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Negatively charged group-IV defects in diamond show great potential as quantum network nodes due to
their efficient spin-photon interface. However, reaching sufficiently long coherence times remains a
challenge. In this work, we demonstrate coherent control of germanium vacancy center (GeV) at
millikelvin temperatures and extend its coherence time by several orders of magnitude to more than 20 ms.
We model the magnetic and amplitude noise as an Ornstein-Uhlenbeck process, reproducing the
experimental results well. The utilized method paves the way to optimized coherence times of group-
IV defects in various experimental conditions and their successful applications in quantum technologies.
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Quantum networks have the potential to enhance the way
we communicate and process information by enabling new
technologies such as distributed quantum computing,
enhanced sensing, and secure quantum communication
[1-5]. Specifically, long-distance quantum communication
remains an open challenge, as it requires qubits that act as a
long-lived quantum memory for efficient entanglement
distribution.

Recent studies have reported the great potential of
negatively charged group-IV defects in diamond as a
quantum network node [6,7]. The defects share outstanding
optical properties such as high flux of coherent photons
(Debye-Waller factor up to ~70%), Fourier-transform-
limited optical transitions, and exceptional spectral stability
imposed by the inversion symmetry of the defect’s structure
[6]. Spectral stability is essential for the integration into
nanophotonic devices, which has already been demon-
strated for various defects [8—10]. In order to satisfy all
requirements for a network node, the systems should,
moreover, provide access to a well-controllable spin qubit
with a long quantum memory time. Such control has been
demonstrated with silicon-vacancy centers (SiV) in dia-
mond, with memory times approaching ~10 ms [11].
Despite the showcased achievements, the SiV’s electron
spin suffers of phonon-mediated decoherence due to its
small orbital ground state splitting (48 GHz), as shown in
[12,13]. To mitigate this effect, approaches such as strain
engineering of the defects [14,15] or operation in dilution
refrigerators [11,16] have been explored. Strain may
potentially impact the spectral stability of the defect and
introduce additional complexity, so operating at low
temperatures remains the preferred solution. However,
performing experiments in dilution refrigerators requires
a careful adjustment of the induced heat load as the cooling
power is limited.
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These challenges have motivated efforts for the inves-
tigation of other group-IV defects. These defects provide
not only enhanced optical properties, such as higher
coherent flux of photons, but also an increasing spin-orbit
splitting across the group, which allows operation at
elevated temperatures [6,7]. The germanium vacancy
(GeV) is considered as a promising alternative. The
fabrication is relatively easy [9,17], similarly to SiV,
preserving good optical characteristics. However, the sup-
pression of phonon relaxation at a few hundred millikelvin
is more than four orders of magnitude higher compared to
SiV. This enables the use of strong microwave (MW) fields
for coherent control.

In this Letter, we demonstrate for the first time efficient
initialization, readout, and coherent control of a negatively
charged GeV center at temperatures below 300 mK. At
these temperatures, the phonon relaxation process is sup-
pressed, and we observe spin noise limited coherence time
of the order of T35~ 1.43 pus. We prolong the quantum
memory time by several orders of magnitude to more than
20 ms by dynamical decoupling (DD) protocols. The
achieved memory time exceeds the one of SiV by a factor
of two [11], demonstrating that GeV is a viable alternative
for quantum memory applications. Our analysis shows that
magnetic noise due to interactions with the spin environ-
ment and power fluctuations of the driving field can
account for the most of the observed decoherence. The
noise is modeled as an Ornstein-Uhlenbeck process [18],
resulting in good agreement of the simulations and the
experimental results. These findings allow for the design of
efficient control strategies for extending the coherence
times even further, e.g., by using higher-order DD sequen-
ces and tailoring the interpulse time separation [19-21].
The demonstration of efficient initialization, readout, and
coherent control in combination with long memory times of
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FIG. 1. (a) Reduced energy level scheme showing the lower
orbital branches in the ground (green) and excited (blue) state
manifold. The electron spin becomes accessible by applying an
external magnetic field B = 100 mT (b) through the optical
transitions ¢ 5. (¢) Corresponding PLE spectrum under constant
MW repumping at frequency . Slight misalignment of B to the
GeV axis allows for efficient optical initialization of 98% within
1 ms (d).

negatively charged GeV centers opens the door for multiple
quantum technology applications, e.g., in quantum com-
munication and quantum information.

