1. We find T} =

Nitrogen coherence. (a) Ramsey experiment with the electron in m; = 0. We find 75 = 553(46) ms ( sz =4.1). (b) Ram-
172(24) ms (x? = 3.2). (c) Spin-echo measurement with the electron in

mg=0. We find T, =5.7(5) s ()(,2 = 0.97). (d) Spin-echo measurement with the electron in m; = —1. We find 7, = 8.0(7) s

(x2 = 1.5). (e) Nitrogen coherence for different numbers of echo pulses N. For N = 8, we find 7, =

18(2) s (x2 = 1.2). For N = 16,

we find 7, = 28(3) s (x2 = 0.7). For N = 32, we find T, = 37(10) s (x2 = 1.6). For N = 64, we find 7> = 73(9) s (x? = 1.2).

balancing of the / and Q channels of the /Q modulator, we
perform amplitude calibration of each single-qubit gate.
The amplitude of the rf pulses for the two-qubit gate is
set equal to those of the single-qubit gates and is not sepa-
rately calibrated. The only difference constitutes a 7 -phase
shift of half of the 1f pulses (Fig. 2).

In Fig. 13, we show two examples of amplitude cal-
ibration. In Fig. 13(a) we apply 82 electron m/2-pulses
and read out the electron spin while the nitrogen spin is
in my = 0. We vary the amplitude of the 7 /2-pulse in the
gate. The minimum is found by fitting a parabola to obtain
the optimal amplitude. The 7 -pulses that make up the XY8
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FIG. 12. Electron coherence. (a) (Top) Sequence to measure the electron coherence. We prepare the electron in a superposition and
apply a number of -pulses N. (Bottom) Experimental result. From N = 4 to N = 128 we find, respectively, 7> = 4.53(4) ms (x> =
1.9), T, = 7.4(2) ms (x2 = 7.5), T» = 13.4(4) ms (x? = 9.5), T» = 23.9(9) ms (x> = 17.7), T» = 48(2) ms (x> = 9.3), T» = 80(3)
ms (x? = 7.7). (b) Scaling of the coherence time with the number of pulses N. We fit to Ty—4(N /4)" where Ty—4 is the coherence

time for N = 4. We find n = 0.82(2) (x? = 27.3).

sequence are calibrated similarly. In Fig. 13(b) we apply 98
nitrogen  /2-pulses with DDRF and read out the nitrogen
spin. We vary the amplitude of the rf driving of the nitro-
gen spin. The maximum value of the fit gives the optimal
amplitude for the rf driving.

APPENDIX L: SINGLE-SHOT READOUT
CORRECTION

For the results shown in Figs. 2 and 4 of the main text as
well as in many figures (Figs. 5, 9, 11, 12, 13, 15, 16, 18,
19, 20, 21), we correct the electron measurement results
for known readout errors. We do this by using single-
shot readout (SSRO) correction following Pompili et al.
[3]. Before and during our measurements, we run SSRO

calibrations to find Fjy = P(measurem, = O|state is m; = 0)
and similarly F;. Now the measurement of the electron
spin can be described by

_( Fy 1—-F
m = (1 _F, P )p. (L1)

Here, m = (mo m;)T is a vector with measured popula-
tions and p = (po p1)" is a vector with the true populations
we expect based on the measurement fidelities. Measur-
ing mgy, my, Fy, and F, we obtain py and p; by matrix
inversion. For example, for 500 repetitions of preparing the
electron spin in m, = 0 and reading it out, one could mea-
sure 406 occurrences of m; = 0. This gives my = 406/500
and m; = 94/500. Using typical values of Fy = 82% and
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Amplitude calibration of electron and nitrogen gates. (a) We apply 82 electron /2 gates while sweeping the amplitude of

the 77 /2-pulse. By fitting to 4 + a(x — xp)?, we obtain the optimal amplitude of 1.7370(9) V (x2 = 1.4). (b) We apply 98 nitrogen 7 /2
gates while sweeping the rf amplitude in the DDRF gate. We find the optimal amplitude at 1.0860(9) V (x? = 3.6). The y-axis label
P(0) represents the probability to measure the 0 state of the electron (a) or nitrogen (b) spin state.

