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The ability to process and store information on surrounding nuclear spins is a major requirement for
group-IV color center-based repeater nodes. We demonstrate coherent control of a '*C nuclear spin strongly
coupled to a negatively charged germanium-vacancy center in diamond with coherence times beyond 2.5 s
at mK temperatures, which is the longest reported for group-IV defects. Detailed analysis allows us to
model the system’s dynamics, extract the coupling parameters, and characterize noise. We estimate an
achievable memory time of 18.1 s with heating limitations considered, paving the way to successful

applications as a quantum repeater node.
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Long-distance quantum communication paves the way
to advanced quantum technologies including blind and
distributed quantum computing for processing quantum
information [1-4], quantum key distribution for secure
communication [5-8], and quantum-enhanced metrology
[9-12]. A key element to achieve this is the quantum
repeater to mitigate losses in quantum channels [13].

Group-IV color centers in diamond have emerged as
promising candidates for such repeater nodes [14] due to
their efficient spin-photon interface [15-18]. This interface
can be further enhanced by integration into nanophotonic
devices and cavities [19-25]. To generate entanglement
between distant nodes, these systems require long coher-
ence times that are primarily limited by phonon-mediated
dephasing in group-1V defects [26,27]. Innovations such as
strain engineering [28-30] and the use of dilution refrig-
erators [31] have enabled coherence times of up to 20 ms
[32-34]. Another key requirement is the ability to address
nuclear spins, which can serve as long-lived quantum
memory and thus extend the entanglement distance. This
has been effectively demonstrated with the silicon-vacancy
center (SiV), which achieved entanglement across a met-
ropolitan fiber network by utilizing the inherent 2°Si nuclear
spin [35].

On the other hand surrounding '*C nuclear spins can also
act as memory qubits across all group-IV platforms and
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additionally can be used to form a register. Such quantum
register would allow for quantum error correction (QEC)
[36,37] and entanglement purification protocols [13,38],
which are important for quantum networking. With a natural
abundance of 1.1%, '3C nuclei are an easily accessible
resource providing a range of possible coupling strengths
[39]. While initialization and coherent control of 13C spins
was already demonstrated for the SiV [30,40-42], this is an
ongoing challenge for heavier group-1V defects [43], that
can operate at elevated temperatures without loss of
coherence [18,44-46].

In this work, we focus on a multi-qubit node comprising
a negatively charged germanium-vacancy (GeV) and a
strongly coupled '3C nucleus. We characterize the hyper-
fine interaction through optically detected magnetic res-
onance (ODMR) measurements and a detailed numerical
model. Because of the strong hyperfine interaction, we can
initialize the nuclear spin up to 95% utilizing a power-
efficient microwave spin pumping scheme. Additionally,
narrow-band microwave (mw) and radio frequency (rf)
pulses enable conditional flipping of the electron and
nuclear spin. This allows us to efficiently swap the electron
and nuclear eigenstates, leading to a projection-SWAP
gate, that can be used for initialization and readout. We
demonstrate coherent control of the 1*C spin using direct rf
manipulation, achieving nuclear Rabi frequencies up to
11.73 kHz. Through application of dynamical decoupling
(DD) sequences, we can prolong the nuclear spin’s dephas-
ing time of 75 =2 ms by more than three orders of
magnitude to T, = 2.57 s, marking the longest achieved
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FIG. 1. Description of the system. (a) Reduced energy level

scheme of the GeV showing the lower orbital branch in the
ground state (GS) and excited state (ES). Strong hyperfine
coupling to a '3C nuclear spin leads to an additional splitting.
(b) Schematic of GeV aligned with external magnetic field,
showing electron spin-state-dependent nuclear spin quantization
axes. Pulsed ODMR measurements with descending frequency
sweep direction where the electron is reinitialized into |1,) via
optical transition ¢; (c) and into ||,) via ¢, (d). The red dashed
line corresponds to the simulated nuclear spin evolution.

coherence time of a controllable nuclear memory spin for all
group-1V defects [35]. We further provide a realistic esti-
mation of the longest achievable memory time of 75" =
18.1 s considering noise errors modeled by Ornstein-
Uhlenbeck (OU) processes [33,47], the T, time of the
GeV electron spin, and experimental heating limitations.

