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An efficient interface between a spin qubit and single photons is a key enabling

system for quantum science and technology. We report on a coherently con-
trolled diamond nitrogen-vacancy center electron spin qubit that is optically
interfaced with an open microcavity. Through Purcell enhancement and an
asymmetric cavity design, we achieve efficient collection of resonant photons,
while on-chip microwave lines allow for spin qubit control at a 10 MHz Rabi
frequency. With the microcavity tuned to resonance with the nitrogen-vacancy
center’s optical transition, we use excited state lifetime measurements to
determine a Purcell factor of 7.3 £ 1.6. Upon pulsed resonant excitation, we find
a coherent photon detection probability of 0.5% per pulse. Although this result
is limited by the finite excitation probability, it already presents an order of
magnitude improvement over the solid immersion lens devices used in pre-
vious quantum network demonstrations. Furthermore, we use resonant opti-
cal pulses to initialize and read out the electron spin. By combining the
efficient interface with spin qubit control, we generate two-qubit and three-
qubit spin-photon states and measure heralded Z-basis correlations between
the photonic time-bin qubits and the spin qubit.

M Check for updates

integration into nanophotonic devices?’~** State-of-the-art quantum
network nodes’ are thus realized with solid immersion lenses (SIL)®, in

Optically active solid-state qubits are promising physical systems for
quantum networking' ™. Among several candidates’®, the nitrogen-

vacancy (NV) center in diamond is one of the most-studied, with the
realization of qubit teleportation’ across a multi-node quantum
network™ and metropolitan-scale heralded entanglement”. Further-
more, efficient quantum frequency conversion to telecom
wavelength'>” and hybrid entanglement of photons and nuclear
spins'" have been demonstrated. The NV center offers excellent spin
qubit properties'® and the nitrogen nuclear spin” together with nearby
carbon-13 spins™® can function as a multi-qubit register'** to store* >
and process®*?® quantum states with high fidelities””. The main chal-
lenges for the generation of spin-photon states with the NV center is
the relatively low zero-phonon line (ZPL) emission of ~3%* and the
reduced optical coherence in the presence of charge noise hindering

which the NV center retains lifetime-limited optical linewidth®*. In
practice, such systems have shown ZPL detector click probabilities
around 5 x 10~ upon pulsed resonant excitation®'%>%,

In this work, we realize the integration of a NV center into a fiber-
based Fabry-Pérot microcavity’*® in combination with coherent
microwave spin control, enabling the generation of spin-photon states.
This platform features bulk-like optical coherence of the NV center by
incorporating a micrometer-thin diamond membrane into the
cavity***° and a Purcell-enhanced emission into the ZPL combined with
an efficient photon extraction. We quantify the coupling of the NV
center’s readout transition to the cavity modes with the Purcell factor
by measuring the reduction of the excited state lifetime. Further, we
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investigate the cavity-coupled readout transition with a photo-
luminescence excitation (PLE) measurement to determine the optical
linewidth, a Hanbury Brown and Twiss (HBT) experiment to verify
single-photon emission, and a saturation measurement, which reveals
a ZPL detector click probability that is an order of magnitude higher
compared to standard solid immersion lens systems. Moreover, we
demonstrate coherent control of the NV center’s electron spin and
characterize its coherence properties in a Ramsey and a Hahn-Echo
measurement. Finally, we use our platform to generate spin-photon
states of the electron spin qubit with one and two time-bin encoded
ZPL photon qubits. We herald on the photon detection in their time-
bin states and observe the correlation with the corresponding spin
qubit readout.

Results

Interfacing diamond nitrogen-vacancy center spin qubits with
an optical microcavity

In this section, we conceptually outline the optical interfacing of NV
centers which are coupled to a fiber-based Fabry-Pérot microcavity as
schematically depicted in Fig. 1a. At its heart, a sample mirror with a
bonded diamond membrane faces a laser-ablated spherical mirror on
the tip of an optical fiber forming the microcavity®. Using the
experimental setup presented in Fig. 1b, the cavity-coupled NV centers
are optically addressed via the microcavity, which is mounted inside a
closed-cycle optical cryostat. Details about the low-vibration cryogenic
microcavity setup can be found in ref. 41, and the fabrication of the
diamond device, which is also used in earlier work*, is reported
in ref. 39.

