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Entanglement between photons and a quantum memory is a key component of quantum repeaters,
which allow long-distance quantum entanglement distribution in the presence of fiber losses. Spin-photon
entanglement has been implemented with a number of different atomic and solid-state qubits with long spin
coherence times, but none directly emit photons into the 1.5-pm telecom band where losses in optical fibers
are minimized. Here, we demonstrate spin-photon entanglement using a single rare earth ion in the solid-

state Er** coupled to a silicon nanophotonic cavity, which directly emits photons at 1532.6 nm. We infer an
entanglement fidelity of 73(3)% after propagating through 15.6 km of optical fiber. This work opens the

door to large-scale quantum networks based Er’* ions, leveraging scalable silicon device fabrication and

spectral multiplexing.

DOI: 10.1103/PhysRevX.15.011071

I. INTRODUCTION

Long-distance quantum communication using quantum
repeaters is an enabling technology for secure communi-
cation, distributed quantum computing, and quantum-
enhanced sensing and metrology [1,2]. As a building
block of quantum repeaters, spin-photon entanglement has
been demonstrated in several platforms including neutral
atoms [3-6], trapped ions [7], semiconductor quantum
dots [8,9], and atomic defects in the solid state [10-14].
Individually addressable solid-state defects integrated with
nanophotonic devices are particularly attractive for com-
bining a single-photon source and quantum memory in a
scalable platform [15-20].

However, a challenge for all of the above platforms
is that the typical energy scale for atomic transitions
(400-900 nm) is outside the low-loss telecom band in
standard optical fibers (1.5 pm), resulting in significant
losses for long-distance transmission. Two approaches
have been demonstrated to circumvent this challenge:
single-photon frequency conversion [9,21-27] and gener-
ating entangled photon pairs using spontaneous parametric
down-conversion (SPDC), where one photon is in the
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telecom band and the other matches the wavelength of
an atomic memory [13,28]. However, these approaches
suffer from limited efficiency and added noise, and in the
case of SPDC, involve nondeterministic sources. Recently,
direct telecom spin-photon entanglement of a single emitter
has been demonstrated in an InAs/InP quantum dot [29],
but direct entanglement with a long-lived spin suitable for
long-distance transmission has not been reported.

The rare earth ion (REI) Er** provides a direct spin-
photon interface in the telecom band, but exploiting
individual REIs as single-photon sources and quantum
memories is challenging because of their low photon
emission rate and correspondingly increased sensitivity
to decoherence. Recent work has demonstrated incorpo-
rating REIs into nanophotonic cavities to enhance the
emission rate up to 1000-fold [30-37], enabling single-
shot readout [38—40] and manipulating nearby nuclear
spin ancillae [41-43], and remote entanglement of two
Yb*T:YVO, defects [14]. Careful selection and engineer-
ing of host materials has also led to improved coherence
properties. In particular, Er**:CaWO, has demonstrated
coherence times of 23 ms in small ensembles [44], and
low enough spectral diffusion to enable indistinguishable
single-photon generation in a Si nanophotonic cavity [45].
However, despite these improvements, maintaining the
joint spin and optical coherence during photon emission
remains a challenge.

Here, we demonstrate spin-photon entanglement directly
in the telecom band, with a single Er** ion in CaWO,
integrated into a silicon nanophotonic device. The key
advance enabling this demonstration is a spin-photon
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entanglement protocol capable of refocusing spin
decoherence while waiting for a photon to be emitted; this
protocol has the additional benefit of mitigating an unan-
ticipated optically induced spin dephasing mechanism.
Through the large Purcell factor of the cavity (P = 342),
the absence of losses from frequency conversion, and
the low propagation losses at the emission wavelength
of 1 =1532.6 nm, we reach a spin-photon entanglement
rate of 1.48 Hz over 15.6 km of optical fiber. This rate
improves on previously demonstrated telecom band spin-
photon entanglement using frequency-converted solid-state
sources [9,22,27] and is comparable to frequency-
converted spin-photon entanglement from trapped ions
and single atoms in optical tweezers [23,24,26]. The
fidelity is F = 0.73(3), beyond the classical bound of 0.5
[10]. This opens the door to implementing long-distance
quantum networks with Er3* devices.

