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(Received 23 September 2024; accepted 5 February 2025; published 11 April 2025)

Solid-state quantum registers consisting of optically active electron spins with nearby nuclear spins are
promising building blocks for future quantum technologies. For electron spin-1 registers, dynamical
decoupling (DD) quantum gates have been developed that enable the precise control of multiple nuclear
spin qubits. However, for the important class of electron spin-1=2 systems, this control method suffers from
intrinsic selectivity limitations, resulting in reduced nuclear spin gate fidelities. Here, we demonstrate
improved control of single nuclear spins by an electron spin-1=2 using dynamically decoupled radio-
frequency (DDRF) gates. We make use of the electron spin-1=2 of a diamond tin-vacancy center, showing
high-fidelity single-qubit gates, single-shot readout, and spin coherence beyond a millisecond. The DD
control is used as a benchmark to observe and control a single 13C nuclear spin. Using the DDRF control
method, we demonstrate improved control on that spin. In addition, we find and control an additional
nuclear spin that is insensitive to the DD control method. Using these DDRF gates, we show entanglement
between the electron and the nuclear spin with 72(3)% state fidelity. Our extensive simulations indicate that
DDRF gate fidelities well in excess are feasible. Finally, we employ time-resolved photon detection during
readout to quantify the hyperfine coupling for the electron’s optically excited state. Our work provides key
insights into the challenges and opportunities for nuclear spin control in electron spin-1=2 systems, opening
the door to multiqubit experiments on these promising qubit platforms.

DOI: 10.1103/PhysRevX.15.021011 Subject Areas: Condensed Matter Physics,
Quantum Physics, Quantum Information

I. INTRODUCTION

Optically interfaced electron spins in the solid state are
promising platforms for quantum networking, computing,
and sensing [1]. Prominent examples are color centers [2–7]
and single rare-earth ions [8–11]. These electron spins offer
fast control [12–14] and high-fidelity readout [15–17].
Moreover, their spin-photon interface enables remote entan-
glement generation [18], while their solid-state nature
facilitates on-chip integration [19]. The use of surrounding
nuclear spins as long-lived memory qubits further enhan-
ces the functionality of the electron spins. For example,
these electron-nuclear registers have enabled recent
demonstrations of fault-tolerant quantum computing [20],

memory-assisted quantum communication [17], and amulti-
node quantum network [21,22].
A key requirement for establishing coherent quantum

gates between the electron and nuclear spins is the protection
of the electron spin coherence during the gate [23]. For this,
different control methods have been developed, such as
dynamical decoupling (DD) control [24] and dynamically
decoupled radio-frequency (DDRF) control [25]. Nuclear
spin control using the DD method has been shown in
different platforms including color centers in diamond
[26–28], silicon carbide [29], and single rare-earth ions [10].
In these decoherence-protected control methods, the selec-
tivity of the control critically depends on the electron spin
magnitude.Notably, the important class of electron spin-1=2
systems, which includes the silicon T centers [30,31]
and the diamond group-IV color centers [32–35], has an
intrinsically reduced selectivity for the DD control method
compared to spin systems with a higher magnitude
[10,28,36,37]. It has been hypothesized that the DDRF
control method improves the selectivity for these interesting
electron spin-1=2 systems [25].
In this work, we experimentally explore and investigate

the control of two nuclear spins with the electron spin-1=2
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of the negatively charged tin-vacancy (SnV) center in
diamond [Fig. 1(a)], using both the DD and DDRF control
[Fig. 1(b)]. The SnV center has recently emerged as a
highly promising quantum system because of its excellent
optical and spin properties, compatibility with nanopho-
tonic integration, and operating temperature of above one
Kelvin [19,38–46]. We provide a detailed selectivity
comparison of spin-1=2 and spin-1 systems in simulation.
Furthermore, we investigate the nuclear spins’ coupling to
the SnV center’s excited state during the optical readout of
the electron spin.

II. ELECTRON SPIN CONTROL

Our experiments are performed on a chemical vapor
deposition grown diamond that is implanted with

5 × 1010 ions=cm2 of spinless 120Sn at a target depth of
88 nm and subsequently annealed at 1100 °C [46]. The
diamond contains the natural abundance of carbon iso-
topes, including 1.1% 13C, which has a nuclear spin-1=2. A
wire is spanned over the diamond sample to deliver the
microwave and radio-frequency signals. A 3He cryostat
with a confocal optical microscope cools the sample to
0.4 K. We align a bias magnetic field of 0.1 T with the
symmetry axis of the SnV center; see Fig. 1(a).
We use the negatively charged tin-vacancy (SnV) center

throughout this work. The electronic waveform of the SnV
center is a spin and orbital doublet in the ground and
excited state, as depicted in Fig. 2(a). The spin-orbit
interaction and lattice strain lift this degeneracy. At temper-
atures below 1.5 K, thermal occupation of the higher levels
is negligible, resulting in an effective spin-1=2 system. The
other levels are still observable in effects like an anisotropic
g factor, reduced microwave driving efficiency, and an
optical cyclicity that depends on the magnetic field
alignment [34].
The electron spin qubit is initialized and read out

optically with a 619 nm laser. In Fig. 2(b), a photo-
luminescent excitation (PLE) measurement shows the
two spin-conserving transitions split by 611(3) MHz due
to a difference in the g factors of the ground and excited
states. The SnV center is initialized in the correct charge
state, and the optical lines are ensured to be on resonance
with the laser by a charge-resonance check [47]. The
single-shot readout is implemented by spin-selective opti-
cal excitation of the spin-down transition [48]. The bright
j0i state is assigned in case at least one photon is recorded;
otherwise, the j1i state is assigned. A finite spin-flipping
probability during optical cycling causes readout infidelity
of the bright j0i state, whereas noise counts limit the
readout fidelity of the dark j1i state. These two contribu-
tions are optimized in Fig. 2(c), resulting in an average
readout fidelity of 77.7(3)%. Note that single-shot readout
can be achieved in this setup despite a low collection
efficiency of approximately 0.2%, thanks to the high
cyclicity of approximately 1200 of this SnV center.
Initialization of the qubit is achieved by spin pumping,

where a laser, on resonance with the spin-up transition,
excites the electron. The finite spin-flipping probability
during optical decay causes initialization into the spin-
down state. The initialization fidelity of 98.1(5)% is
deduced from the residual fluorescence at the end of spin
pumping for 300 μs and can be readily improved by
implementing a longer spin pumping time or using a
higher laser power.
The electron spin is controlled by microwave driving

with a Rabi frequency of 2.46 MHz, as shown in Fig. 2(d).
The average fidelity of the calibrated gates is measured
using process tomography to be 98(2)%. The investigated
SnV center has a spin dephasing time of T�

2 ¼ 2.42ð4Þ μs;
see Appendix C 1. The coherence is extended by XY8

(a)
rf

(b)

FIG. 1. Nuclear spin control with electron spin-1=2. (a) The
electron spin-1=2 of a negatively charged tin-vacancy center in a
h100i surface-oriented diamond (purple spin) is initialized and
read out by a red laser. The electron spin is controlled using the ac
magnetic field of microwave (MW) radiation (purple sine)
through a wire (gray line) spanned over the diamond. The
surrounding nuclear spins (yellow spins) have a unique parallel
and perpendicular hyperfine coupling (Ak and A⊥) to the electron
spin. This allows conditional control with the electron spin and
generation of entanglement (green link). The nuclear spins can be
directly driven using radio-frequency (rf) radiation (yellow sine).
(b) Nuclear spin control is achieved by DD and DDRF gates. For
DD gates, interpulse delays τ resonant with the nuclear spin
dynamics cause a rotation conditioned on the electron spin state.
For DDRF gates, the interpulse delays do not need to follow the
dynamics of the target nuclear spin: Direct spin-state selective
radio-frequency driving with tailored phase updating enables a
conditional rotation of the nuclear spin. Both techniques perform
CNOT-equivalent gates.
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dynamical decoupling of the electron spin to TDD
2 ¼

1.7ð5Þ ms using 256π pulses [49]. The observed scaling
of the coherence during DD in Fig. 2(e) matches

TDD
2 ¼ TEcho

2 Nχ ; ð1Þ

where N is the number of decoupling pulses, TEcho
2 ¼

129ð2Þ μs is the fitted constant equivalent to the single echo
coherence, and χ ¼ 0.47ð1Þ is the scaling factor.
To investigate the limiting effect for the TEcho

2 , we
perform a double electron-electron resonance (DEER)
measurement; see Appendix C 2. In the DEER, we simul-
taneously apply an echo pulse on the SnV center electron
spin and at the MW frequency of free electron spins with a
g factor of 2. This DEER shows a reduced coherence time
for the SnVelectron spin, which points to the presence of an
electron spin bath as a noise source in this device. The
found scaling factor χ is close to the one found in the recent
experiments in samples with a comparable implantation
dose of tin ions [34]. From simulations, they attribute the

decoherence to the electron spin bath caused by implanta-
tion. Better coherence of the electron spin has been
achieved in samples with a hundredfold lower implantation
dose [50].