Experimental setup and results.—We perform the
experiments on a (I, 1, 1)-oriented synthetic diamond
grown via high-pressure high-temperature method with
Ge incorporation during this process [22]. During this
high-pressure high-temperature growth process, germa-
nium (Ge) is naturally incorporated into the diamond,
leading to the formation of GeV without requiring any
additional treatments. To optimize the collection efficiency,
we fabricate a solid immersion lens with 10 pm diameter
into the diamond and position a 20-pm-thick wire nearby
which delivers the microwave field. The sample is mounted
on a cold finger of an optical dilution refrigerator combined
with a home-built confocal microscope for individual
addressing of GeV centers. The superconducting vector
magnet allows for arbitrary alignment of a magnetic field
with respect to the principal axis of the defect. Further
details about the device preparation can be found in [23].

Figure 1(a) shows a reduced energy level diagram of the
GeV center, emphasizing the relevant sublevels for the spin
dynamics. At temperatures T < (hA,/kp), with & as
Planck’s constant, A, as ground state splitting, and kg as
the Boltzmann constant, the orbital relaxation process
becomes exponentially suppressed. We maintain a temper-
ature below 300 mK in all experiments [23], so we consider
only the lower orbital branches of the ground state (GS) and
excited state (ES) manifold. To access the spin degree of
freedom, we apply a magnetic field B = 100 mT and
exploit the difference of the Zeeman splitting in GS and
ES for resonant optical addressing. Figure 1(c) shows the
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FIG. 2. (a) ODMR spectrum (shown in green) shows tran-

sition frequencies v, with 300 kHz linewidth. The separation
by 2.98 MHz indicates a strongly coupled '3C. For further
measurement, the driving field vy = 3.066 GHz was chosen
such that both transitions are equally covered (shown in blue).
(b) Corresponding Rabi oscillations with a frequency of
Q = (27)6.486 MHz. (c) Ramsey interference measurement
reveals 75 = 1.43 ps. (d) Hahn echo decay measurement yields
spin-noise-limited 7, = 440 ps.

photoluminescence excitation (PLE) spectrum of the opti-
cal transitions c¢;, in Fig. 1(a) using an optical power
of 2 nW directed into the cryostat. Their spin-conserving
nature leads to long cyclicity and, thus, to a low spin
polarization rate. We choose a slightly misaligned magnetic
field to induce spin state mixing, which reduces the
required optical pumping time to 1 ms with 98% initial-
ization fidelity. Figure 1(d) shows the corresponding time-
dependent luminescence trace using transition c¢,. The fully
initialized spin cannot be further driven by a field with
frequency ¢, and, thus, is referred to as the “dark state.” As
in the millikelvin environment relaxation processes of the
electron spin do not occur on relevant timescales [11,16], a
repumping scheme is required to resolve both transitions in
PLE measurements. This can be achieved either by using an
additional pump laser [16] or by resonantly flipping the
spin using microwave control.

We determine the resonance frequency v, by sweeping a
microwave around 3 GHz after initialization in the dark
state. When the MW frequency matches the Zeeman
splitting between the ground states, the population and,
thus, the fluorescence are restored, leading to an optically
detectable magnetic resonance (ODMR). We note that,
within one orbital branch, the orbital states are orthogonal
which would, in principle, prevent direct microwave driv-
ing. However, the GeV center under investigation shows a
signature of strain with A, = 181 GHz [23], so the orbital
states mix and the transitions become allowed. We refer to
Fig. S6 in [23] for an extended level scheme and corre-
sponding PLE measurements.