For the experiments in this study, the two orthogonal, linear
polarization modes of the microcavity must be considered. Due to
birefringence in the diamond membrane, the frequency degeneracy of
these cavity modes is lifted, which is identified as a polarization mode
splitting in the optical cavity response. In our lab frame, the low fre-
quency (LF) and high frequency (HF) cavity mode is referred to as
horizontal and vertical polarization cavity modes, respectively. The NV
center’s optical dipole of the readout transition around 637 nm
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Fig. 1| Optical interfacing of microcavity-coupled NV centers. a Schematic of the
fiber-based Fabry-Pérot microcavity. The NV center is hosted in a diamond mem-
brane bonded to a planar sample mirror that faces a spherical mirror on the tip of
an optical fiber, forming the cavity. The cavity mirrors are dielectric Bragg mirrors.
b Schematic experimental setup to efficiently interface a NV center qubit with an
optical microcavity. The cavity-coupled NV center spin qubit is controlled with
microwave signals, which are delivered via a gold stripline that is embedded into
the sample mirror. Outside the cryostat, a permanent magnet is mounted to apply a
static magnetic field to the qubit. The optical readout of the cavity-coupled NV

couples to both polarization cavity modes, enabling resonant excita-
tion and detection in a cross-polarized fashion*’. Nanosecond-short
optical excitation pulses are coupled into the vertical polarization
cavity mode through the sample mirror via the reflection of a polar-
izing beamsplitter. Upon excitation, the NV center ZPL emission into
the horizontal polarization cavity mode is coupled out through the
sample mirror and detected by a fiber-coupled single-photon detector
in transmission of the polarizing beamsplitter. This cross-polarization
filtering reaches high suppression values of the excitation laser and is
actively optimized during the experiments via piezo rotation mounted
waveplates. In addition, a cavity lock laser at 637 nm is launched over
the optical fiber mirror into the horizontal polarization cavity mode
and is detected in cavity transmission by the same single-photon
detector. This signal is used in the experiments to run a side-of-fringe
lock that feeds back on the piezo that is controlling the fiber mirror
position to maintain a constant cavity length. More details about the
experimental setup and the methods to maintain a high excitation
laser suppression and to lock the cavity are described in the Methods
section.

To prepare the NV center in its negatively charged state an off-
resonant 515 nm charge repump laser is deployed over the fiber mirror
next to a second, 637 nm laser to initialize the NV center in its ms=0
spin ground state via the E; transition (see Fig. 1c). A permanent
magnet outside the cryostat creates a static magnetic field at the
position of the NV center, which Zeeman-splits the NV center’s
m; = +1spin states, allowing us to define a qubit subspace consisting of
the m;=0 and mg= -1 states. Microwave pulses for qubit control are
delivered via a gold stripline, which is embedded into the sample
mirror®,

All reported uncertainties in this work correspond to one stan-
dard deviation confidence intervals.

Coupling a single nitrogen-vacancy center to the microcavity

With the full spatial and spectral tunability of the microcavity*, we
select a position on the diamond membrane that is close to the mirror-
embedded gold stripline, exhibits a high cavity quality factor, and a

Pol Polarizer

N2, A/4 Waveplates

PBS Polarizing beamsplitter
BP Band-pass filters

ZPL Zero-phonon line

@D SPD Single-photon detector
M MW Microwave control
MW SMF Single-mode fiber

center is achieved using free-space cross-polarized resonant excitation and
detection using the horizontal (H) and vertical (V) polarization cavity mode via the
sample mirror side. Additional lasers for charge repump, spin initialization, and
cavity locking are deployed in fiber via the fiber mirror side. ¢ Energy diagram
showing the investigated £y, E,, F; and E, excited states of the cavity-coupled NV
center with the spin qubit states ms = 0 and ms = — 1. The microwave qubit control,
as well as the optical interface for readout and spin initialization, is depicted. The
cavity is on resonance with the NV center £, transition for readout.
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Fig. 2 | Characterization of the optical interface of the cavity-coupled NV cen-
ter. a PLE measurement of the NV center’s £, transition (readout transition) in the
LF cavity mode with a Gaussian fit (solid line) and a full width at half maximum
(FWHM) linewidth. The background-corrected (bg-corr.) zero-phonon line (ZPL)
counts are plotted over the excitation laser frequency with respect to (w.r.t.)
470.4 THz. Details about the PLE measurement sequence and the applied back-
ground correction are presented in Supplementary Note 2. b Pulsed resonant
saturation measurement of the readout transition in the LF cavity mode, together
with a linear fit as a guide for the eye. The probability (prob.) of a ZPL detector click
is plotted over the laser pulse peak power. The inset shows the time-resolved
detector counts for a laser pulse peak power of 35 uW measured free-space before
the objective and the used integration window from 3 ns to 30 ns with respect to
the excitation pulse center. The small peak at a detection time of about -5ns is