III. DYNAMICAL DECOUPLING CONTROL

The hyperfine coupling between the electron spin of the
SnV center and the surrounding 13C spins is caused by the
dipole-dipole interaction and the Fermi contact hyperfine
interaction [51]. Therefore, the coupling is dependent on
their relative distance and orientation. A single nuclear spin
can be controlled by targeting its unique hyperfine cou-
pling. Strongly coupled 13C can be observed directly in
optically detected magnetic resonance (ODMR) of the
electron spin [52,53]. However, more weakly coupled
spins, where the coupling is smaller than 1=T�

2 of the
electron spin, are not resolvable by ODMR. To observe and
control them, one needs to extend the coherence of the
electron spin at the same time. Dynamical decoupling of the
electron spin brings the detection limit down to the inverse

(a) (c)(b)

(e)(d)

FIG. 2. Electronic qubit characterization. (a) Schematic lattice and level structure of the SnV center. The negatively charged SnV
center consists of an interstitial tin atom with two carbon vacancies and an additional electron. The ground and excited states behave as
an effective spin-1=2 system at low temperatures. The lowest two levels of the ground state form a spin-1=2 qubit and are connected to
the excited state via an optical transition at 619 nm. (b) Photoluminescence excitation measurement of the two spin-conserving
transitions in (a). (c) Single-shot readout calibration curve. The splitting of the optical transitions allows for spin-selective readout via
optical excitation. The qubit is initialized into an eigenstate. A single-shot readout result of 0 (1) is assigned when detecting at least one
photon (no photon) during the excitation of the spin-down transition. The best average fidelity determines the optimal readout time.
(d) Microwave control of the SnV center electron spin qubit. The fit of this Rabi oscillation is used to determine the duration of π=2 and
π pulses. (e) Electron coherence measurement with dynamical decoupling. We employ XY8 sequences with a varying number of π
pulses. Increasing the number of decoupling pulses beyond 100 creates heating in this device, which shows up as a lowered contrast.
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of the coherence time of the electron spin under dynamical
decoupling 1=TDD

2 [24,54,55].
The Hamiltonian of a single 13C spin, in the secular

approximation, is

Hhf ¼ ωLIz þ AkSzIz þ A⊥SzIx; ð2Þ

where Si and Ii are the spin operators for the electron and
nucleus, respectively, and ωL ¼ γcBz is the Larmor fre-
quency of the 13C spin with γc=2π ¼ 10.71 MHzT−1. Ak
and A⊥ are the parallel and perpendicular hyperfine
parameters, respectively, with respect to the external
magnetic field, depicted in Fig. 1(a). As a result of this
Hamiltonian, the precession axis of the nuclear spin
depends on the state of the electron as

ω⃗i ¼ ðsiA⊥; 0;ωL þ siAkÞ; ð3Þ

where si is the spin projection of the electron spin for qubit
state jii [36].
Nuclear spins can be detected and controlled using the

dynamical decoupling sequence of the electron. The
nuclear spin precesses around a different axis depending
on the electron spin state. Periodically changing between
these two rotation axes can give rise to a conditional
rotation of the nuclear spin [24,54,55], as depicted in
Fig. 3(a). To control a nuclear spin with DD, the π pulses on
the electron spin need to be applied in resonance with the
dynamics of the nuclear spin. In the high magnetic field
regime (ωL ≫ Ak; A⊥), the resonant condition is met when
the τ of the decoupling sequence is

τp ≈
ð2pþ 1Þπ

2ω̄
; ð4Þ

where p is the order of the resonance and ω̄ ¼ ðω0 þ ω1Þ=2
is the average nuclear precession frequency. To target a
specific nuclear spin, a unique τp is required to avoid
crosstalk with other spins. Therefore, the selectivity of the
DD control method depends on a difference in the average
nuclear precession frequency ω̄. Expanding it in hyperfine
parameters gives [36]

ω̄ ¼ ωL

�
1þ s0 þ s1

2

Ak
ωL

þ s20 þ s21
4

�
A⊥
ωL

�
2
�
: ð5Þ

The first-order term drops out of the expression if s0 and s1
have opposite signs and the same magnitude. In a spin-1=2
system, this is unavoidable, resulting in a second-order
selectivity in A⊥. In contrast, in systems with a larger spin
magnitude, one can choose the spin projections to achieve a
first-order sensitivity in Ak.

Low magnetic fields will give a stronger influence of
A⊥=ωL, which benefits the nuclear spin selectivity in spin-
1=2 systems. However, this usually results in a trade-off, as
the magnetic field also influences other properties. For the
SnV center, for example, a lower field comes at the cost of
less separation between the optical transitions and, there-
fore, reduced optical initialization and readout fidelity for
the electron spin qubit.
In Fig. 3(b), we first use the DD method to detect the

nuclear spins around the SnV center by sweeping τ for 32
decoupling pulses. As this conditional interaction acts
like SzIx, the electron spin can be used as a sensor by
applying the conditional gate while the electron is in a
superposition. For this, we prepare the electron spin in
jxi ¼ ðj0i þ j1iÞ= ffiffiffi

2
p

using a π=2 pulse, and, after the
decoupling sequence, we use another π=2 pulse to map the
x basis to the z basis for readout. A conditional gate
entangles the electron spin with the nuclear spin, which
shows up as a loss of coherence of the electron spin in
Fig. 3(b). A drop in coherence to hσzi ¼ 0 can be caused by
coupling to many different spins. A value below that shows
a coherent interaction with a single spin system [24]. The
nuclear spin bath, composed of spins that have small
coupling and cannot be resolved individually, shows up
at τ ≈ ð2pþ 1=4ÞτL, where τL ¼ 2π=ωL is the Larmor
period. In Fig. 3(c), the dip in coherence around τ ¼
6.45 μs is shown. Next to the nuclear spin bath, we observe
one dip separate from the bath, which goes well below
hσzi ¼ 0, indicating coherent coupling. We calibrate a two-
qubit gate with this spin based on the DD spectrum by
using the τ of the center of the dip. The number of pulses in
the DD sequence is swept in Fig. 3(d), where hσzi ¼ 0
indicates the number of pulses required for a maximally
entangling gate (dashed line). The decay of the signal is
caused by a combination of loss of coherence of the
electron spin and residual crosstalk with the spin bath.
The control over the nuclear spin allows us to perform a

Ramsey experiment using the sequence in Fig. 3(e), where
the nuclear spin is prepared in jxi and read out in the x basis.
The state of the nuclear spin can be read out by entangling it
with the electron spin and reading out the electron spin. We
initialize the nuclear spin using measurement-based initial-
ization (MBI) [56], where measuring the electron spin to be
j0i prepares jxi on the nuclear spin. ARamseymeasurement
is performed in Fig. 3(f) by varying the time between the
MBI andmeasurement. After theMBI, the electron spin is in
j0i, and the Ramsey shows ω0=2π ¼ 1116.1ð2Þ kHz.
Adding a π pulse after the MBI allows the measurement
of ω1=2π ¼ 985.4ð3Þ kHz.
In the system of the electron spin of the SnV center

and the 13C nuclear spin, there is no direct measure of
the magnetic field. The electronic g factor depends on the
unknown strain in the lattice. For the nuclear spin, the
unknown hyperfine coupling always influences the pre-
cession frequency of the 13C spin, as there is no spin-0
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projection of the electron. Therefore, we extract the
Larmor frequency of the 13C spins from a fit to Fig. 3(d),
yielding ωL=2π ¼ 1048.52ð8Þ kHz. From this, we extract
Ak=2π ¼ −130.9ð3Þ kHz and A⊥=2π ¼ 137ð6Þ kHz for
this 13C-spin CA. We correct for small changes in magnetic
field strength between different measurements; see
Appendix D. We can observe and control this nuclear spin
using the DD control method, because it has a significantly
large A⊥ that separates its resonance enough from the
nuclear spin bath, whereas the resonances of other nuclear
spins overlap with the nuclear spin bath.