F1 =99% this gives pg = 0.99 and p; =1 — py = 0.01.
Note that this method can return nonphysical central val-
ues due to noise (e.g., a population number exceeding one).
An alternative method to do SSRO correction is iterative
Bayesian unfolding [88].

For readout of the nitrogen spin, its state is mapped
to the electron spin and subsequently measured as an
electron-spin state (see Appendix H). Therefore, we also
use the correction described in this section for measure-
ments of the nitrogen spin state. Note that we do not correct
for the infidelity of the readout circuit of the nitrogen spin,
which explains why the fidelities are typically not perfect
(see, e.g., Fig. 11).

The error bars on the data in the relevant figures (Figs. 2,
4,5,9, 11, 12, 13, 15, 16, 18, 19, 20, 21) represent one
standard deviation and are calculated using the measured
populations mg, m;. The uncertainty on myg, m; is binomial:

_[me(1 —my)
O—mo — Ulnl — Ta

where N is the number of experimental repetitions. We
can invert Eq. (L1) to obtain the error on the expected
populations [3]:

(L2)

6 —g, =m0 (L3)
Po p1 F()+F1—1

APPENDIX M: RANDOMIZED BENCHMARKING

A common method to characterize quantum gates is ran-
domized benchmarking (RB) [51-56]. Randomized bench-
marking gives a metric for how well a quantum state
“survives” sequences of random quantum gates. In contrast
to the GST that we use in the main text, randomized bench-
marking does not provide the full process matrix. Here, we
perform (single-qubit) Clifford RB and compare against
the results obtained from single-qubit GST. The protocol
is as follows (see also the illustration in Fig. 14):

(1) Random sequences of Clifford gates of different
depths (lengths) are generated.

(2) An inversion gate (also a Clifford gate) is calcu-
lated and appended to the random sequence. For half of the
sequences, the inversion gate theoretically makes the total
sequence equal to identity. For the other half, the inver-
sion gate additionally incorporates a w-pulse, rotating the
measurement basis.

(3) The Clifford gates are compiled out of native gates
[identity, X (x/2), Y(7r/2)]. The native gates were chosen
to be the same as the gates characterized with GST. The
average number of native gates per Clifford gate is N =
3.125.

(4) The compiled sequences are run on either the ini-
tialized electron spin (500 repetitions) or the initialized
nuclear spin (1000 repetitions). The obtained counts are
corrected for electron readout fidelity (Sec. L).

(5) We plot the survival probability P of the quantum
state as a function of native gate sequence depth m. We
fit P = A + Bp™ to the average survival probabilities per
depth, taking the binomial uncertainties on the points (see
Sec. L) as relative weights. We extract the depolarizing
parameter p. A and B are values that capture the state
preparation and measurement errors. 4 is fixed to 0.5.

(6) The average gate infidelity r is calculated using » =
@=DU=p) \where n is the number of qubits. The average

2"
gate fidelity is Fyyg =1 — 7.

To be able to compare the results from RB and GST,
we use a simulation to generate RB data based on the
process matrices of the native gates, that were obtained
using GST [47]. The simulated RB data is analyzed in
a similar fashion as the experimental RB data. Then, the
average gate fidelities of both methods can be compared.
GST gives gate fidelities for the native gates separately. As
a sanity check, we took the average of these gate fideli-
ties, weighted by their occurrence in the RB sequences
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used for both experiment and simulation, and compared
the weighted average to the RB simulation. In all three
cases described below, this weighted average was—within
error—the same as the result of the RB simulation. This
indicates that one can directly compare the weighted aver-
age gate fidelity of the GST report to an average gate
fidelity found with RB.

1. RB on the electron spin

We generate 30 random sequences of Clifford gates for
each depth m¢ € {5, 10,20, 50, 100,200, 500, 750} Clifford
gates. The inversion gate (also a Clifford gate) theoreti-
cally returns the quantum state to the measurement basis,
which we alternate between the electron state m, = 0 and
my = —1.