Pulse number difference

light of the excitation pulse that is backscattered into the free-space detection
before reaching the cryostat. c Lifetime measurements of the NV center’s £, excited
state on cavity resonance in the LF and HF cavity modes, as well as off resonance in
the LF mode. Details about the applied background correction are outlined in
Supplementary Note 4. The fit windows of 5 ns to 18 ns are represented by the
length of the solid lines of the monoexponential fits. The data is normalized (norm.)
and offset for visual clarity. d Second-order correlation measurement of the
readout transition in the LF cavity mode for a pulse train of 30 consecutive short
resonant excitation pulses. In this measurement, the integration window of (b) is
used. The triangular function capturing the finite pulse train (black dashed line) is
shown next to the fit function that also includes the spin flipping process (black
solid line).

well-coupled NV center. At the selected position, a frequency splitting
between the horizontal and vertical polarization cavity mode of
(9.56 + 0.02) GHz is observed, which we attribute to birefringence due
to the presence of strain in the diamond membrane. The individual
cavity polarization mode shows a linewidth of (1.69 + 0.02) GHz, which
corresponds to a quality factor of 280 x10% With the determined
cavity geometry, a cavity mode volume of 86A° is simulated.
Accounting for our residual cavity vibration level of 22 pm, this results
in a maximal vibration-averaged Purcell factor of 12 for a NV center that
is perfectly coupled to a single cavity mode®. In addition, a cavity
mode outcoupling efficiency through the sample mirror of 39% is
calculated by taking the mirror coating transmission losses into
account (see Supplementary Note 1 for the cavity characterization
details).

For the investigated cavity we find a NV center that is coupled with
its E, transition (readout transition) at a frequency of 470.377 THz
(-23.34 GHz with respect to 470.4 THz). Figure 2a shows a PLE mea-
surement of this transition in the LF cavity mode, resulting in a line-
width of (45 +3) MHz determined by a Gaussian fit. We attribute the
additional broadening above the expected linewidth of 1/
2mtp, = 20 MHz for the Purcell-reduced lifetime 75 in the LF cavity
mode as stated below to spectral diffusion. The determined transition
linewidth is typical for NV centers with bulk-like optical properties, and
the used experimental PLE sequence involving 515 nm repump laser
pulses®. Furthermore, we find the NV center’s E, transition at a fre-
quency of 10 GHz. This corresponds to a transverse strain with £,
excited state splitting of ~33 GHz, which is larger compared to typical
bulk samples. We note that we also find less strained NV centers in the
diamond membrane (see Supplementary Note 9 for measurements of
a second cavity-coupled NV center). Next to the NV center transitions
associated with the mg = O spin state, we find emission lines at

-26.0GHz as well as -24.5GHz that are associated with the
mg=+ 1 spin states. We attribute these to the NV center’s E; and £,
transitions, where we use the former as our spin initialization transi-
tion. In all measurements, a static magnetic field of about 37.5 G is
present along the NV center crystal axis. See Supplementary Note 2 for
the PLE measurements of the other transitions and details about the
used sequences.