IV. DYNAMICALLY DECOUPLED RADIO
FREQUENCY CONTROL

DDRF control has been suggested to yield a better
selectivity for a spin-1=2 system than DD control [25]. In
DDRF, a direct drive of the nuclear spin is combined with
coherence protection of the electron spin using dynamical
decoupling. The most direct way of driving the nuclear spin
is with radio-frequency (rf) radiation. The required rf
driving frequency ωi depends on the electron spin state
jii as described by Eq. (3). The electron spin coherence
must be extended with DD while driving the nuclear spin.

(a)

(b) (c) (d)

(f)(e)

FIG. 3. Dynamical decoupling nuclear spin control. (a) A dynamical decoupling sequence performs a conditional rotation if τ fulfills
the resonance condition of the nuclear spin. (b) Dynamical decoupling sequence for varying interpulse delay τ. The dips in the coherence
indicate coupling to the nuclear spins around. The dashed line indicates the contrast limit due to the electron coherence. (c) Enlargement
of the shaded region of τ in (b). The gray area shows the effect of the spin bath on the electron spin. The spread stems from simulating
many different configurations of the spin bath. The narrow dip stems from an individual nuclear spin CA, where the yellow line is the
simulated response. The blue area is the simulated combined effect of the bath and the nuclear spin CA. Appendix E 1 describes the
simulations. (d) Nuclear gate calibration. By fixing τ ¼ 6.425 μs [dashed line in (b)] and varying the number of decoupling pulses N,
coherent control of the nuclear spin can be observed by the oscillation of the electron coherence. The fully entangling gate is achieved
when hσzi ¼ 0. The gray dashed line indicates the contrast limit due to the electron coherence. (e) Pulse sequence for nuclear Ramsey
measurement. The nuclear spin is prepared via a measurement-based initialization (MBI). The controlled gate is achieved by the DD
gate characterized in (c) and (d). A measurement of j0i of the electron at the end of the sequence projects the nuclear spin into jxi. An
optional π pulse allows for measuring the evolution of the nuclear spin for both electron spin states. After a free evolution time Δt, the
nuclear spin is measured in the x basis through the electron spin. (f) Ramsey signal of the nuclear spin dependent on the electron spin
state. The precession frequency of the nuclear spin changes depending on whether the electron is kept in j0i or flipped to j1i after the
MBI. The measured frequencies are ω0=2π ¼ 1116.1ð2Þ kHz and ω1=2π ¼ 985.4ð3Þ kHz.
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To make it work in practice, we need to apply the rf
driving pulses in phase with the nuclear spin evolution. Van
Ommen et al. [57] extend the original work on DDRF [25]
with a more precise and generalized analysis that includes
the effects of the bandwidths of the rf pulses.
To achieve the desired nuclear spin evolution, the phase

of the rf pulses is updated after each π pulse on the electron
spin with

δϕ ¼ 2τω̄þ π; ð6Þ

where ω̄ ¼ ðω0 þ ω1Þ=2 is the average nuclear spin pre-
cession frequency. The 2τω̄ is the phase update required to
follow the spin evolution such that the rf drive induces
rotations along a fixed axis in the rotation frame of the
nuclear spin. The π phase makes the rotation conditional, as
it inverts the rotation axis for the opposite electron spin
state. As the phase update rule depends on ω̄, it has a
similar selectivity as the DD control. However, the direct
driving of the spin rf frequency, typical of DDRF control,
increases its selectivity.

The Fourier transform of the pulse’s temporal shape
determines the frequency response of the rf drive [57]. For a
square pulse of length 2τ, it is

ΩðΔ; τÞ ∝ sin cðΔτÞ; ð7Þ

where Δ ¼ ω − ωrf is the detuning from the rf driving
frequency and sin cðxÞ ¼ sinðxÞ=x. For a typical τ used in
this work, around 5 μs, this sets an upper bound for the
selectivity of the rf drive of around 100 kHz. In our
experiments, the power broadening of the nuclear spin
transition can be neglected, as it is around 2 kHz.
As the DDRF control method also gives an effective SzIx

interaction, like the DD method, similar detection and
control circuit diagrams can be used [24]. The DDRF
control method now performs the conditional gate, as
depicted in Fig. 4(a). The DDRF gate depends on both
the used rf frequency ωrf and the targeted average pre-
cession frequency ω̄ through the phase update rule, result-
ing in a two-dimensional DDRF spectrum. This spectrum is
achieved by the gates in Fig. 4(b).

(c)(a)

(b)

(d)

FIG. 4. DDRF control. (a) A DDRF gate is realized by direct rf driving of the nuclear spin during the interpulse delay of the DD
sequence. (b) The sequence to calibrate the gate. The angle θ is calibrated with the applied rf power. The angle ϕ of the second π=2 gate
is calibrated to counteract a phase that the electron picks up due to the rf driving. (c) DDRF spectrum. For each data point in the left
panels, the sequence in (b) is measured for multiple electron readout π=2 pulse phases ϕ and fitted to a sine function to account for
phases picked up during the rf pulses. The amplitude of the sine is a measure for hσzi. The values for τ are chosen such that, for both
values of N, the expected electron coherence at the end of the sequence is similar. The right panels show a simulation of the Hamiltonian
for a collection of weakly coupled spins to imitate the nuclear spin bath, which is described in Appendix E 2. Additionally to the
characteristic bath features, two coupled spins (indicated by the arrows) are observable. The white dashed line indicates ωL. The solid
white circle is the used operating point in (d). (d) Nuclear spin gate calibration. The controlled gate can be calibrated by varying the
electron readout π=2 pulse phase and the rf voltage. A fit of the full data with a heuristic model determines the correct voltage for the
controlled gate as well as the additional phase picked up by the electron during the gate (dashed lines). After the rf pulses are generated
with the reported voltages, they are amplified by 32 dB.
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In Fig. 4(c), we show the resulting spectra for two
different decoupling sequences, both using a Rabi fre-
quency of 1.64 kHz. We compare the spectra to simulations
of the nuclear spin bath. In this way, we can see which
resonances are caused by the bath and which ones show the
presence of controllable single nuclear spins. Our mea-
surements show the known nuclear spin CA, as indicated in
Fig. 4(c). However, there are also resonances belonging to
another nuclear spin CB. This nuclear spin has an average
precession frequency close to ωL (white dashed line),
indicating a small A⊥. The splitting between the dips of
ω0 and ω1 for CB indicates Ak=2π ≈ 300 kHz. This nuclear
spin was not visible in the DD measurements, as that
method requires a high A⊥ to make it stand out from
the bath.
In the spectra, the width of the resonances in targeted ω̄

(vertical) is inversely proportional to the total gate duration,
as this is the time over which a difference in ω̄ can build up
a phase difference. The width of the resonances in ωrf
(horizontal) is inversely proportional to the τ used, as this
corresponds to the frequency width of the rf pulse [57].
Nuclear spins have different combinations of Ak and A⊥,

resulting in various combinations of ω̄ and ωrf for the
resonances. This means that the two parameters need to be
searched independently to find the different nuclear spins.
This is different in a spin-1 system, such as the nitrogen-
vacancy center in diamond, when using s0 ¼ 0 and
s1 ¼ �1, where the hyperfine parameters influence only
ω1, with ω0 being constant. For a spin-1, the search space
can be reduced to a one-dimensional slice as ω0 is known in
advance.
The high symmetry of the DD sequence, in combination

with the symmetric spin projections of a spin-1=2 system,
causes the loss of first-order selectivity in the phase update
rule. To circumvent this, we explored the use of the less
symmetric Uhrig dynamical decoupling (UDD)
sequence [58] for the DDRF gate, which is discussed in
Appendix G. The UDD gives differently shaped resonan-
ces, which, in our case, causes separation of the nuclear
spin CA from the bath. However, in our system where the
noise spectrum has no hard cutoff, UDD decoupling is
inferior to the XY8 decoupling sequence [49], resulting in
lower electron coherence, and is therefore not further
pursued.
In previous work [25], only a single driving frequency

was used, effectively reducing the nuclear spins’ driving to
half the time. For the spectroscopy in Fig. 4(c), we apply
the same approach. However, for calibrated DDRF gates,
we drive the nuclear spin at both ω0 and ω1, making the
driving more efficient and reducing heating. Simulations of
our experiments show that a double drive with a driving
strength of Ω=2 for both transitions is equivalent to a single
drive with Ω. For simplicity and consistency, we describe
the experiments and theory in this work as if a single drive
was used for the DDRF gates.