Figure 15(a) shows the survival probability for each
sequence. For this experiment, the nitrogen spin was ini-
tialised in m; = 0. The identity gate consists of an XY8
decoupling sequence [Fig. 2(a)]. The /2 gates around
x and y are Hermite pulses without XY8 decoupling
sequences around them [Fig. 3(a)]. We find a depolarizing
parameter p = 0.99991(1) (sz = 40.7). The average gate
fidelity of a native gate is Fyyg = 0.999956(6).

With GST, we also investigated this experimental
regime with the nitrogen initialized in m; = 0 and no
decoupling sequences around the /2 gates. The results
are shown on the right-hand side of Fig. 3(b). With the
process matrices obtained from this GST characterization,
we simulate RB data (with a binomial spread) using the

Calculate average
gate fidelity

[lustration of the Clifford randomized benchmarking protocol.

pygsti package [82]. For this, the same random sequences
are used as for the actual RB experiment. The results are
shown in Fig. 15(b). We found a depolarizing parame-
ter p = 0.999717(4) ()(r2 = 1.30), resulting in an average
gate fidelity of Fyyg = 0.999859(2). This is in correspon-
dence with the weighted (for their occurrence in the RB
sequences) average of the gate fidelities from GST, which
is 0.99985(3).

Interestingly, the average gate fidelity found with exper-
imental RB (Fyyg = 0.999956(6)) is significantly higher
than the average gate fidelity reported by the experimen-
tal GST (F = 0.99985(3)). This can be an indication of
non-Markovianity in our system, for example in the form
of slow fluctuations of the magnetic field. This type of
error manifests as a coherent error that is the same within
one measurement repetition, but differs from repetition to
repetition. Since GST amplifies coherent errors, it is rela-
tively sensitive to such low-frequency noise, whereas the
random nature of RB sequences makes it relatively insen-
sitive [47]. The large spread in survival probabilities for
the actual RB experiment (especially for long sequences)
may also be related to the non-Markovianity in our system.
The large x? can also be an indication of the noise being
non-Markovian [53,89].

The results in Fig. 16 are from a similar experiment.
Except here, there are XY8 sequences around the m/2-
pulses around x and y [Fig. 2(a)]. The nitrogen was ini-
tialized in m; = 0. From the fit, we obtain a depolarizing
parameter p = 0.99941(2) (x? = 11.6). The average gate
fidelity of a native gate is Fye = 0.99970(1). Figure 16(b)
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Red (blue) dots are values resulting from a sequence ending with an inversion gate bringing the spin to my; = 0 (m; = —1). Black dots
are the average of all survival probabilities belonging to one Clifford depth m¢ € {5, 10,20, 50, 100, 200, 500, 750}. The black line is
a fit to the black dots. Error bars on the black dots are binomial errors and smaller than the data points. (a) Experimental result. The
depolarizing parameter is p = 0.99991(1) (x? = 40.7), resulting in an average gate fidelity of Fyy, = 0.999956(6). (b) Simulation
of the RB experiment based on the process matrices obtained with GST. The depolarizing parameter p = 0.999717(4) (x2 = 1.30)

results in an average gate fidelity of Fiys = 0.999859(2).

shows simulated data based on the process matrices of
the gates, that were obtained by the GST experiment
reported in Fig. S3b, second column. We find a depolariz-
ing parameter p = 0.999578(8) (sz = 2.42). The average
gate fidelity of a native gate is Fyyy = 0.999789(4). This
value is the same as the weighted average of the gate
fidelities of the GST report, which is 0.99979(5).