II. RESULTS

Our experimental approach is depicted schematically in
Fig. 1(a). The nanophotonic device architecture has pre-
viously been described in Refs. [45,46]. Briefly, a hybrid
structure is formed by a Si nanophotonic device bonded on
the CaWQ, substrate [Fig. 1(b)]. The sample is cooled to
T =500 mK in a *He cryostat. Light is extracted from

(a)
15.6 km

Photonic time-bin

fiber spool

the cavity into a bus waveguide and ultimately an optical
fiber through a grating coupler, and microwaves (MW) to
drive spin transitions are applied using a nearby antenna
[46]. Er** ions are implanted ~10 nm below the surface of
the CaWO, crystal, within the evanescent field of the Si
cavity, resulting in a strong enhancement of the emission
rate [Fig. 1(c)]. Through careful control of the implantation
and annealing conditions, we have observed single ions
with spectral diffusion linewidths below 200 kHz and
spectral diffusion less than the radiative linewidth on the
timescale of photon emission, characterized by a two-
photon interference visibility of 80% [45]. The ion used in
this work has a slightly broader spectral diffusion linewidth
of 470 kHz (Fig. 5 in Appendix B), and a Purcell factor of
P =342, yielding a radiative lifetime of 7z, = 18.4 ps
for the B transition that is resonant with the optical cavity
[Fig. 1(d)]. By collecting fluorescence from this optical
transition, we obtain a single-shot readout fidelity of 8§9%
(Appendix B). For all experiments, we operate at a magnetic
field strength of |B| = 943.5 G at the orientation of (6, ¢) =
(85°, 22°), chosen to obtain cycling optical transitions [38].
At this field, we have ground and excited state electron spin
splittings of w,=10.7 GHz and w, = 9.5 GHz, respectively.

In the standard time-bin spin-photon entanglement pro-
tocol [11,48,49], optical excitation pulses are embedded in
a Hahn echo sequence [Fig. 2(a)]. Starting from the initial

SNSPD,

(b) (c)

FIG. 1.

Photonic time-bin [T .
qubit

Si cavity

Er3T:CaWO, spin-photon interface. (a) Optical setup used to generate and characterize spin-photon entanglement. Single

photons entangled with the Er** ion and encoded in early (E) or late (L) time bins pass through a Mach-Zehnder interferometer (MZI)
with a 15.6 km fiber spool in one arm, and are detected at two superconducting nanowire single-photon detectors (SNSPDs).
(b) Scanning electron microscope image showing a silicon nanophotonic cavity coupled to a bus waveguide, with a schematic of the
resonant mode depicted in red. (c) Implanted erbium ions evanescently couple to the silicon photonic crystal cavity placed on the surface
of the CaWQy, and their spin transitions are driven by a microwave field. (d) Er** level structure in an applied magnetic field with four
optical [(A)—(D)] and two microwave (MW,, MW,) transitions. The cavity resonance frequency is chosen to match the B transition,