The system—We perform the experiments on a high
pressure high temperature (HPHT) grown diamond with
natural abundance of '*C. Our multi-qubit node features a
naturally incorporated GeV strongly coupled to a '*C nuclear
spin, operated in a dilution refrigerator [33,48]. In a magnetic
field aligned to the defect’s axis, this forms a four-level
system with selective transitions as depicted in Fig. 1(a). The
electron (nuclear) spin can be coherently controlled via mw
(rf) driving fields, supplied through a 20 pm thick copper
wire spanned over the diamond. Resonant addressing at the
optical transitions c; , allows for high fidelity initialization
and readout of the electron spin. Further details of the
experimental implementation can be found in Ref. [48].

The evolution of the system can be characterized in the
rotating frame of the GeV center’s electron spin by the
Hamiltonian

H=AS +Q,S,—y,BI +A,S.I,+A_S.I, (1)

under the secular approximation [64], excluding the nuclear
rf driving fields for readability. The parameters A, and A_,
correspond to the hyperfine coupling parameters, S;(/;)
with j € {x,y, z} are the spin operators on the GeV electron
spin (13C nuclear spin), y, is the gyromagnetic ratio of the

nuclear spin, Q, is the Rabi frequency on the electron spin
transition, and A is the detuning of the mw driving field
frequency from the transition frequency of the bare GeV
electron spin, i.e., in the absence of '3C couplings (in
angular frequency units) [48].

The strong hyperfine interaction leads to an additional
splitting of the electron spin states that can be observed
in a pulsed ODMR measurement. Figure 1(c) shows the
spectrum for |t,) and Fig. 1(d) for ||,.), with Q, =
(27)349 kHz for the descending frequency sweep direc-
tion. The data corresponds to the averaged fluorescence
signal of ~3470 repetitions where we perform a consecu-
tive Rabi measurement after each repetition for normali-
zation [48]. We observe a significant difference in shape
and amplitude of the spectra, that is heavily influenced by
the frequency sweep direction [48].

To identify the underlying dynamics we perform a total
of four ODMR measurements, two for each electron spin
state, differing by their frequency sweep direction, and fit
them with a numerical model. The model describes the full
interaction between the electron and nuclear spin, includ-
ing dephasing and the optical reset of the electron spin.
Full details can be found in Supplemental Material [48].
The fit result is shown in Fig. 1(c) for |1,) and in Fig. 1(d)
for |}.) by the blue lines, achieving a R? of 0.9854 and
0.9568, respectively. From the fit result we determine the
magnetic field to be B, = (97.159 £ 0.005) mT which
slightly deviates from the set 100 mT due to the diamond
placement in the vector magnet. Using the nuclear
transition frequencies w,, = (27)(493.62 +0.04) kHz
and @y = (27)(2489.73 £0.06) kHz from a nuclear
Ramsey experiment (detailed below) we can estimate
the hyperfine coupling parameters according to

Az7 _ wlz‘fl - a)?fZ (2)
) 2y,B,
and
Ay, = \/40)1%{2 - (Azz - 27nBz)2' (3)

This leads to A,, =2#(602.81 £0.27) kHz and A_, =
27(2862.34 +0.14) kHz.