Again, there is a discrepancy between the average gate
fidelity found with RB and the average gate fidelity found
with GST. However, it is significantly smaller, possibly

because the XY8 decoupling sequences around the Her-
mite pulses reduce the non-Markovianity in our system.
Figure 17(a) shows the results of another RB experi-
ment with XY8 sequences around the 7 /2-pulses. Here,
we use a decoupling time 7 of 2.0 ws. We find a depolariz-
ing parameter p = 0.99957(1) (x2 = 6.56), resulting in an
average gate fidelity of Fy, = 0.999783(7). Figure 17(b)
shows simulated data based on the process matrices of
the gates, that were obtained by doing the GST experi-
ment of which the results are shown in Fig. S3b, third

(a) (b)
1.00 1
1.0 1
a a 0.95
£ 091 £ 090
g % 0.85
g %% s
2 071 Flyy = 0.99970(1) : Fang = 0.999789(4)
2 2 075
2 c
a %8 ms=0 @ 0701 ms=0
0.5 A mg=-1 0.65 + mg= -1
10° 102 10° 10! 102 10°
Sequence depth (Native gates) Sequence depth (Native gates)
FIG. 16. Electron RB results. The nitrogen spin is initialized in m; = 0 and there are XY8 decoupling sequences around the 7 /2

gates. Red (blue) dots are values resulting from a sequence ending with an inversion gate bringing the spin to m; = 0 (m, = —1). Black

dots are the average of all survival probabilities belonging to one Clifford depth m¢ € {5, 10,20, 50, 100,200, 500, 750}. Black line is
a fit to the black dots. Error bars on the black dots are binomial errors and smaller than the data points. (a) Experimental results. The
depolarizing parameter is p = 0.99941(2) (x? = 11.6), resulting in an average gate fidelity of Fyy, = 0.99970(1). (b) Simulation of
RB experiment based on the process matrices obtained with GST. The depolarizing parameter p = 0.999578(8) (x2 = 2.42) results in
an average gate fidelity of Fyg = 0.999789(4).

034052-19



H.P. BARTLING et al. PHYS. REV. APPLIED 23, 034052 (2025)

(a) (b)

1.0 1 100
Q [
% 0.8 1 é
Q 8 0.90 1
o 0.7 1 o
o o
5 081 Fl, = 0.999783(7) S ogs| Tavg = 0.999903(1)
S 051 s
5 0.4 ms=0 (I:) 0.80 ms=0

031 ms=-1 mg= -1

10! 102 103 10 102 103

Sequence depth (Native gates) Sequence depth (Native gates)

FIG. 17. Electron RB results. The nitrogen spin is initialized in m; = 0 and there are XY8 decoupling sequences around the
/2 gates, with  =2.0 nus. Red (blue) dots are values resulting from a sequence ending with an inversion gate bringing
the spin to my; =0 (m; = —1). Black dots are the average of all survival probabilities belonging to one Clifford depth mc €
{5,10,20,50,100,200,500,750}. Black line is a fit to the black dots. Error bars on the black dots are binomial errors and smaller
than the data points. (a) Experimental results. The depolarizing parameter is p = 0.99957(1) (x2 = 6.56), resulting in an average gate
fidelity of Fyyy = 0.999783(7). (b) Simulation of RB experiment based on the process matrices obtained with GST. The depolarizing

parameter p = 0.999807(3) (x? = 0.81) results in an average gate fidelity of Faye = 0.999903(1).

column. The simulation gives a depolarizing parameter
p = 0.999807(3) (x? = 0.81) and an average gate fidelity
of Fyyg =0.999903(1). This value is the same as the
weighted average of the gate fidelities of the GST report,
which is 0.99990(4).

2. RB on the nitrogen spin

The results for RB on the nitrogen spin are shown in
Fig. 18(a). Here, the electron is in an eigenstate (m; = 0)
and we use DDRF gates [Fig. 2(a)]. As expected, there
is no visible decay for these depths. This data should be
compared to the GST results shown on the right-hand side
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Survival probability P
[ ]
[ ]

ms=0
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FIG. 18.

of Fig. 3(c). Using the process matrices obtained with
that GST experiment, we simulate the RB experiment in
Fig. 18(b). We find p = 0.999937(6) (x> = 3.12). The
average gate fidelity of a native gate is 0.999968(3). The
weighted average of the gate fidelities from the GST report
15 0.99996(3).