In the sequences of all following measurements, we start by
applying a 515 nm charge repump laser pulse to prepare the NV center
with high probability in its negatively charged state, and a spin initi-
alization laser pulse to initialize the NV center in its ms = O spin state
(see Supplementary Note 6 for details). Figure 2c shows lifetime
measurements of the NV center’s E, excited state using 2ns short
resonant excitation pulses (see Supplementary Note 3 for details about
the excitation pulse). The Purcell-reduced lifetime is measured in the
LF and HF cavity modes with the cavity being on resonance with the
readout transition. An off resonance lifetime is determined in the LF
mode by detuning the cavity from the readout transition by —4 GHz.
The lifetime measurement data is fitted with monoexponential curves.
We observe that the data start to deviate from a monoexponential
behavior for detection times 220 ns. We attribute this to signal of
other (weaker coupled) NV centers or fluorescence of the cavity mir-
rors, and therefore restrict the fit window size. Details about the
applied background subtraction and the influence of the fit window
are further outlined in Supplementary Note 4. From the mono-
exponential fit, we determine an off resonance lifetime of
Tofr = (9.5 £ 0.4) ns and a Purcell-reduced lifetime of 75| = (7.8 £ 0.2) ns
and 7pr = (9.0 £ 0.2) ns for the LF and HF cavity mode, respectively.
The off resonance lifetime differs from the expected excited state
lifetime of 12.4 ns for low-strained NV centers*. We attribute this to
strain-induced mixing in the excited states*®*. In Supplementary
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Fig. 3 | Characterization of the NV center electron spin qubit. a Statistics of
detected photons for our spin qubit readout after spin initialization in the m;=+1
or m, = 0 state. The inset presents the corresponding readout fidelities depending
on the number of short excitation pulses used. For the experiments, 200 short
readout pulses are used, which leads to fidelities of F.; = 98.4%, Fo = 10.3% and
Favg = 54.4% for the shown calibration with 500 x 10° repetitions. b Coherent Rabi
oscillations with a fit (solid line) showing a Rabi frequency of Q = (10.73 + 0.02)
MHz. The error bars are within the dot size. c Ramsey measurement with an artificial
detuning of 50 MHz. The inset shows the used microwave pulse sequence, where a
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delay time-dependent phase is applied to the second pulse to generate the artificial
detuning. The fit (solid line) captures a beating signature of (2.68 + 0.05) MHz
which is attributed to the coupled nitrogen nuclear spin and the free-induction
decay of T, =(170 + 20) ns with an exponent of n = 1.0 + 0.2. The error bars are
within the dot size. d Hahn-Echo measurement with its microwave pulse sequence
in the inset. The gray solid line is a guide for the eye of a Gaussian decay curve with
an amplitude of 0.9 and a decay time of 180 us. The error bars are within the
dot size.

Note 4, we show a complementary investigation of this mechanism
with time-resolved detection during continuous wave resonant exci-
tation. The determined lifetimes allow to calculate the Purcell factor

1 (T

Fr Bo (TP )
with the NV center Debye-Waller factor = 0.03%. The Purcell factors
for the LF and HF cavity mode are fp p=7.3 1.6 and Fpur=2.0+1.4.In
all the following measurements, we use the stronger coupling to the LF
cavity mode to enhance the NV center emission and the HF cavity
mode for excitation. Based on the determined Purcell factor the NV
center coherently emits ¢ = BoFpLe/(BoFpLr + 1) = 18% into the LF
cavity mode, which corresponds to a cavity outcoupled ZPL emission
of about 7% and a maximal detector click probability of about 1.4% per
excitation pulse for our setup efficiency and detection time window
(see Supplementary Note 10 for details).

In Fig. 2b, the saturation behavior of the NV center readout tran-
sition is studied. For that, the peak power of the short excitation laser
pulse is varied, and the ZPL detector click probability after the first
excitation pulse is measured. A ZPL detector click probability of 0.5%
per pulse is determined for the highest power applied, which outper-
forms the standard NV center quantum network node setups based on
solid immersion lenses by an order of magnitude®***, In addition,
the detector click probability still increases in a linear fashion for the
investigated laser power regime showing that higher detector click
probabilities can be reached if more laser power is applied. In the
experiments, we are limited to the investigated laser power regime due
to the efficiency of our short optical laser pulse generation setup.

Furthermore, we confirm single-photon emission by performing a
pulsed resonant HBT experiment on the readout transition. In the
experiment, we perform in total 55x10° measurement sequence
repetitions in which we apply a train of short excitation pulses with a
consecutive time separation of 126 ns. Figure 2d shows the second-

@

order correlation function for 30 consecutive excitation pulses. The
second-order correlation function exhibits clear antibunching at zero
pulse number difference. Further, it shows two bunching-like features,
which we attribute to the spin flipping probability into the
mg =+ 1 states for larger pulse number differences and the probability
to decay back into the mg = O state from the intersystem crossing
singlet state for small pulse number differences. We fit the data with a
triangular function as expected for the finite pulse train multiplied by a
monoexponential function capturing the spin flipping process (see
Supplementary Note 5 for details). The exponential decay for small
pulse number differences is not included, since the amount of affected
data points is insufficient for a reliable fit. We quantify an antibunching
value of g®(0) = 0.034 + 0.005 by the ratio of measured coincidences
in the zero bin to the triangular fit amplitude.