resulting in a larger Purcell enhancement for ||,) (I'z/T'y = 4.6).
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FIG. 2. Challenges with the standard time-bin entanglement sequence. (a) The standard time-bin entanglement sequence consists
of a Hahn echo sequence interleaved with two optical pulses, resulting in entanglement with the early (| E)) and late (|L)) photon states.
(b) In the absence of optical illumination, the Hahn echo (N = 1) spin coherence is 30 ps, which can be extended to over 200 ps with an
XY-16 sequence (N = 16). The contrast is obtained by taking the difference of the spin-population outcomes for pulse angles of 0° and
180° for the last zz/2 pulse. The modulation of the decay envelopes results from coupling to the '83W nuclear spin bath [45]. (c) Applying
an optical pulse in the middle of a Hahn echo sequence degrades the coherence. The effect is shown for 200 ns pulses at two optical
powers: 1.6 nW, corresponding to the power used for optical z pulses in the following experiments, 65 nW, to more clearly show the
effect. (d) In a fixed sequence length (27 = 20 ps), the Hahn echo contrast is maximized by placing the optical pulse at the beginning or
the end of the sequence, indicating that the optically induced dephasing can be refocused. The dashed line is a fit to a Gaussian decay
envelope, ¢~ (00t0)’/2 with 6,, = 27 x 0.11 MHz. (¢) The four nearest neighbor calcium ions in the Er3* : CaWO, unit cell (highlighted
by black lines) show S; symmetry, invariant under a 90° improper rotation. An electric field along the ¢ axis (red arrows) lowers
the symmetry, which lifts the in-plane g-tensor degeneracy and results in a linear shift of the spin splitting [47]. W and O atoms are
not displayed. (f) The induced frequency fluctuation o, varies with the magnetic field orientation in the ab plane as o, (¢)
| sin(2¢pp — 2¢py)| with ¢y = 35(1)°, confirming that it arises from a fluctuating electric field. The dashed line corresponds to the field
orientation used in the spin-photon experiment, which is needed to obtain a cycling transition for this ion [38]. The error bars correspond
to one standard deviation and were calculated by fitting the Gaussian decay, as shown in (d). We note that all contrast values are
corrected for readout fidelity (Appendix B).

state [yy) = ||g) ® |vac), where |vac) is the vacuum
photon state, a MW, /2 followed by an optical z pulse
on the B transition prepares the superposition |y,) =
(1) + [Le))/V2 @ |vac). After waiting a time 7 2 37,,
the early photon (|E)) is emitted, resulting in the state

lw3) = (1) |vac) + [14)|E))/V2. AMW, pulse then flips
the spin states, refocusing dephasing and allowing the
emission of a late photon if the spin was initially in [1,), by
applying another optical z pulse. After waiting a time 7

again, the final state is |ys) = (|g)|L) + [1o)|E))/ V2.
There are two challenges to implementing this directly in
our Er’*:CaWO, devices. First, the Hahn echo coherence
time is only 30 ps (likely shorter than Ref. [44] owing
to fluctuating magnetic fields from paramagnetic impurities
[45]), which is less than the necessary waiting time in the
sequence 27 = 100 ps. Extending the coherence to longer
times requires more frequent dynamical decoupling: For
example, we can preserve the spin state for 200 ps with an
XY-16 decoupling sequence [Fig. 2(b)]. Second, the optical
pulses themselves cause spin decoherence through a

previously unreported mechanism, which is not refocused
in the standard sequence.

We first investigate spin decoherence caused by optical
pulses. We discovered that the insertion of an optical pulse
during free precession can reduce the Hahn echo spin
coherence time significantly, to less than 4 ps [Fig. 2(c)].
The effect does not depend on the optical pulses being
resonant with the optical transition of Er’*. The coherence
is restored if the optical pulse is applied at the beginning or
end of the echo sequence, which suggests a mechanism
of spin spectral diffusion induced by the optical pulse
[Fig. 2(d)]. Because of its S, site symmetry [Fig. 2(e)], the
spin precession frequency of Er*T:CaWO, is linearly
sensitive to both magnetic and electric fields, where the
latter arises from a distortion in the electronic wave
function that changes the magnetic moment [44.,47].
We disentangle their effects by measuring the induced
spectral diffusion o, for different magnetic field orienta-
tions in the ab plane, and observe a dependence of
6, & |sin (2¢ — 2¢hg)| with ¢py = 35°(1) [Fig. 2(f)], match-
ing the previously measured electric field induced magnetic

011071-3



MEHMET T. UYSAL et al.

PHYS. REV. X 15, 011071 (2025)

moment shift for Er3*:CaWO, [47]. Therefore, we attribute
the optically induced dephasing to charge noise, and based
on the measured scaling with power and pulse duration,
conclude that it results from a single-photon absorption
process (Appendix C, Fig. 7). We note that previous
measurements of spin coherence in Er*T:CaWO, were
performed without optical illumination, and are therefore
not sensitive to this effect [44,45,50].