The ODMR results shown in Fig. 2(a) are conducted in a
pulsed manner [27]. We observe a splitting of 2.98 MHz
due to hyperfine coupling to a nearby '3C nuclear spin with
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the linewidths of v; and v, approximately 300 kHz [green
curve in Fig. 2(a)]. We set the frequency of the driving field
to vy = 3.066 GHz for the further measurements, so it
covers equally well both transitions v;, due to power
broadening [Fig. 2(a), blue curve]. We observe Rabi
oscillations in Fig. 2(b) and estimate a Rabi frequency
of Q = (27)6.486 MHz at 36 dBm input power into the
cryostat, inferring a z pulse duration of 77.09 ns. At the
start of each experiment, the system is initialized in the dark
state and subsequently coherently controlled using rectan-
gular 7 and (z/2) pulses with durations determined from
the Rabi measurement.

We investigate the electron coherence time utilizing
Ramsey interferometry, consisting of two (z/2) pulses
and a variable interpulse delay. This and all following
measurements are performed in an alternating manner
where we change the phase of the latter (z/2) pulse
between X (0°) and —X (180°) to project onto the dark
and bright states. We consider then the differential signal
between them to reduce the effect of laser fluctuations and
normalize to the maximum fluorescence difference unless
otherwise stated [23]. By fitting the spin decay in Fig. 2(c),
we find the inhomogeneous spin dephasing time of
T35 ~1.43 ps. The oscillatory signal arises due to the
microwave frequency detuning from the transitions v,
to vy, confirming the hyperfine coupling of 2.98 MHz.

By operating in a temperature regime in which the
phonon-induced transitions between orbital states are sup-
pressed, the dephasing is mainly caused by magnetic noise.
For this regime, the coherence time 7, can be significantly
extended compared to 77 using dynamical decoupling
(DD) protocols. These include z pulses that periodically
aim to refocus the phase accumulated by the GeV center
due to interactions with the surrounding nuclear and
electron spin bath [28]. The Hahn echo is the simplest
DD protocol having one additional 7z pulse in the free
evolution time between the two (7/2) pulses of the Ramsey
experiment. Figure 2(d) shows the corresponding decay
curve, which exhibits a modulation that can be attributed to
the entangling and disentangling to the '3C spin bath.
However, the modulation contrast is low due to the high
Larmor precession frequency (~1.03 MHz [23]) and the
undersampling of the pulse separation z. From the fit we
extract the spin coherence time T, ~ 440 ps. This timescale
is consistent with the theoretically predicted hyperfine
noise limit for diamonds with natural abundance of
13C [29].

The coherence time can be further extended using DD
with multiple refocusing pulses [28,30]. First, we apply the
Carr-Purcell-Meiboom-Gill (CPMG) sequence consisting
of an even number of 7 pulses shifted by 90° with respect to
the (z/2) pulses [Fig. 3(a)] [31,32]. In a first series of
DD measurements, we keep the number of repetition
pulses N constant while sweeping the interpulse delays
7. Figure 3(b) illustrates the extension of the coherence time
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FIG. 3. (a) CPMG sequence with N refocusing 7 pulses

separated by z. The phase of each pulse is indicated in a
subscript. (b) Decay curves with fixed N ={1,2,4,8} and
increasing 7. Dashed lines show fits of the envelopes to
exp [-(Nz/T,)?] with  a free parameter. Inset: Enlargement
of N = 2 measurement, showing regular dips due to entangling
and disentangling to a 13C.

with increasing N. The signal shows pronounced dips due
to coupling to '3C, as exemplary shown for N = 2 in the
inset in Fig. 3(b). Fitting the various datasets to a stretched
exponential exhibits memory times up to 7 times longer
than for the Hahn echo.