Coherent microwave control of the nitrogen-vacancy center
spin qubit

The NV center electron spin is coherently manipulated with microwave
pulses, which are delivered via an about 10 pm distant gold stripline.
Before microwave spin manipulation a 515 nm charge repump laser
pulse prepares the NV center with high probability in its negatively
charged state and the spin is optically initialized in its ms = O ground
state with a spin initialization laser pulse and a fidelity of (93.5 + 0.9)%
(see Supplementary Note 6 for details about the initialization and qubit
readout analysis). The applied magnetic field along the NV center
crystal axis splits the m; = + 1 states by about 210 MHz, enabling
selective driving of the m; = 0 and m, = — 1 qubit subsystem. After spin
manipulation, the qubit is read out via the readout transition using the
short excitation pulses and the same integration window as introduced
in Fig. 2b. Figure 3a shows the statistics of detected photons for our
spin qubit readout after spin initialization in the ms;=+1or ms=0 state.
This measurement is used as a readout fidelity calibration, and its
dependency on the number of used short readout pulses is presented
in the inset. The average fidelity F,g of the ms =+ 1 readout fidelity F.;
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and the ms = 0 readout fidelity Fq plateaus for larger readout pulse
numbers and is optimal around 200 pulses, which is used in the fol-
lowing experiments. These readout fidelities are used for qubit read-
out correction, where the finite m = O spin state initialization fidelity is
also taken into account. We note that the average readout fidelity is not
limited by laser power, but rather the average number of emitted
photons before the studied NV center spin flips. The outcoupled ZPL
emission of about 7% for our system is comparable to the collected
non-coherent phonon sideband (PSB) emission used for readout in a
SIL setup, rendering high-fidelity qubit readout possible*®.

In Fig. 3b, coherent Rabi oscillations with a Rabi frequency of
0 = (10.73 + 0.02) MHz are shown for our spin qubit at a microwave
frequency of 2.773 GHz. Based on the fitted contrast of the Rabi
oscillations and correcting for the finite m; = O spin state initialization
fidelity, a microwave m pulse fidelity of (83 + 9)% is extracted.

For the next experiments, a i pulse and a /2 pulse are calibrated
by varying the amplitude of five consecutively applied m pulses that
minimize the probability to readout ms = 0. The m pulse duration is
fixed to 64 ns, and half of that duration is used for the /2 pulse. As
depicted in Fig. 3c, the qubit coherence is probed in a Ramsey
experiment with an artificial detuning of 50 MHz by applying a delay
time-dependent phase shift to the second /2 pulse. The observed
beating signature is attributed to the hyperfine coupling of the nitro-
gen nuclear spin, which is included in the fit model (see Supplementary
Note 7 for details). By fitting the measurement data, a free-induction
decay time of T,=(170+20)ns is determined, which is short com-
pared to typical T, times for these diamond devices (see Supple-
mentary Note 9 for data of a second cavity-coupled NV center).

Using a Hahn-Echo experiment as presented in Fig. 3d, the qubit
coherence can be largely recovered by choosing an appropriate total
delay time 7, which mitigates quasi-static magnetic field fluctuations. In
this measurement, three revivals are observed and a Gaussian decay
curve with a time constant of 180 s is displayed as a guide for the eye
in Fig. 3d. The revivals occur around decoupling interpulse delay times
7/2 that correspond to integer multiples of the bare Larmor period of
the carbon-13 nuclear spin bath of about 25 pis (a3 =1.0705 kHz/G and
B=375G)".