APPENDIX N: SWAP: COMPARISON TO THE GST
PREDICTION

In Fig. 4(b) of the main text, we apply the compiled
SWAP gate n times. After an even number of SWAPs, we
then measure the average state fidelity of the six cardinal

5

1.000 - «
0.998 +
0.996 ~
0.994 -

0.992
0.990 A
0.988 +

chg - 0999968(3)

Survival probability P

ms=0

0.986 - me= -1

101 107
Sequence depth (Native gates)

Nitrogen RB results. The electron was initialized in m; = 0 and DDRF gates were used [Fig. 2(a)]. Red (blue) dots are
values resulting from a sequence ending with an inversion gate bringing the nitrogen spin to the state that is mapped to mg = 0 (m; =

—1) during readout. Black dots are the average of all survival probabilities belonging to one Clifford depth m¢ € {5, 10, 20, 50, 100}. (a)
Experimental result. The RB experiment took ~3 h compared to approximately 1.5 h for the GST results in Fig. 3(c), right-hand side.
There is no decay that could be fit. The dotted line is an exponential decay with the decay parameter obtained from the simulation in
(b), for comparison. (b) Simulation of RB experiment based on the process matrices obtained with GST. Black line is a fit to the black
dots, yielding a depolarizing parameter of p = 0.999937(6) (x> = 3.12). This gives an average gate fidelity of Fyyy = 0.999968(3).
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Comparison of GST-based prediction to experiment for different spin components. (a) Electron-spin population measured

along different cardinal axes (points) and corresponding GST predictions (lines). (b) Nitrogen spin population measured along z (points)
and corresponding GST predictions (lines). The error bars are smaller than the data points.

states:

1 6
Fae= 2> (Wlipil¥)i, (N1)
i=1

with |¢); € {|Z),|-2),|X),|=X),|Y),|-Y)}, and with
poi the experimentally obtained state (ideally p; =

V)i (¥1)).

For this purpose, the electron is initialized to each of the
cardinal axes and the nitrogen is initialized in m; = 0. At
the end of an even number of SWAP gates, we measure the

i

Number of gates

projections of the electron spin onto all cardinal axes, and
the nitrogen spin along z.

The average state fidelity after » SWAP gates is well
reproduced by the process matrices obtained from two-
qubit GST. Moreover, the action of the full gate sequence
on the individual spin components of both electron and
nitrogen spin can be reproduced. This is illustrated in
Fig. 19, which shows an example of state preparation and
measurement in different bases and its comparison to the
GST prediction. The results corroborate the accuracy of
the process matrices obtained from GST.

500 1000 1500 2000 2500
1.0
0.9 GST predictions
% 08| —— TWIRL with perfect P1, P2 gates
e —— TWIRL with experimental P1, P2 gates
% 0.7 J —— no coherent error
° —— with 7 pulse
=) 0.6 ° .
£ o —— experiment
Z 0.51 ° S
04 e experimental data
0 25 50 75 100 125 150

Number of swaps n

FIG. 20. Theoretical analysis of error mitigation techniques on the electron-nitrogen SWAP gate sequence. Similar to Fig. 4(b) of the
main text, with the addition of Pauli twirling to mitigate the build-up of coherent errors. Top: Pauli-twirling compilation for the SWAP
gate. For each realization and each SWAP we choose P, and P, at random. For perfect Pauli operations, this block is identical to a
simple SWAP. Bottom: comparison of different mitigation techniques for the n sequential SWAP gate sequence. Both electron r-pulse
echo (green) and Pauli twirling with experimental gates for P;, P, (light blue, experimental gates as characterized in Fig. 2) or perfect
gates for Py, P, (purple) are simulated to improve the average state fidelity. The error bars are smaller than the data points.
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Even though the average state fidelity after n = 20
SWAP operations reaches 0.5, the individual electron spin
components clearly show coherent rotations well beyond
that, which are expected to come from coherent errors.
Together with the predictive power of GST, this can be
used to design tailored error mitigation to cancel the effect
of accumulated coherent errors in specific extended gate
sequences (Sec. O).