The dips in the coherence of the electron spin show
which combination of ωrf and ω̄ can be used to control the
nuclear spin. We use the right dip of CB (white dot) to
control it. At this operating point, the rf amplitude is swept
in the sequence in Fig. 4(b) to calibrate the DDRF gate. A
fully entangling gate is created by setting the rf amplitude
to the point where hσzi ¼ 0 [Fig. 4(d)]. The phase of the
electron spin is also calibrated, as the magnetic part of the rf
radiation adds an extra phase to the electron spin, which
needs to be compensated. We measure the nuclear spin
precession frequencies using a nuclear magnetic resonance
(NMR; see Appendix H) experiment extracting ω0=2π ¼
896.02ð3Þ kHz and ω1=2π ¼ 1200.49ð3Þ kHz for 13C-spin
CB, which translates to Ak=2π ¼ 304.45ð5Þ kHz and
A⊥=2π ¼ 0ð13Þ kHz. For CA, we observe an improved
contrast compared to the DD method, indicating that we
can better separate this spin from the bath. For the best gate
settings, we find a contrast of 0.23 (0.23) for a Ramsey
measurement with the electron spin in state j0i (j1i)
compared to the contrast of 0.19 (0.14) via DD control.

V. ELECTRON-NUCLEAR ENTANGLEMENT

To use the DDRF gate on CB for entangling the electron
and nuclear spin, we first optimize the gate through
simulation in Fig. 5(a), using the hyperfine parameters
determined in the previous section. For this, we simulate
the required rf Rabi frequencies for fully entangling gates
with different total lengths and τ. The effective Rabi
frequency depends on the total length of the gate and
the amount of off-resonant driving of the other nuclear
transition. This off-resonant driving occurs because the rf
pulse has a finite sinc-shaped frequency bandwidth [57].
Taking the rf Rabi frequency, total gate time, and τ, we
simulate the effect of the presence of a nuclear spin bath.
Furthermore, the coherence of the electron needs to be
preserved for a high-fidelity gate. Therefore, we calculate
the coherence of the electron for different DD sequences
based on the measurement in Fig. 2(e). By combining these
two contributions to the infidelity, we get an estimate for
the fidelity of a full two-qubit gate. We choose an operating
point that gives the highest fidelity within the region of
achievable Rabi frequencies (Ω=2π < 3.1 kHz). After the
choice of the operation point, the simulation was further
refined to the one depicted here, showing that a higher gate
fidelity might have been possible.
For the optimization, there is a trade-off between

preserving electron coherence and gate performance.
Shortening the total gate time improves electron coherence
but requires a higher Rabi driving frequency. Increasing τ
improves the rf selectivity as the pulse bandwidth is
reduced but lowers the electron coherence. Besides this,
higher-order resonances with the nuclear spin bath can be
avoided by carefully selecting appropriate values for τ.
In Fig. 5(b), the optimized gate is used in an under-

sampled Ramsey measurement on CB. The observed
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beating pattern is explained by a coupling to two different
nuclear spins with 67(4) and 71(4) Hz. The T�

2 ¼
17.2ð6Þ ms of this nuclear spin is comparable to high
values measured using the nitrogen-vacancy center in
diamond [25]. We extract a two-qubit gate fidelity of
F gate ¼ 0.874ð4Þ (see Appendix F 1 for details), which
is slightly less than the simulated fidelityF sim ¼ 0.915. We
attribute the difference to the decoherence of the electron
spin to coupling to undetected spins, which are not captured
by the spin bath simulation.
With this two-qubit gate, we have the tools to entangle

the SnV electron spin with the 13C spin. For this, we
initialize the 13C spin, prepare the electron in a super-
position state, and use the two-qubit entangling gate to

create the Bell state jΦþi ¼ ð1= ffiffiffi
2

p Þðj00i þ j11iÞ; see
Fig. 5(c). The correlators are measured with tomography,
from which the fidelity to the Bell state jΦþi is calculated
as F ¼ ðhXXi − hYYi þ hZZi þ 1Þ=4. By correcting for
known tomography errors, as explained in Appendix F 1,
we find a fidelity to the Bell state jΦþi of 72(3)%. As
discussed in Appendix F 2, this is mainly limited by the
electron coherence loss during the nuclear spin gates.

VI. COMPARISON CONTROL METHODS

In previous sections, we explored the experimental
control of 13C spin with a spin-1=2 electron spin using
the DD and DDRF control methods. In this section, we

(a)

(b)

(c)

(d)

FIG. 5. Gate optimization and electron-nuclear entanglement. (a) Gate parameter simulation. A set of τ and the total gate duration puts
a requirement on the Rabi frequency that needs to be achieved for a gate with θ ¼ π=2. For specific values of τ, the spectral shape of the
rf tone also drives the other nuclear spin transition (i.e., drivingω0 while targeting ω1), resulting in a higher required Rabi frequencyΩ to
compensate for this off-resonant driving [57]. The gate fidelity is determined by the combination of electron coherence during DD and
extra coherence loss due to the applied DDRF gate. Considering the fidelity and excluding gates with a Rabi frequency higher than the
maximally achievable 3.1 kHz (gray region), we choose the working point indicated by the cross. (b) Measurement of the nuclear T�

2 via
a Ramsey sequence. The fit accounts for two coupled spins that induce a beating of the Ramsey signal. The envelope (gray dashed line)
has the form A exp ð−ðt=T�

2ÞnÞ with n ¼ 2.0ð2Þ and decay time T�
2 ¼ 17.2ð6Þ ms. (c) Gate sequence for electron-nuclear entanglement.

The nuclear spin is prepared into jxi via MBI. The entangling block creates the Bell state jΦþi, which is consecutively measured with
different correlators. The tomography pulses on the nuclear spin are realized by Larmor precession (z rotations) or direct rf driving.
(d) Correlators of the jΦþi state. The error bars indicate their standard deviation. The readout of the nuclear spin in the tomography
block is corrected for errors in the two-qubit gate, resulting in an entangled state fidelity of FBell ¼ 0.72ð3Þ.
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compare the selectivity of these two methods in simulation.
Additionally, we analyze the difference for the case of an
electron spin-1 system [24,57]. The different nuclear spins
surrounding the electron spin can be characterized by their
specific Ak and A⊥. Figure 6 visualizes the selectivity of
both control methods. We simulate a nuclear spin gate for a
nuclear spin with Ak=2π ¼ 100 kHz and A⊥=2π ¼ 50 kHz
(red circle). The blue region indicates for which hyperfine
parameters a bystander spin would cause more than 5%
coupling to the electron during the same gate.
For each scenario, the most selective gate is found by

optimizing the gate parameters under the boundary con-
ditions that the electron has preserved more than 99%
coherence and the gate does not exceed 1 ms. For the
simulations, we assume an electron echo time of
TEcho
2 ¼ 1 ms, dynamical decoupling scaling factor

χ ¼ 2=3, and a maximum nuclear Rabi frequency of 5 kHz.
The likelihood of having a bystander spin in the blue

areas depends on the distribution of hyperfine parameters
of the nuclear spins surrounding the color center. The
placement of 13C atoms around a color center in the
diamond lattice is probabilistic, resulting in a varying
arrangement of the bystander spins for different centers.
We simulate the distribution of nuclear spin hyperfine
parameters by generating many different random spin

configurations and calculating their hyperfine parameters.
The distribution of hyperfine parameters of bystander spins
is visualized by the regions between the gray lines, which
contain on average one nuclear spin. More simulation
details can be found in Appendix E 3.
We observe that the selectivity for DD in spin-1=2

systems is reduced compared to spin-1 [28]. Most notably,
there is considerable crosstalk with the nuclear spin bath,
i.e., the spins with a weak coupling. We note that the
specific analysis depends on the chosen target spin. For
example, spins with lower A⊥ have more crosstalk for DD
control with electron spin-1=2.
The DDRF method has an enhanced selectivity com-

pared to the DD method, as it introduces an extra resonance
requirement. Both methods depend on ω̄, DDRF through
its phase update rule and DD through the interpulse delay.
However, the rf drive in DDRF additionally targets ω0 or
ω1, which have a first-order dependence on Ak, also for
electron spin-1=2 systems. This reduces the crosstalk, most
notably with the spin bath. The first-order selectivity of the
phase update rule scales with the total gate time 2τN in
spin-1 systems, and the first-order rf selectivity scales with
the interpulse delay 2τ for both systems. Therefore, DDRF
for spin-1 systems has a factor N better selectivity [57].