Depending on the electron spin state, the strong hyperfine
interaction changes the nuclear spin’s quantization axis
significantly, as illustrated in Fig. 1(b). Rotation of the
electron spin, e.g., in the form of a narrow-band (detuned) =
pulse, can thus alter the nuclear spin state, which in turn
affects the electron spin population transfer. During a free
evolution time, i.e., during the 5.5 ms long reinitialization of
the electron spin, the nuclear spin oscillates around the
corresponding quantization axis and dephases. Its simulated
evolution over the course of the ODMR measurement is
shown by the dashed red line, revealing a significant
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FIG. 2. Coherent control of the '’C nuclear spin. (a) Pulse
sequence for nuclear spin initialization and readout in the ||,)
manifold, where L indicates an initializing laser element without
recording the corresponding photons [48]. (b) Pulse sequence and
measurements for detecting nuclear transition frequencies, with
added waiting periods to limit heat load. Nuclear spin initializa-
tion and readout in the |1,) manifold (dark orange) uses laser
frequency c¢; and microwave elements mw?2 instead. The follow-
ing nuclear spin measurements are conducted in the ||,) mani-
fold: (c) Demonstration of coherent control by the '*C Rabi
experiment. (d) Nuclear Ramsey measurement, with the red line
showing a Ramsey measurement using a 180° phase-shifted final
z/2 1f pulse. (e) Differential signal of a nuclear Hahn echo with
corresponding fit (red line).

polarization buildup in the ||, ) manifold [Fig. 1(d)] due to
spin pumping.

The spin pumping is facilitated by the strong hyperfine
interaction that leads to the large splitting w,; of the
nuclear spin states for ||,). This splitting allows the
microwave pulse to selectively address one of the hyper-
fine levels while leaving the other untouched. The strong
A, coupling then enables the simultaneous flipping of
both spins, allowing for the otherwise forbidden transitions
[53]. As the laser resets the electron spin, the repetitive
application of a microwave and laser pulse leads to
polarization of the nuclear spin. At sub-Kelvin temper-
atures, the nuclear spin’s polarization survives the entire
sequence and thus the frequency sweep direction alters the
observed shape. For |1,) shown in Fig. 1(c), the polari-
zation buildup is significantly less efficient as the small
splitting w,s, prevents the selective addressing of the
hyperfine levels with the chosen Rabi frequency.

We can exploit the spin pumping process to experimen-
tally initialize the nuclear spin for ||,) with a state
preparation fidelity of 95% by repeatedly applying a
resonant mw pulse at w,,,,» and a subsequent laser pulse
15 times, closely matching our simulation results [48].

While this method is less time-efficient compared to the
projection-SWAP gate shown in the following section, it
achieves nuclear spin polarization without the need of
resonant rf pulses. Thus, it offers an easily accessible way
of initializing the system to its eigenstates while reducing
the heat load. Additionally, the application of optimal
control [65-67] in our numerical simulation suggests that
a fidelity of up to 99% could be achieved, using a single
optimized pulse [48].

Coherent control of the nuclear memory spin—To
establish coherent control over our nuclear spin, we
construct a projection-SWAP gate based on three CNOT
gates, as sketched in Fig. 2(a). The large A,, hyperfine
coupling allows us to implement these CNOT gates up to a
phase through narrow-band z-pulse gates that flip the
electron spin conditional on the nuclear spin and vice
versa. The limited electron dephasing time of 73, =
1.43 ps [33] poses challenges for a direct transfer of
coherent states, given the dozens of microseconds long
C,NOT, gate. Nonetheless, we can use the projection-
SWAP gate to efficiently initialize the nuclear spin to its
eigenstates and read out the projection of any arbitrary
nuclear spin state onto |1,) or [{,).

The projection-SWAP gate requires knowledge of the
nuclear transition frequency and z 1f pulse length of the
C,NOT, gate. To determine these parameters the rf pulse
can be sandwiched in between the previously introduced
nuclear spin pumping scheme for initialization and a
C,NOT, combined with a subsequent laser pulse for
readout. Alternatively, the required parameters can be
obtained by iteratively maximizing the contrast of the
rf-frequency (v) sweep experiment in Fig. 2(b) and the
rf-Rabi experiment in Fig. 2(c). We obtain a nuclear Rabi
frequency of (11.73 £ 0.14) kHz for w,;, which we can
use to construct any arbitrary single qubit nuclear spin
gate, establishing full coherent control over the nuclear
subspace.