Generation of spin-photon states

In this section, we use our system to generate two-qubit and three-
qubit spin-photon states and measure heralded correlations between
the photonic and spin states. Figure 4a depicts the used pulse
sequence, which combines spin qubit microwave control with the
short resonant excitation pulses to generate spin-dependent photonic
time-bin qubits. After optical initialization, the spin qubit is brought
into equal superposition with a 7/2 microwave pulse, followed by two
resonant excitation pulses with an intermediate microwave m pulse.
This generates the Bell state [NV spin, photon)=(|LE)+|0, L)/v2
between the spin qubit states mg = 0 (|0)) and mg = - 1 (]1)) and the
photonic qubit in the time-bin basis of early (|E)) and late (|L)) as used
for remote entanglement generation in quantum network
demonstrations®**°, The generated photon is measured by a single-
photon detector, which heralds an early or late detection event. The
spin qubit is optically read out in its Z-basis by 200 short readout
pulses. The qubit readout probabilities conditioned on a photon her-
alding event in the early or late time-bin are shown in Fig. 4b (see
Supplementary Note 6 for details about the applied qubit readout
correction and Supplementary Note 8 for an X-basis spin qubit read-
out). A photon detection event in the late time-bin heralds the qubit in
its expected |0) state. For an early time-bin photon detection event, the
spin is read out with a probability of 82% in its expected [1) state. We
attribute the lower readout probability of the |1) state to our limited
microwave m pulse fidelity and an imperfect pulse calibration. In the
Bell state correlation measurement, we record 27143 photon heralding

events in 5 x 10° attempts, which corresponds to a probability of 0.54%
per attempt.

Furthermore, the Greenberger-Horne-Zeilinger (GHZ) state
INV spin, photon, photon) = (|0, E, L) +|1,L, E}))/v/2 can be generated
by repeating the center sequence with the two short resonant excita-
tion pulses before readout (see case N = 2 in Fig. 4a). The correlations
after a successful double photon heralding event are displayed in
Fig. 4c. After heralding a correct two photon state, the expected spin
state is read out with similar probabilities as in the Bell state mea-
surement. In total, we measure 5242 two photon heralding events in
220 x 10° attempts, which corresponds to a probability of 2.4 x 10~ per
attempt.

Discussion

We have equipped a coherent NV center spin qubit with an efficient
spin-photon interface by coupling it to an open microcavity. Coherent
qubit control is realized with microwave pulses, and qubit initialization
as well as qubit readout are achieved with optical pulses in a cross-
polarized resonant excitation and detection scheme. Moreover, we
have demonstrated the quantum networking capabilities of our sys-
tem by generating two-qubit and three-qubit spin-photon states and
measuring heralded correlations between the photonic time-bin and
the spin qubit states.

For the presented system, we project a saturation ZPL detector
click probability of 1.4% per pulse, by improving the excitation effi-
ciency without modifying the microcavity. Furthermore, improving
the device quality to eliminate additional cavity losses suggests a ZPL
detector click probability of about 5%, which corresponds to a cavity
outcoupled ZPL emission of 26%. Moreover, the system can be further
optimized by implementing a charge-resonant check procedure of the
optical transitions to mitigate spectral diffusion, improving charge
state and qubit initialization fidelities®, as well as microwave pulse
shaping for high-fidelity qubit control”.

Our work opens up opportunities to explore quantum networking
with Purcell-enhanced NV centers, promising remote entanglement
generation with higher rates and fidelities. Furthermore, we expect
that the here developed methods provide guidance for other solid-
state qubits to realize efficient spin-photon interfaces based on
microcavities for quantum network applications**%=,

Methods

Cryogenic cavity setup and microwave pulse delivery

We use a floating stage closed-cycle optical cryostat (Montana
Instruments HILA) with a base temperature of about 6 K and a sample
mirror holder temperature of about 8 K. The spherical fiber mirror,
which faces the sample mirror, is made out of a single-mode optical
fiber with a pure silica core and a polyimide protection coating
(Coherent FUD-4519, S630-P) and is mounted on a cryo-compatible
positioning stage (JPE CPSHRI1-a). A room temperature objective (Zeiss
LD EC Epiplan-Neofluar), which is thermally shielded, is used to opti-
cally interface the sample mirror side of the cavity. The objective is
positioned with three linear nanopositioning stages (Physik Instru-
mente Q-545) in a tripod configuration. A permanent neodymium disc
magnet (Supermagnete S-70-35-N), which is mounted on the lid of the
cryostat, is used to create a static magnetic field at the position of the
sample mirror. Further details about the cryogenic setup can be found
in ref. 41.