VII. HYPERFINE COUPLING WITH THE
EXCITED STATE

So far, we have considered the hyperfine interaction with
the ground state of the SnV electron spin. However, the
performed Ramsey measurements also give us insight into
the hyperfine interaction in the excited state. We observe
that the nuclear spin acquires a phase depending on how
much time the electron is in the excited state.
During MBI, we use a readout of the electron that is

stopped when a photon is detected. This yields the most
reliable assignment of the postmeasurement state but also
results in a variable readout time. During the readout, the
electron spin gets cycled between the ground and excited
states. Therefore, the time the electron spends in the excited
state depends on the optical power and the readout
duration.
In Fig. 7(a), Ramsey measurements for CA and CB are

binned by the readout duration during MBI. We observe
that the Ramsey fringes are shifted for longer readout
durations, indicating that the nuclear spin acquired an extra
phase during readout. Furthermore, the shift depends on the
readout power. We use the saturation parameter s ¼ P=Psat,
to compare the readout power P to the saturation power
Psat ≈ 88 nW. The observed shift is more significant for a
readout with s ¼ 0.5 in the right column than a readout
with s ¼ 0.1 in the left column. Lastly, we see that reading
out using the spin-down transition (▾ in Fig. 7) results in
the opposite shift compared to reading out using the spin-
up transition (▴ in Fig. 7). The more noisy data for longer
readout duration are a consequence of the small amount of

1

FIG. 6. Comparison of nuclear spin control with DD and DDRF
methods. Simulated crosstalk regimes when controlling a target
nuclear spin with Ak=2π ¼ 100 kHz and A⊥=2π ¼ 50 kHz (red
circle). DD and DDRF control methods are compared for electron
spin-1=2 and spin-1. The blue areas correspond to hyperfine
parameters for which a bystander nuclear spin would cause more
than 5% decoherence of the electron spin, during a gate
performed on the target nuclear spin. The regions between the
gray circles contain, for a natural 13C abundance of 1.1%, on
average one bystander 13C nuclear spin. For simulation details,
see Appendix E 3.
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data resulting from a low probability of detecting the first
photon at those times.
We attribute the extra phase to a different hyperfine

coupling of the 13C spin to the SnV electron in the ground
and the excited states. Note that these effects can be
avoided in integer-spin systems such as the diamond
nitrogen-vacancy center by using an mS ¼ 0 optical tran-
sition. Intuitively, as the excited state exhibits a different
electron wave function, the coupling to the 13C can differ
from that of the ground state. We can extract the acquired
additional phase from the binned Ramsey measurements in
the excited state. Figure 7(b) shows the fitted phases for the
binned Ramsey fringes in Fig. 7(a), which are well
explained by a constant phase acquisition. Based on
saturation measurements, the readout power can be con-
verted to a fraction of the time spent in the excited state (see
Sec. I. 7 in Ref. [59]):

texc=t ¼
s

2sþ 1
: ð8Þ

The factor 2 in the denominator stems from the readout
being done resonantly, capturing the contribution of stimu-
lated emission. Figure 7(c) shows the angular frequency
corresponding to the additional phase acquisition as a
function of the fraction of time spent in the excited state.
Combining this occupancy with the additional phase

acquisition in the excited state gives the difference in
coupling, which can mainly be assigned to a difference
in Ak between the ground and excited states, as a difference
in A⊥ has a small second-order effect on the precession
frequencies; see Appendix I. The extracted difference in
parallel hyperfine coupling ΔAk ¼ Ae

k − Ag
k is −404ð2Þ and

25.2(4) kHz as displayed in Fig. 7(d). The contrast of the
Ramsey measurements is mostly preserved for longer
readout durations. The exponential decay constant of the
Ramsey contrast is 7.5ð3Þ × 102 and 28ð1Þ × 102 optical
cycles for CA and CB, respectively, suggesting the nuclear
spins are a viable storage of qubit states during optical
operations on the electron spin.

VIII. DISCUSSION AND OUTLOOK

We have investigated the nuclear spin control using an
electron spin-1=2 system. We have shown an improved
selectivity in controlling nuclear spins using DDRF control
compared to the more commonly used DD control. Using
these methods, we control two nuclear spins and show
entanglement between the nuclear spin of a 13C atom and
the electron spin of a SnV center in diamond.
These findings directly translate to other systems with an

electron spin-1=2, such as rare-earth ions [10] and many
other color centers like the silicon-vacancy and other
group-IV vacancy centers in diamond [7,35,53], the

(a) (c)

(d)

(b)

FIG. 7. Excited state hyperfine coupling. (a) The Ramsey measurements of the nuclear spins are binned for the readout time during
MBI. We find an additional phase shift depending on the duration of the readout. The blue (green) colored data correspond to CA (CB).
The rate of acquiring phase increases for higher laser powers (left and right column), i.e., longer occupation of the excited state.
Changing the optical transition used for the readout during MBI (▴ or ▾) flips the direction of the phase shift. The difference in contrast
stems from the better gate fidelities for CB compared to CA. (b) Extracting the phase shift for different MBI durations and saturation
numbers s results in linear slopes. (c) The used power in (b) is converted to time spent in the excited state and shows a linear relation with
the slope fitted in (b). (d) The difference in parallel hyperfine parameters between the excited and ground states for both nuclear spins.
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T center in silicon [31], and the vanadium center in silicon
carbide [60].
Decoupling with longer τ improves the rf selectivity.

Longer gates allow for better phase selectivity. Both these
factors improve the selectivity for a single gate, allowing
the control of more 13C spins. In this work, the electron
coherence limits the electron-nuclear gate fidelity. This is
not intrinsic to the SnV center or the nuclear spins but can
be attributed to the presence of an electron spin bath.
Recently, it has been shown that the SnV can indeed have
longer coherence times during dynamical decoupling [50],
which would improve the nuclear spin control as well.
The selectivity of the nuclear spin gates with DDRF is

better than with DD for electron spin-1=2. However, it is
still reduced compared to spin systems with a larger
magnitude. To counteract this, less symmetric decoupling
sequences [61], like the UDD [58], can be explored to
increase the selectivity of DDRF further.
The selectivity of the nuclear spin gates in electron spin-

1=2 systems can be further improved by interleaving a
single DD or DDRF gate by periods in which the electron
spin is in an eigenstate. In these periods, the nuclear spins
precess with ωi as opposed to ω̄ during decoupling, thereby
recovering the first-order selectivity to Ak of spin-1
systems. To preserve the state of the electron spin during
those periods, it needs to be temporarily stored in an easily
accessible quantum memory [62]. In the SnV center, this
role could be fulfilled by the nuclear spin of 117Sn
or 119Sn [63].
Lastly, we investigated the hyperfine coupling of the

nuclear spins with the excited state of the electron, showing
a different coupling in the excited state compared to the
ground state of the electron. Additionally, we can conclude
that it also showed that the nuclear spins surrounding the
SnV center stay coherent while the optical transition is
cycled hundreds of times, making these memories robust
against the optical readout of the electron spin.
The improved selectivity of the DDRF control and the

insights in nuclear spin coupling during readout bring high-
fidelity spin control in electron spin-1=2 systems closer.
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APPENDIX A: EXPERIMENTAL SETUP

The setup is schematically shown in Fig. 8. The center of
the setup is a BlueFors LD250He system with a base
temperature of 430 mK with a 1-1-1 T vector magnet.
A positioner stack provides movement of the device.
Confocal microscopy experiments are performed with a
high-NA objective and a double-4f system with a two-axis
galvanomirror. Microwaves and radio-frequency drives are
supplied via superconducting coaxial cables (not shown in
the figure) and a flex cable to allow movement of the device
(not shown in the figure). To minimize heating, the signal is
guided via a custom printed circuit board to a bond wire
approximately 100 μm above the device. The total micro-
wave losses through the system at the relevant frequency
3.1 GHz are 5 dB.
The experiment is controlled via a home-written soft-

ware infrastructure based on QMI [65]. A microcontroller
(ADwin Pro II, Jäger Messtechnik) controls the experi-
ment, and laser pulses are controlled via its DAC module.
For microwave and radio-frequency pulses, the ADwin
triggers an arbitrary waveform generator (HDAWG, Zurich
Instruments). The HDAWG modulates a microwave signal
generator (SGS100A, Rohde & Schwarz) with IQ signals to
generate phase-controlled microwave pulses. The micro-
wave pulses are amplified (model 40S1G4, Amplifier
Research) to 26 dBm for all measurements in the main
text, which yields an estimated power of 20 dBm at the
device location. To prevent the shot noise of the amplifier
during free evolution periods from entering the system, a
microwave switch and high-pass filter (not in the figure) are
employed. The radio-frequency signals are directly gen-
erated by oscillators of the HDAWG and amplified to
18 dBm. The transmission for these megahertz signals is
almost lossless. We use two driving frequencies for the
control with DDRF gates and drive both resonance
frequencies of the nuclear spin, resulting in a

ffiffiffi
2

p
improve-

ment of the Rabi frequency for the same power. These two
driving tones are combined with a directional coupler and
then via a diplexer with the microwave signal. An
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additional dc block (not in the figure) after the diplexer
completes the chain.
The electron spin is addressed optically via a confocal

microscopy setup. Two resonant excitation lasers (DLpro
SHG-TA, Toptica) are modulated via the ADwin and
AOMs (Fiber-Q 637 nm, Gooch&Housego) and combined
via a beam splitter. An off-resonant repump laser at 515 nm
(Cobolt 06-03-MLD515, Hübner Photonics) is added with
a dichroic mirror. The excitation light is coupled into the
beam path of the cryostat through a 10∶90 beam splitter and
the galvanomirror. The collected light is spectrally filtered
(FELH0600, Thorlabs; FF625-SDi01 and TLP01-628,
Semrock) and detected by a single photon detector
(COUNT, LaserComponents). A counter module of the
ADwin stores the registered counts in 1 μs time bins.