To characterize the quality of our nuclear memory
storage, we start by measuring the nuclear dephasing time
in a Ramsey experiment, consisting of two z/2 rf pulses
with a variable interpulse duration. Figure 2(d) illustrates
that measurements are performed in an alternating manner,
using a final z/2 rf pulse with 0° (x) or 180° (—x) phase to
project onto the different eigenstates. As this helps to
minimize effects like laser fluctuations, all of the following
measurements are performed in this fashion, while only the
normalized differential signal is shown. The oscillations of
the signal shown in Fig. 2(d) arise from controlled
detuning of the applied field from the nuclear transitions,
which allows us to infer their frequencies with high
accuracy to wy; = (27)(2489.73 + 0.06) kHz and w4 =
(27)(493.62 + 0.04) kHz [48].

Through application of a Hahn echo sequence
[68] we can decouple the nuclear spin from slowly
varying magnetic fields, resulting in a coherence time
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FIG. 3. Coherence time measurements on °C. (a) Pulse
sequence of the nuclear CPMG sequence with the number of
refocusing pulses N and interpulse spacing 7 in alternating
manner (indicated by £x on final z/2 rf pule). (b) Corresponding
coherence time measurements for fixed N with their respective
fit. The black dashed line represents the theoretical limit of the
electron relaxation time 7'y . Inset: Simulation of the limit of the
expected memory time when using different pulse separation
times 27, assuming an OU noise process. The blue (red) line
shows the expected memory time with (without) taking into
account T'; , relaxation. The white area emphasizes feasible pulse
spacings that avoid excessive heating in our current setup. The
dotted curves show numerical simulations of the memory time
with the XY8 sequence that take pulse errors into account [48].

of T = (274 +16) ms, as displayed in Fig. 2(e)—an
improvement of more than 2 orders of magnitude com-
pared to T3 = (2.00+0.18) ms obtained by the
Ramsey measurement.

Analysis of the nuclear spin quantum memory—The 13C
nuclear spin coherence time can be further extended by
dynamical decoupling protocols [69-74]. We apply the
CPMG sequence [70] for our experiments, similar to
previous work [33], as it can also be used to characterize
the environmental noise. For this purpose, we start by
measuring the coherence time for different orders N (equal
to the number of refocusing pulses), while sweeping the
pulse spacing 7. The corresponding sequence is shown in
Fig. 3(a). We achieve a coherence time up to 7, = (2.57 +
0.19) s for N = 16, shown in green in Fig. 3(b), which
marks the so far longest measured nuclear spin coherence
time for any group-IV defect.

The overall contrast decays with increasing N, which can
be explained by the insufficient long-term stability of the
laser hardware over the extended measurement period
(> 1d for N =16) or by minor pulse imperfections. To
investigate the impact of pulse errors, we perform an
additional measurement using the XY8 sequence, known
for its robustness [71]. The resulting coherence time of
TXY® = (1.49 £0.10) s [48] is consistent with the CPMG-
8 sequence, TSTMG® = (1.36 £0.14) s, suggesting that
pulse errors are not yet limiting our coherence time.

Building on these results, we assess the memory capa-
bilities of our system. We model the effects of environ-
mental and amplitude noise using an Ornstein-Uhlenbeck

process, as outlined in previous work [33] and further
elaborated in Ref. [48]. The inset of Fig. 3(b) shows the
possible '3C memory time, using a conservative estimate of
the noise correlation time [48], and accounting for pulse
errors and heating limitations in our setup. The main
limiting factors for the memory time are heating and 7', ,
relaxation. We estimate that a pulse spacing of 27 = 24 ms
and higher causes negligible heating and is feasible for
dynamical decoupling. This allows for a memory time of
759" = 18.1 s [48]. Reducing pulse separation to around
10 ms by improving the effective cooling of the sample
would boost the memory time to 75" = 28 s where pulse
errors with the XY8 sequence start to play a role due to the
large number of pulses. Application of higher order
sequences like KDD or the UR family [75-77] can in
principle boost the memory time limit even closer to the 7',
limit of 41.4 s.