The setup is operated with a computer and the Python-based
software QMI version 0.44°°. The data is stored and analyzed with the
Python framework quantify-core. The actual measurement sequences
are timed and executed by an interplay between a microcontroller
(Jager Computergesteuerte Messtechnik Adwin Pro II) and an arbitrary
waveform generator (Tektronix AWG5014C). Microwave pulses are
generated with a single sideband modulated vector signal generator
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Fig. 4 | Spin-photon correlation measurements. a Pulse sequence to generate
spin-photon states involving microwave pulses (in purple) for qubit control and
short excitation pulses (in red) to generate spin-dependent time-bin photons. In the
experiments, a microwave decoupling interpulse delay time of 7/2 = 23568 ns is
used. b Conditional probabilities of the spin qubit readout in the Z-basis states
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photon of the spin-photon Bell state. The error bars are within the black dot size.
¢ Conditional probabilities of the spin qubit readout in the Z-basis after a successful
double heralding event of the photonic state |L, E) or |E, L) of the spin-photon
Greenberger-Horne-Zeilinger (GHZ) state. The error bars are within the black
dot size.

(Rohde & Schwarz SMBV100A), amplified by a microwave amplifier
(Mini-Circuits ZHL-50W-63+), and delivered to the cryostat via a home-
built microwave switch. At the qubit frequency of 2.773 GHz we mea-
sure about 26 dB transmission loss through the cryostat. Further
details about the microwave wiring and a picture of the sample mirror
with mirror-embedded gold striplines can be found in ref. 41.

Laser pulse generation and delivery

We use one 637 nm continuous wave diode laser each for cavity
locking (Newport Newfocus Velocity TLB-6300-LN) and spin initi-
alization (Toptica DL Pro 637 nm). To modulate the laser intensity and
generate microsecond-long optical pulses with high on/off ratios, two
cascaded in-fiber acousto-optic modulators (AOM, Gooch and
Housego Fiber-Q 633 nm) are used. Both lasers are combined free-
space by a 50:50 non-polarizing beamsplitter (Thorlabs BS016). Then,
a Glan-Taylor polarizer (Thorlabs GT10-A) and a half-wave and quarter-
wave plate (Thorlabs WPHO5M-633 and WPQO5M-633) are used to set
and control the polarization. Finally, the 637 nm lasers are overlapped
with the 515 nm repump laser (Hiibner Photonics Cobolt 06-MLD) by a
dichroic mirror (Semrock Di01-R532) and coupled into a single-mode
fiber, which is connected to the cavity fiber.

A frequency-doubled, high-power tunable diode laser (Toptica
TA-SHG Pro 637nm) is used for readout as well as for cross-
polarization control. For that, the laser is split by a 50:50 fiber
beamsplitter (Thorlabs PN635R5A2) into two in-fiber paths. In the path
for cross-polarization control, two in-fiber AOMs are used for mod-
ulation, whereas in the readout laser path, a temperature-stabilized
electro-optical amplitude modulator (EOM, Jenoptik AM635) is
deployed additionally. This allows for faster intensity modulation and
the generation of nanosecond-short resonant excitation pulses. The
EOM is DC biased by a programmable bench power supply (Tenma 72-
13360) using a bias-tee (Mini-Circuits ZX85-12G-S+) and a DC block
(Mini-Circuits BLK-89-S+) to control a constant transmission level. In
addition, fast electrical pulses are generated with a home-built stan-
dalone pulse generator®” and applied to the EOM via the RF input of the
bias-tee to generate nanosecond-short excitation pulses (see Supple-
mentary Note 3 for their characterization). Finally, both in-fiber paths
are combined with a 75:25 fiber beamsplitter (Thorlabs PN635R3A2)
whose 75% output is connected to a polarization-maintaining fiber
(Thorlabs P3-630PM-FC-2) before free-space launching. The 25% out-
put is connected to a power meter (Thorlabs PM1I0OUSB with head
S130VC) for laser power monitoring. To preserve a high polarization
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extinction ratio in both paths in-line fiber polarizers (Thorlabs

ILP630PM-APC) are used.
All  637nm lasers

(HighFinesse WS-U).