APPENDIX B: MAGNETIC FIELD SWEEP

We investigate the behavior of the SnV center by
sweeping the magnetic field along four great circles with
magnetic field strength 100 mT (see Fig. 9). We monitor the
frequencies of both spin-conserving transitions with PLE
measurements. We model the SnV center Hamiltonian as
described in Ref. [34], Eq. (B5). To extract relevant
parameters from the available data, we have to fix some
Hamiltonian parameters. Specifically, our PLE measure-
ments do not give us access to the ground-state splitting.
Fitting the resulting data with the SnV center

Hamiltonian with the strain and the laboratory orientation
of the SnV center as free parameters, we find a laboratory
direction of the SnV center symmetry axis of
ðθ;ϕÞ ¼ ½54.2ð1Þ°;−1.0ð2Þ°�. Since we use a h100i-cut
diamond with h110i side faces, these values match the
expectation given the alignment of the diamond with
respect to the magnet. The strain values result in ϒg ¼
355ð8Þ GHz and ϒe ¼ 689ð20Þ GHz for the ground and

excited state, respectively. This moderate strain is smaller
than the spin-orbit coupling in both manifolds yet allows
for direct driving of the microwave transition. The fit
parameters are summarized in Table I.

APPENDIX C: ELECTRON COHERENCE

1. Ramsey

To investigate the coherence of the electron spin, we
conduct a Ramsey measurement. We perform the experi-
ment on resonance and vary the phase of the second π=2
pulse to artificially introduce the signature of a detuning
with Δ ¼ 5 MHz. The resulting signal in Fig. 10(a) shows

FIG. 8. Experimental setup. The setup consists of a cryostat with optical access, control electronics, and optical excitation and
collection paths. The dashed line represents the fluorescence from the SnV center. A detailed description is provided in the text.

FIG. 9. Magnetic field sweep. The frequency difference of the
two spin-conserving optical transitions is shown as a function of
the 3D magnetic field in the laboratory frame in units of mT. The
solid black line shows the direction of the SnV center symmetry
axis. In laboratory spherical coordinates, it is oriented along
ðθ;ϕÞ ¼ ½54.2ð1Þ°;−1.0ð2Þ°�.
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a slow beating in addition to the oscillation with Δ. A fit of
two sine functions with a power exponential envelope

hσziðtÞ¼Aexp

�
−
�

t
T�
2

�
n
�X

i¼1;2

ðsinðωitþϕiÞÞþc ðC1Þ

reveals a frequency difference of 312ð3Þ kHz of the sines,
coinciding with the coupling strength of CB in the main
text. The decay of the envelope with exponent n ¼ 2.8ð2Þ
leads to T�

2 ¼ 2.42ð4Þ μs. An exponent bigger than one
indicates that the coherence is limited by slow-varying
noise in the spin bath, which can possibly be counteracted
by dynamical decoupling. This result is in accordance with
the expected Ramsey coherence time of color centers in
naturally abundant diamond [66].

2. DEER

The scaling of the coherence time TN
2 ¼ TEcho

2 Nχ with
TEcho
2 ¼ 129ð2Þ μs with the number of pulses N via χ ¼

0.47ð1Þ is less than we expect for a pure nuclear spin bath
limitation [67]. We conduct a DEER measurement to verify
electron bath noise. When measuring the Hahn-echo decay
time of the electron spin while applying a microwave pulse
with varying frequency simultaneously to the decoupling
pulse, we see a clear reduction of the coherence time when
driving the surrounding with 2.745 GHz; see Fig. 10(b). We
extract the decay constant τ and the exponent n from the
function

TDEER
2 ¼ A exp ð−ðt=τÞnÞ: ðC2Þ

We find a spin bath resonance frequency of
2.7446ð2Þ GHz. This corresponds very well with electrons
with a g factor of 2 and a magnetic field of 97.884 mT, as
determined in Appendix D. The TDEER

2 ¼ 76ð4Þ μs has
significantly decreased compared to a TEcho

2 ¼ 128ð5Þ μs.
The origin of this spin bath noise is unknown; it might stem
from crystal damage due to insufficient annealing or
residual tin ions in the surrounding.

APPENDIX D: MAGNETIC FIELD
STRENGTH CHANGES

During the experiments, the magnetic field strength has
not been constant as shown in Fig. 11, hampering direct
comparison between measurements. As we have no direct
measure of the magnetic field, we use the MW transition
frequency of the electron spin, as measured by the ODMR
measurements over time, to keep track of the relative
magnitude of the magnetic field. The orientation of the
magnetic field also influences theMW transition frequency,
but as this is a second-order effect [34] we neglect this
contribution. We observe three periods in which the
magnetic field is stable. We suspect that switching the
superconducting magnet to persistent mode caused the first
jump and temporarily warming up to 4 K caused the second
one. Using these relative variations in the field strength
allowed us to fit Fig. 3(d) while using the ω0 and ω1

TABLE I. Magnetic field fitting parameters.

Term Value Origin

λg=2π 830 GHz [34]
λe=2π 2988 GHz [34]
B 97.8 mT Appendix D
θSnV 54.2(1)° Fit
ϕSnV −1.0ð2Þ° Fit
ϒg 352ð7Þ GHz Fit
ϒe 674ð17Þ GHz Fit
fg 0.171 [34]
fe 0.072 [34]
δg 0.015 [34]
δe 0.176 [34]

(a)

(b)

(c)

FIG. 10. Electron Ramsey and DEER measurements. (a) Ram-
sey measurement. The Ramsey measurement is performed with
an artificial detuning of 5 MHz, implemented via an evolution
time-dependent phase on the second π=2 gate. The beating
frequency of 312(3) kHz. (b) The frequency of the second
MW pulse in the DEER measurement is varied to find the
resonance of the electron spin bath. Both the echo time and
the power of the power exponential fit in Eq. (C1) are given. The
error bars indicate their standard deviation. (c) Two examples of
the Hahn-echo measurements from (b), where a resonant MW
pulse with the electron spin bath decreases the coherence time of
the Hahn echo.
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extracted from Fig. 3(f) to determine the Larmor frequency.
This Larmor frequency could then be converted to an
absolute magnetic field strength by using the gyromagnetic
ratio of the nuclear spin, as indicated in Fig. 11. The
reported value of ωL in the main text is based on the second
time period.

APPENDIX E: SIMULATIONS

All the code to generate the figures in this paper,
including the simulations, are available in the repository
supporting this manuscript [64].

1. DD

The DD simulations are all based on the analytic
formulas from Ref. [36], which describe both electron
spin-1=2 and spin-1 systems.
To simulate the nuclear spin bath, we first generate a

random distribution of the nuclear spins. For this, we
randomly place the nuclear spins in a sphere with radius
30 nm around the electron spin with a density correspond-
ing to 1.1% 13C atoms. The hyperfine parameters are then
calculated by assuming just the dipole-dipole interaction.
For the DD spin bath simulations, only spins with a
hyperfine coupling A=2π < 100 kHz are included, where

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
k þ A2⊥

q
.

For Fig. 3(c), ten different realizations of the spin bath
are generated, and the region between the highest and
lowest line is shown.

2. DDRF

For the DDRF simulations in Figs. 4(b), 5(a), and 13,
numerical methods based on the Python framework
QuTiP [68] are used to simulate the Hamiltonian of the
rf drive from Ref. [57]. These simulations include the exact
pulse shape and length as used in our experiments. For the
comparison in Fig. 6, the analytic formulas from Ref. [57]
are used.