Experiments where the interpulse delay 7 is varied and
the number of pulses N is kept constant are typically used
to probe the spin environment noise spectrum [33].
However, in quantum memory experiments, we usually
choose an optimal interpulse delay z and vary the number
of pulses N [19-21,34-37]. This allows for memory time
optimization and readout at arbitrary times when the
quantum state is refocused. To explore the limit of the
spin memory time, we thus vary the order N for the CPMG
and XY8 sequences [Fig. 4(a)], keeping constant a pulse
spacing of 7 = 100 ps for which the Hahn echo decay is
negligible. We note that the pulse separation can be
optimized further by tailoring it to the specific DD
sequence [21] and by avoiding unwanted coupling to the
13C bath, e.g., due to spurious harmonics [38]. We choose
the CPMG and XY8 sequences because the former is highly
robust to errors when the initial z/2 pulse is shifted by 90°
with respect to the subsequent 7 pulses. However, its
fidelity suffers if the initial z/2 pulse has the same phase
[23,31,32,34,39]. We thus also apply the widely used XY8
sequence, consisting of eight consecutive 7 pulses, with
phases of 0° (X) and 90° (Y), as depicted in Fig. 4(c). It is
robust to pulse errors and has a high fidelity for unknown
initial states [34,39,40]. A discussion on the fidelities of the
pulses, CPMG and XY8, is included in [23]. We note that
even more advanced sequences can be applied like the Knill
dynamical decoupling sequence [34] or a sequence from
the universally robust family [20,21], which could, in
principle, achieve even longer memory times.
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FIG. 4. (a) Memory measurement sequence using the CPMG (b)

and XY8 (c) protocol. Subscripts represent the phase of a pulse.
(d) Experimental results for CPMG (blue dots) and XY8 (green
triangles) with fixed 7 = 100 ps and sweeping order N, N vs the
total duration time 7. Fluorescence is normalized to the expected
value for T = 0 for each sequence [23]. Exponential decay fitting
yields T, cpyg = 24.1 £0.9 ms and T, yyg = 18 = 3 ms. Solid
lines represent OU simulations for CPMG (blue) and XY 8 (green),
closely matching the measured data. The results remain within the
simulation curves for the boundaries of the correlation time of
12.4 5 (18.6 s), displayed as dashed (dash-dotted) lines (see the text
and [23]).

Figure 4 shows the measurement sequences [Figs. 4(a)—
4(c)] and the corresponding decay curves [Fig. 4(d)],
where we progressively increase the memory time by
changing the order N or N = N/8 (for XY8) while
keeping 7 constant. A simple exponential fit to the data
yields T cpmg = 24.1 £ 0.9 ms and 7, yyg = 18 =3 ms
[23]. Compared to the Hahn echo T, this is a 45-fold
(CPMG) and 40-fold (XY8) extension, respectively.

Noise model and numerical simulation.—In order to
characterize the performance of the DD sequences and
possibly prolong the coherence time, we perform numerical
simulations of decoherence during DD. For this purpose,
we consider a simplified model of a two-state quantum
system, which is subject to magnetic noise and power
fluctuations of the driving fields. The decoherence model is
similar to the one used in other color centers in diamond,
e.g., NV centers [41-44]. It assumes that resonant inter-
actions (flip flops) between the GeV and the bath spins
(apart from '*C) are negligible due to a large energy
mismatch. Thus, the effect of the bath is dephasing of
the GeV spin and can be approximated by magnetic noise
along the GeV’s quantization axis. In order to analyze
decoherence during DD, we consider the Hamiltonian in
the rotating frame at the carrier frequency @ of the
pulses after applying the rotating-wave approximation
(Q < w) [23]:

10 =20+ 2D teos [p(0))o, + sinp(0lo,). (1)
where Q(t) = Q[1 + ¢(#)]f(¢) is the magnitude of the Rabi
frequency with Q = (27) 6.486 MHz its target peak value,
f(t) describes its expected time dependence (e.g., it can be
0 or 1), e(#) characterizes the amplitude noise, and ¢(7) is
its relative phase (e.g., 0° or 90°). The detuning &5(¢) is the
difference in the Larmor frequency of the GeV electron spin
from the angular frequency of the driving field o, e.g., due
to the hyperfine splitting and magnetic noise. Similarly to
other experiments in color centers in diamond [41-44], we
model 6(7) with an Ornstein-Uhlenbeck (OU) process
[45,46] with a zero expectation value (5(¢)) = 0 and corre-
lation function (5(¢)5(f')) = o2exp (—y|t —1|), where

o3 = (5(1)?) is the variance of the detuning due to noise,

0s~\2/Ts~(2x)146kHz  [23,35,41,46], with Tj=
1.43 ps the decay time of the signal from the Ramsey
measurement in Fig. 2(c). We fit the decay shape of the
signal from the CPMG and XY 8 experiments and obtain an
estimate of the correlation time 7, = 1/y in the range of
12.4 and 18.7 s with an expected value of 7, = 15.5 s [23].
The variation in the estimated values is likely due to fit
uncertainty and slight changes in magnetic noise during
operation, e.g., due to drift in temperature or alignment. We
plot the theoretical coherence decay curves for DD with
ideal, instantaneous z pulses for an OU process [23,35] for
the expected 7, = 15.5 s (dotted line) and the upper (lower)
values of the estimated range 7. = 18.7 s (z, = 12.4 s) as
dashed (dashed-dotted) lines in Fig. 4(d).

The amplitude error ¢(¢) is also modeled by an OU
process with standard deviation 6. = 0.005 and correlation
time 7 = 500 ps, similarly to previous work [23,42]. We
calculate the &(r) and e(r) for 2500 different noise
realizations, simulate the evolution of the system for each,
and obtain the average the density matrix from all noise
realizations. The simulated signal decay [23] is shown as
solid blue (CPMG) and solid green (XY 8) lines in Fig. 4(d),
resulting in simulation estimates for the coherence times of
T, cpmc = 19.8 ms and T'; yyg = 19.2 ms [23]. The exper-
imental data fit well to the simulation results, especially for
XY8, while the CPMG data also lie within the expected
range of the theoretical decay curves for the noise model.
The good fit of the experimental data, simulation results,
and theoretical decay curves indicate excellent control of
the system and compensation of experimental imperfec-
tions. CPMG slightly outperforms XY8, most likely due to
the effect of spin locking and possibly a nonzero interaction
of the GeV electron spin with the strongly coupled '3C for
XY8 at 7 =100 ps [23], which is not considered in the
simulations. The good agreement between experiment and
simulation confirms the OU process as a valid way to
model the environmental noise and field errors, identifying
them as the main limit for the coherence time. The noise
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model can also be applicable to other color centers in
diamond, e.g., SiV centers [11], to enhance the under-
standing of decoherence for group-IV defects. This, in
principle, allows for the design of optimized control
sequences to prolong the coherence time further, e.g., by
carefully choosing the interpulse delay or using higher-
order DD [19-21].

Conclusion.—We demonstrated for the first time effi-
cient initialization, readout, and coherent control of the
electron spin of the GeV at millikelvin temperatures. We
applied dynamical decoupling sequences and increased the
coherence time by several orders of magnitude to more than
20 ms, which is the longest coherence time for group-IV
defects up to date, to the best of our knowledge. The
performed decoherence simulations fit the experimental
data reasonably well, validating the noise model and
allowing for the design of optimized control schemes for
GeV and other group-IV defects. Using isotopically
enriched '’C diamonds could allow for even longer
memory times. Another strategy to enhance memory time
involves storing the quantum state in long-lived nuclear
spins, either those inherent to GeV itself [47] or the
neighboring '3C spins through dynamical decoupling
applied to the GeV electron spin [48-50]. The results
demonstrate the applicability of the GeV as a quantum
memory, overcoming one main obstacle for quantum
technology applications of group-IV defects, e.g., for
quantum communication.
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