are stabilized on a wave meter

Free-space cross-polarization optics

The cavity is interfaced from the sample mirror side with free-space
cross-polarization optics as depicted in Fig. 1b. The collimated beam
leaving the cryostat chamber is guided by broadband dielectric mir-
rors (Thorlabs BB03-E03) on the optical table and is reflected off a
dichroic mirror (Semrock Di02-R635) before reaching the polarization
optics. Next, the beam passes through half-wave and quarter-wave
plates (Thorlabs WPHO5M-633 and WPQO5M-633), which are mounted
in piezo rotation stages (Newport AG-PR100 controlled by Newport
AG-UCB8). These wave plates map the excitation and detection polar-
ization of the polarizing beamsplitter cube (PBS, Thorlabs PBS202) to
the cavity polarization modes.

In the excitation path of the PBS the readout laser is launched
from the polarization-maintaining fiber into free-space (Thorlabs
KT120 with objective RMS10X) and passes a Glan-Thompson polarizer
(Thorlabs GTHI0M-A), followed by a quarter-wave and half-wave plate,
which are mounted in piezo rotation stages as well.

In the detection path of the PBS, the light is filtered by a Glan-
Thompson polarizer (Thorlabs GTHIOM-A), an angle-tunable etalon
(Light Machinery custom coating, = 100 GHz full width at half max-
imum (FWHM) at 637 nm), and a bandpass filter (Thorlabs FBH640-10).
Finally, the light is coupled (Thorlabs KT120 with objective RMS10X)
into a single-mode fiber (Thorlabs P3-630A-FC-2) and detected by a
single-photon detector (Picoquant Tau-SPAD-20). For the HBT
experiment shown in Fig. 2d, a 50:50 fiber beamsplitter (Thorlabs
TW630R5A2) is added, and a second single-photon detector (Laser
Components Count-10C-FC) is used. The detectors are connected to a
single-photon counting module (Picoquant Hydraharp 400) and the
counter module of the microcontroller. The gating of the single-
photon detectors is used to protect them against blinding during the
application of the spin initialization laser.

Microcavity operation
For the resonant cross-polarization excitation and detection scheme
used in this work, it is essential to keep the cavity on resonance with
the NV center and to maintain a high excitation laser suppression
during the measurements. To ensure these operational conditions, we
probe the cavity resonance as well as the excitation laser suppression
interleaved with the experimental sequences and stream the datato a
computer in real-time to run an optimization routine next to the
measurement. In both cases, the probe laser light is detected with the
ZPL single-photon detector and recorded with the counter module of
the microcontroller. This technique allows for live feedback on the
order of Hertz, which is sufficient to compensate for drifts of the cavity
resonance and the cross-polarization filtering. With the methods out-
lined in the following, it is possible to run measurements remotely
for days.

To keep the cavity on resonance with the readout transition of the
NV center, a side-of-fringe lock is deployed. For that, the cavity lock
laser is frequency-tuned to the fringe of the cavity mode, and the
single-photon detector counts are recorded during interleaved 100 ps
long probe laser pulses. The recorded counts are streamed to a com-
puter that uses a proportional control loop programmed in Python to
optimize on a specified set value. The proportional control loop feeds
back on the piezo that is controlling the fiber mirror position and, by
that, locks the cavity on resonance. The cavity lock laser power is
adjusted such that a count rate of about 700 kHz is measured when the
cavity is on resonance with the cavity lock laser. For every specified set
value, the cavity lock laser frequency can be adjusted such that the
cavity is on resonance with the NV center.

For the cross-polarization filtering, interleaved 10 nW probe pul-
ses of the cross-polarization control laser are applied for 400 ps while
recording the single-photon detector counts. These counts represent
the current excitation laser suppression and are streamed to a com-
puter that runs a hill climbing type algorithm programmed in Python.
The algorithm makes iterative changes to the four piezo rotation
mounted wave plates as introduced in Fig. 1b to minimize the recorded
counts. With this polarization suppression control loop, typical long-
term count rates are <2kHz for 10 nW probe pulses, which corre-
sponds to excitation laser suppression values >60 dB.

Data availability

The measurement data generated in this study have been deposited in
the 4TU.ResearchData database under accession code https://doi.org/
10.4121/6f8031ae-dd61-4b4f-adf4-d20bc88ed9ac™.

Code availability

Code that supports this manuscript is available on request.
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