The simulations of the nuclear spin bath in Figs. 4(b),
5(a), and 13 are based on the spin bath simulations in
Ref. [57]. Rather than simulating a randomly generated
nuclear spin bath, we approximate it with a probability
distribution of the hyperfine parameters. For the distribu-
tion of Ak, we take the heuristic distribution from the
supplement of Ref. [69]. We assume that the nuclear spin
bath has A⊥ ¼ 0 kHz, as the bath has weak coupling and
A⊥ has only a second-order effect on ω0 and ω1, which are
the parameters relevant for the DDRF simulation. In this
work, we consider spins with a jAkj=2π < 20 kHz to be
part of the spin bath for the DDRF simulations, as these
spins are below our detection limit. We then subdivide
the distribution of the bath in bins of ΔAk ¼ 2 kHz and
weigh their effect by the number of expected spins in
that bin. Finally, we combine the effect of the different bins
on the electron to get the effect of the whole nuclear
spin bath.

3. Comparison

The comparison in Fig. 6 is performed by finding the
coherent and fast two-qubit gate on the target spin that
minimizes the crosstalk with bystander spins. We consider
it fast and coherent if the electron coherence after the gate is
above 99% and the total gate duration is below 1 ms. A
bystander spin is considered to cause crosstalk for a gate if
the loss in the coherence of the electron due to this
bystander spin is bigger than 5%. The gate is optimized
to cause crosstalk with the fewest possible bystander spins,
i.e., minimizing the blue region in Fig. 6. This metric is not
weighted for the bystander spin density.
For the DD method, the gate with the smallest crosstalk

is found by sweeping the interpulse delay τ and the number
of decoupling pulses N. For the DDRF method, the
interpulse delay τ, the number of decoupling pulses N,
and the rf driving strength Ω are swept to find the most
selective gate.
The circles indicating the bystander spin density are

based on the average of 100 randomly generated spin
bath configurations. The spin baths are generated in the
same way as for the DD spin bath simulations; see
Appendix E 1.

APPENDIX F: BELL STATE

1. Readout gate correction

When determining the fidelity of the Bell state jΦþi in
the main text, we apply a readout correction to the nuclear
spin readout via MBI. To this end, we estimate the two-
qubit gate fidelity F gate via a Ramsey measurement. The fit
of a sinusoidal function to Fig. 12(a) shows an amplitude of
hσxi ¼ 0.559ð12Þ. We model the imperfect initialization
and readout of the nuclear spin in the x basis with the
preparation of state

FIG. 11. Magnetic field strength over time. The changes in the
magnetic field strength are monitored using the MW frequency of
the electron spin, through an ODMR measurement.
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ρ ¼
�
F gate 0

0 1 − F gate

�
ðF1Þ

and readout via a POVM measurement with the matrix set

Ex ¼
�
F gate 0

0 1 − F gate

�
;

E−x ¼
�
1 − F gate 0

0 F gate

�
: ðF2Þ

The expectation value of this model is

hσxi ¼ 1 · px − 1 · p−x ¼ 1 − 4F gate þ 4F 2
gate; ðF3Þ

with pi ¼ TrðρEiÞ. Solving for the gate fidelity results in
F gate ¼ 0.874ð4Þ. This value is slightly below the simu-
lated gate fidelity shown in Fig. 5(a) of 0.915. We attribute
this difference to the coupling of the electron spin to
unknown spins.
We use the estimated fidelity to perform a readout

correction following the formalism outlined in Ref. [70],
Appendix A. The uncorrected and corrected data of the Bell
state measurement is shown in Fig. 12(b).

2. Error budget estimation

The measured Bell state does not have perfect fidelity.
This section provides an overview of the known and
unknown sources of infidelity to estimate the expected
fidelity for the Bell state measurements.
The experimental gate sequence as shown in Fig. 5(c) is

comprised of three logic blocks with single- and two-
qubit gates.
In the “initialization” block, both the electron spin and

nuclear spin are prepared into known states j0i and jxi. The
probability of correctly measuring the electron in state j0i
after the two-qubit gate is 98%, mainly limited by the spin
pump fidelity. The correct initialization of the nuclear spin
is limited by the two-qubit gate fidelity of 87.4%.
The “entangling” block consists of a π=2 gate on the

electron spin, a z rotation of the nuclear spin (implemented
by a waiting time, assumed to be perfect), and a two-qubit
gate identical to the initialization. We determine the
average electron spin gate fidelity to 0.98(2) via process
tomography.
The last block, “tomography”, consists of another single-

qubit rotation on the electron spin as well as the nuclear
spin, followed by a single-shot readout of both qubits
individually. To prepare the nuclear spin for a readout in the
x or y basis, a z rotation is performed via a waiting time.
The error of this gate is determined by the uncertainty of
the Ramsey frequency, which we determine to be less than
1 × 10−4 relative error in the main text. For readout in the
z basis, a direct rf gate is implemented as reported in
Appendix H. This gate is calibrated via a Rabi experiment.
However, the fidelity of the gate has not been determined.
We correct for the readout processes following the descrip-
tion of Appendix A in Ref. [70] for the electron spin and
Appendix F 1 for the nuclear spin.
All known and unknown fidelities are listed in Table II.
To estimate the expected fidelity of the Bell state

measurement, we use a simplified model in which we
assume all gates except the cRxð�π=2Þ to be perfect for
simplicity, as their infidelity is small compared to the two-
qubit gate. We describe the two-qubit gate as an ideal gate
with probability p ¼ F gate and an ideal gate with an
additional phase error on the electron with probability
1 − p. With this phase error, we take the loss of coherence
of the electron spin during the gate into account, which is

(b)

(a)

FIG. 12. Readout correction for Bell state measurement.
(a) Ramsey measurement to determine two-qubit gate fidelity.
The contrast of the Ramsey measurement is reduced due to
imperfect two-qubit gates. For the measurement, the two-qubit
gate is performed to initialize and read out the nuclear spin. A
model based on imperfect state preparation and positive operator-
valued measure (POVM) measurements yields F gate ¼ 0.874ð4Þ.
(b) Data for the Bell state measurement in Fig. 5(d), including the
outcomes without correcting for the two-qubit gate fidelity. The
error bars show the standard deviation.

TABLE II. Gate fidelities of electron (e) and nuclear (n) spin.

Gate Fidelity Method

Initialization (e) 0.981(5) Calibration
Initialization (n) 0.874(4) Ramsey contrast
Rðπ=2Þ (e) 0.98(2) Process tomography
Rzðπ=2Þ (n) 1 Calibration
cRxð�π=2Þ 0.874(4) Ramsey contrast
Rx;yðπ=2Þ (n) � � � Undetermined
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the main reason for the gate infidelity, as detailed in Fig. 5
(a). For the modeling, we exclude the tomography pulses
and, hence, compare the calculated value to the readout-
corrected measured fidelity.
The estimated fidelity of the created Bell state with the

sequence shown in Fig. 5(c) is F ideal ¼ 0.76with respect to
the target state jΦiþ. This is in good agreement with the
measured fidelity of FBell ¼ 0.72ð3Þ. We attribute the
additional infidelity in the measurement to the single-qubit
errors summarized in this section.

APPENDIX G: DDRF USING UDD

To see if we could improve on the selectivity of DDRF
with the symmetric XY8 decoupling sequence, we use
Uhrig dynamical decoupling [58]. In this sequence, the
time between the pulses varies as

δj ¼ sin2
�

jπ
2N þ 2

�
; ðG1Þ

where j is the index of the interpulse delay and N is the
total number of pulses. The DDRF can be implemented in
the same way as for an XY8 decoupling sequence.
However, the phase update for the rf driving field is
now different between each pulse and needs to be calcu-
lated explicitly by keeping track of the phase of the
nuclear spin.
In Fig. 13, a spectrum similar to Fig. 4(c) is shown but

now implemented with UDD. The top row shows UDD
with N ¼ 4, and the bottom row shows N ¼ 16. The same
two nuclear spins can be observed as with the DDRF with

XY8. However, the nuclear spin bath has a different
fingerprint, revealing CA better in the spectrum of N ¼ 4.