Discussion—The proximity of a '3C nuclear spin to the
GeV center within our multi-qubit node results in a strong
A, and A,, hyperfine coupling between the nuclear and
electron spin. While this influences fundamental pulsed
experiments, we show how to leverage it to determine the
system’s Hamiltonian with its hyperfine parameters by
providing an elaborate numerical model which can be fitted
to a pulsed ODMR measurement.

We use the insights of the model to implement a cooling
power-efficient spin pumping scheme to initialize the '*C
nuclear spin with the so far highest fidelity of 95% utilizing
a group-1V defect. This approach is particularly advanta-
geous as it does not require precise prior knowledge of the
coupling parameters and addresses the constraints of cool-
ing power in dilution refrigerators. Although this protocol
takes longer compared to the demonstrated projection-
SWAP gate, quantum optimal control [65-67,78] offers a
potential path to even shorter gate times and higher
fidelities [48]. Our spin pumping scheme and numerical
model can be seamlessly applied to any group-IV color
center with S = 1/2, provided it strongly interacts with a
nonaxial nuclear I = 1/2 spin.

Direct driving of the '*C nuclear spin with resonant rf
pulses allows precise one-qubit operations, bypassing the
limitations of using the electron spin as an intermediary
[41,42], and facilitates straightforward implementation of a
C.,NOT,. The strong A_, coupling enables the implemen-
tation of a C,NOT, in a similar fashion through a narrow-
band microwave pulse. Combining both of these gates
allows us to easily implement a projection-SWAP that can
be used to initialize the nuclear spin and readout the
projection of its state along its quantization axis. In its
current form, our projection-SWAP gate cannot swap
coherent states as the C,NOT,, length significantly exceeds
the electron’s dephasing time. While protocols that account
for the low dephasing time by interleaving the gate with
refocusing pulses [30,79] are hindered by our strong A,
interaction, advanced protocols [80-82] or quantum optimal
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control might also provide a solution to overcome this
problem [83,84].

Conclusion and outlook—We demonstrate coherent con-
trol over the nuclear spin of '°C, strongly coupled to a GeV
center electron spin. We perform dynamical decoupling to
protect the nuclear spin from environmental noise for more
than 2.5 s, marking the so far longest achieved nuclear
memory time for all group-IV defect systems. This is
achieved with a 60 times lower number of refocusing
pulses than previously required for coherence times beyond
2 s for group-1V defects [30]. The low duty cycle results in
overall reduced heat load, which is critical for operation in
dilution refrigerators. To estimate the memory performance,
we include these heating effects, electron spin T , relax-
ation, pulse errors, and environmental noise simulated by
Ornstein-Uhlenbeck processes in a numerical model. We
can thus provide a realistic upper limit of 18.1 s as an
achievable memory time with our current setup, which can
realistically be extended to several tens of seconds through
modifications, such as optimizing thermal grounding,
improving the mw and rf delivery, or using superconducting
structures [34].

Such a long living quantum memory facilitates the
generation of multidimensional cluster states [85], which
are important in the realm of measurement based quantum
computing or long distance quantum communication.
Furthermore, integrating our multi-qubit node into a
nanophotonic cavity could facilitate the implementation
of recently demonstrated direct photon-nuclear entangle-
ment gates [30], which have achieved successful entan-
glement generation over distances of 35 km [35]. Finally,
leveraging weakly coupled '’C spins, which can be
actively decoupled from the electron spin, would allow
for scaling up the register [36,43,86—-89] and pave the way
for performing QEC [36,37] and entanglement purification
protocols [13,38].
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