APPENDIX O: SWAP: ERROR-MITIGATION
TECHNIQUES

As illustrated in Fig. 4(b) of the main text, the aver-
age fidelity of the six cardinal electron states after an even
number of SWAPs is mainly limited by an accumulation
of coherent errors. The particular sequence is close to a
worst-case scenario, as the same gate is repeated n times,
allowing coherent errors to add up with circuit depth. As
circuits of practical interest are in general not random, the
effect of coherent errors on the results will likely be sig-
nificant. The direct solution is to improve the precision
of the calibration of the basic gate parameters in order to
further reduce the coherent errors. However, this can be
challenging at the high-fidelity levels achieved here.

We highlight two different solutions to this issue using
GST process matrix simulations, the results of which are
illustrated in Fig. 20. First, using GST, we can determine
the accumulated coherent error of a particular larger circuit
block. In principle, this could allow one to tailor a specific
gate sequence that cancels the effect of the coherent error
completely. In the particular sequence at hand, a significant
portion of the coherent error is due to a Z.I, error during
the controlled two-qubit gate. Therefore, echo pulses on
the electron after each swap (compiled as two electron X »
gates), can significantly decrease the accumulated coherent
error (Fig. 20).

Second, we can use error-mitigation techniques such as
Pauli twirling, which was recently also used in the con-
text of error extrapolation [90-93]. Due to the twirling,
the coherent errors cannot add up linearly. In our case,
we can build a Pauli-twirling set from our charac-
terized gates as {/,Xy)2 % Xp2, Yo % Yoo, Xnpa * Yo po %
Xz /2 * Yz 2}. The twirling operations are compiled as illus-
trated in Fig. 20. For the simulation, we average over ten
different realizations, picking a Pauli P; and P, randomly
from the twirling set for each SWAP in the sequence. As we
can see in the figure, the Pauli twirling does not allow for
a coherent accumulation of errors, resulting in an expo-
nential decay of the average fidelity of the six cardinal
states. Comparing to ideal Pauli gates, we note that the
effectiveness of this error mitigation technique relies on
high-fidelity single-qubit gates. These theoretical simula-
tions for the example case (repeated SWAPs) illustrate that
the GST characterisation can be used to determine tailored
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FIG. 21. Electron-spin population during nitrogen decoupling.

After storing a quantum state (x, £y, or £z) on the nitro-
gen spin and swapping it back to the electron spin, we measure
the nitrogen spin to determine what happened to the electron
spin during the decoupling sequence on the nitrogen spin. The
electron-spin population decays for increasing numbers of XY 8s.
The timescale is similar to the decoherence of the nitrogen spin
in Fig. 4(c), suggesting that control errors in the DDRF /2 gates
used to construct the nitrogen spin XY8 decoupling sequence
lead to the observed decay.

error mitigation methods to improve the fidelity of circuit
blocks.

APPENDIX P: QUANTUM MEMORY:
ELECTRON-SPIN DEPOLARIZATION DURING
NITROGEN-SPIN DECOUPLING

In this section, we discuss additional data accompany-
ing Fig. 4(c). In Fig. 4(c), we read out the electron spin,
which gives information about the state that was stored
on the nitrogen spin during the main evolution time. In
Fig. 21, we read out the nitrogen spin, which gives infor-
mation about what happened to the electron spin during the
decoupling sequence on the nitrogen spin. We find that the
electron spin population decays during XY8 decoupling of
the nitrogen spin. A similar decay is predicted from the
two-qubit GST process matrices, even though we did not
include electron-spin dephasing during the free-evolution
time in this prediction, as this depends on the detailed,
microscopic spin-bath dynamics. The electron-spin depo-
larization occurs at the same timescale as the nitrogen spin
decoherence in Fig. 4(c), which suggests that electron-spin
control errors in the DDRF gate are the underlying cause of
the observed nitrogen spin decoherence, instead of direct
decoherence of the nitrogen spin due to the surrounding
spin bath.
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