APPENDIX H: NUCLEAR SPIN NMR AND RABI

In addition to Ramsey measurements to determine the
nuclear precession frequencies, we use a direct rf drive on
CB to find the two resonance frequencies. We measure the
NMR spectra by initializing the nuclear spin into state jxi,
applying the rf signal for 300 μs with varying frequency,
and reading out in the x basis. The resonances are shown in
Fig. 14(a) for both electron spin states during the experi-
ment. We determine ω0=2π ¼ 896.02ð3Þ kHz and
ω1=2π ¼ 1200.49ð3Þ kHz.
For the tomography of the Bell state, we need to employ

an Rxðπ=2Þ gate on the nuclear spin. We implement this
gate via direct rf drive atω0 while the electron is in state j0i.
In Fig. 14(b), a Rabi experiment shows a Rabi frequency
Ω=2π ¼ 1.31ð1ÞkHZ of the nuclear spin. From this, we
calibrate the π=2 gate employed in the experiments.
Furthermore, this measurement allowed us to covert the
rf power used in the DDRF spectra in Figs. 4 and 13 to a
Rabi frequency of Ω=2π ¼ 1.64 kHz, which was used in
the nuclear spin bath simulations.

FIG. 13. DDRF spectrum using the UDD sequence. The same
DDRF spectrum as in Fig. 4(c) but now implemented with UDD.
The upper row is using four, while the bottom row is using 16
decoupling pulses.

(a)

(b)

FIG. 14. Nuclear spin magnetic resonance and Rabi drive.
(a) Nuclear magnetic resonance experiment. The two resonance
frequencies appear as a dip in the readout signal and depend on
the state of the electron spin. The frequency matches well with the
frequencies determined by Ramsey measurements. (b) Direct rf
drive Rabi experiment. The measured Rabi frequency of
1.31ð1Þ kHz matches the expected frequency determined by
simulation.

HANS K. C. BEUKERS et al. PHYS. REV. X 15, 021011 (2025)

021011-16



APPENDIX I: HYPERFINE COUPLING
EXCITED STATE

In Sec. VII, we observe that the precession frequency of
the nuclear spins depends on whether the electron spin is in
the ground or excited state. The difference in precession
frequency is

Δωi ¼ ωe
i − ωg

i ; ðI1Þ

where ωg
i (ωe

i ) is the precession frequency of the nuclear
spin if the electron is in the ground (excited) state. Exciting
the electron spin to the excited state with si spin projection
gives a way to measure Δωi. Using Taylor expansion, we
can write ωi, the magnitude of Eq. (3), as

ωi ¼ ωL

�
1þ siAk

ωL
þ 1

2

�
siA⊥
ωL

�
2
�
: ðI2Þ

This allows us to write Eq. (I1) as

Δωi ¼ siðAe
k − Ag

kÞ þ
s2i
2ωL

ðAe⊥2 − Ag
⊥2Þ: ðI3Þ

For our spin system with s0 ¼ −1=2 and s1 ¼ 1=2, this
results in

Ae
k − Ag

k ¼ Δω1 − Δω0; ðI4Þ

giving us the difference in parallel hyperfine coupling
between the ground and excited states. Extracting the
difference in perpendicular hyperfine components is less
precise, as it shows up as a second-order effect in these
measurements.
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Hanson, Universal dynamical decoupling of a single solid-
state spin from a spin bath, Science 330, 60 (2010).

[50] I. Karapatzakis, J. Resch, M. Schrodin, P. Fuchs, M.
Kieschnick, J. Heupel, L. Kussi, C. Sürgers, C. Popov, J.
Meijer, C. Becher, W. Wernsdorfer, and D. Hunger, Micro-
wave control of the tin-vacancy spin qubit in diamond with a
superconducting waveguide, Phys. Rev. X 14, 031036
(2024).

[51] A. P. Nizovtsev, S. Y. Kilin, A. L. Pushkarchuk, V. A.
Pushkarchuk, S. A. Kuten, O. A. Zhikol, S. Schmitt, T.
Unden, and F. Jelezko, Non-flipping 13C spins near an NV
center in diamond: Hyperfine and spatial characteristics by
density functional theory simulation of the C510[NV]H252
cluster, New J. Phys. 20, 023022 (2018).

[52] P. Neumann, N. Mizuochi, F. Rempp, P. Hemmer, H.
Watanabe, S. Yamasaki, V. Jacques, T. Gaebel, F.
Jelezko, and J. Wrachtrup, Multipartite entanglement
among single spins in diamond, Science 320, 1326 (2008).

[53] N. Grimm, K. Senkalla, P. J. Vetter, J. Frey, P. Gundlapalli,
T. Calarco, G. Genov, M. M. Müller, and F. Jelezko,
Coherent control of a long-lived nuclear memory spin in
a germanium-vacancy multi-qubit node, Phys. Rev. Lett.
134, 043603 (2025).

[54] S. Kolkowitz, Q. P. Unterreithmeier, S. D. Bennett, and
M. D. Lukin, Sensing distant nuclear spins with a single
electron spin, Phys. Rev. Lett. 109, 137601 (2012).

[55] N. Zhao, J. Honert, B. Schmid, M. Klas, J. Isoya, M.
Markham, D. Twitchen, F. Jelezko, R.-B. Liu, H. Fedder,
and J. Wrachtrup, Sensing single remote nuclear spins, Nat.
Nanotechnol. 7, 657 (2012).

[56] M. Abobeih, From atomic-scale imaging to quantum fault-
tolerance with spins in diamond, Ph. D. thesis, Delft
University of Technology, 2021.

[57] H. B. van Ommen, G. L. van de Stolpe, N. Demetriou,
H. K. C. Beukers, J. Yun, T. R. J. Fortuin, M. Iuliano,
A. R.-P.Montblanch,R.Hanson, andT. H.Taminiau, Improved
electron-nuclear quantum gates for spin sensing and control,
PRX Quantum 6, 020309 (2025).

[58] G. S. Uhrig, Keeping a quantum bit alive by optimized π-
pulse sequences, Phys. Rev. Lett. 98, 100504 (2007).

[59] R. Loudon, The Quantum Theory of Light, 3rd ed., Oxford
Science Publications (Oxford University Press, New York,
2000).

[60] T. Astner, P. Koller, C. M. Gilardoni, J. Hendriks, N. T. Son,
I. G. Ivanov, J. U. Hassan, C. H. van der Wal, and

M. Trupke, Vanadium in silicon carbide: Telecom-ready
spin centres with long relaxation lifetimes and hyperfine-
resolved optical transitions, Quantum Sci. Technol. 9,
035038 (2024).

[61] J. Casanova, Z.-Y. Wang, J. F. Haase, and M. B. Plenio,
Robust dynamical decoupling sequences for individual-
nuclear-spin addressing, Phys. Rev. A 92, 042304 (2015).

[62] P.-J. Stas, Y. Q. Huan, B. Machielse, E. N. Knall, A.
Suleymanzade, B. Pingault, M. Sutula, S. W. Ding, C. M.
Knaut, D. R. Assumpcao, Y.-C. Wei, M. K. Bhaskar, R.
Riedinger, D. D. Sukachev, H. Park, M. Lončar, D. S.
Levonian, and M. D. Lukin, Robust multi-qubit quantum
network node with integrated error detection, Science 378,
557 (2022).

[63] I. B. W. Harris, C. P. Michaels, K. C. Chen, R. A. Parker, M.
Titze, J. Arjona Martínez, M. Sutula, I. R. Christen, A. M.
Stramma, W. Roth, C. M. Purser, M. H. Appel, C. Li, M. E.
Trusheim, N. L. Palmer, M. L. Markham, E. S. Bielejec, M.
Atatüre, and D. Englund, Hyperfine spectroscopy of iso-
topically engineered group-IV color centers in diamond,
PRX Quantum 4, 040301 (2023).

[64] H. K. C. Beukers, C. Waas, M. Pasini, H. B. van Ommen,
N. Codreanu, J. M. Brevoord, T. Turan, M. Iuliano, Z.
Ademi, T. H. Taminiau, and R. Hanson, Data and simu-
lations underlying the research article “Control of solid-
state nuclear spin qubits using an electron spin-1=2”,
4TU.ResearchData, 10.4121/f7cc0cd1-cb52-4dd3-beff-
2499c9d4eeec.

[65] I. T. Raa, H. Ervasti, P. Botma, L. Visser, R. Budhrani, J. van
Rantwijk, S. Cadot, J. Vermeltfoort, M. Pompili, and A.
Stolk, QMI—Quantum Measurement Infrastructure, a Py-
thon 3 framework for controlling laboratory equipment,
4TU.ResearchData, 10.4121/6d39c6db-2f50-4a49-ad60-
5bb08f40cb52.

[66] T. H. Taminiau, J. Cramer, T. van der Sar, V. V. Dobrovitski,
and R. Hanson, Universal control and error correction in
multi-qubit spin registers in diamond, Nat. Nanotechnol. 9,
171 (2014).

[67] Z.-H. Wang, G. de Lange, D. Ristè, R. Hanson, and V. V.
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