To mitigate both the optically induced spin dephasing
and magnetic field noise, we introduce a modified spin-
photon entanglement protocol with fast dynamical decou-
pling. In the modified protocol, we apply an XY-16
decoupling sequence with a 7 pulse spacing that is much
shorter than the excited state lifetime, interleaved with two
optical pulses resonant with the B transition. Although
choosing a pulse spacing, 7 < 7,, would destroy the spin-
photon correlations in the standard sequence, this is avoided
in the modified sequence by applying 7 pulses to both the
ground and excited state spin manifolds simultaneously
[Figs. 3(a) and 3(b)]. Prior to spontaneous emission, the

emitter state is toggled between the superpositions |y ) =

(1) +1e))/V2 and [wo) = (|1g) + 1))/ V2 in even and

(a)

odd frames of the decoupling sequence, respectively.
Regardless of the timing of spontaneous emission, the state

(I1a)|vac) + 1 4)|E))/V2 is obtained after an odd number
of decoupling pulses similar to the standard sequence.
Emission from a second optical pulse and completion
of the decoupling sequence finally prepares the Bell state

lws) =([{) L) +[1) |E))/+/2. Since the optical pulses are
applied at refocusing points of the XY-16 sequence, the
optically induced spin dephasing is also refocused.

We further explore implications of applying the simul-
taneous decoupling pulses. While the spin undergoes
dynamical decoupling regardless of the decay timing, phase
accumulation occurs at different rates in the ground and
excited spin manifolds owing to their different g tensors.
However, this generates only a residual phase term that is
canceled after a longer time 7, the separation of the optical
pulses, and can be eliminated in the limit of small pulse
spacings (Appendix D). A consequence of the decoupling
pulses is that photons emitted in even and odd windows
will be emitted with different frequencies (fp, f4) and
different rates (I'g, I'y). Accordingly, the photon emission
in odd windows is suppressed given its lower emission rate

OpticaIJ
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FIG. 3. Entanglement protocol with dynamical decoupling. (a) The pulse sequence for spin-photon entanglement. Two optical zp
pulses interleaved with an XY-16 sequence on the MW, and MW, transitions, where the optical pulses are separated by 157 pulses on
the spin. The decoupling sequence ends shortly after the heralding window (gray highlight) and the last excited state 7 pulse is also
omitted since there is no need to continue decoupling beyond this point. A generalized form of the sequence is provided in Fig. 8 in
Appendix D. The last 7/2 pulse on the MW, transition chooses the spin measurement basis. The optical pulses are applied at refocusing
points of the decoupling sequence, so that any random frequency shift of the spin Aw induced by the pulse is canceled. (b) The emitter

state before spontaneous emission transitions between the [yz) = (|1,) + |.))/V2 (red highlight) and |yo) = (|1,) + [1.))/V2 (blue
highlight) states for even and odd windows. (c) Fluorescence during the standard protocol (orange) and the modified protocol (blue) is
shown. For the modified protocol, the fluorescence switches between emission rates I'g and I'y with each z pulse, corresponding to the
states in (b). The higher count rate in the very beginning of the sequence is due to a temporarily higher bias current when the SNSPD is
biased on. (d) Ground manifold spin coherence relevant for entanglement attempts is measured for XY-16 (blue) and Hahn echo
(orange), perturbed by an off-resonant optical pulse with equivalent power to excitation pulses (1.6 nW). The XY-16 total evolution time
used in the entanglement generation is 80.5 ps, also indicated by the gray dashed line.
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FIG. 4. Spin-photon entanglement generation. (a) The experimental sequence used for spin-photon entanglement, showing that a spin
readout is performed only if a photon is detected. Otherwise the spin is reinitialized for another entanglement attempt. See Appendix B
for details on the initialization and readout. (b) Fluorescence from the emitter after traveling through the MZI. The gray shaded regions
mark the heralding window for the Z, photon basis measurement, while the green shaded region marks the heralding window for the @,
photon basis. (c),(d) Parity oscillations of the Bell state obtained by measuring the photonic qubit in the |+ ¢) (orange) or |— ¢) (blue)
state, corresponding to detection at SNSPD; or SNSPD,, for spin readout in the X (c) or Y basis (d). The error bars are calculated based
on a maximum likelihood method (Appendix H). (e) Bell state tomography of the spin-photon entangled state measured in the ZZ basis
(left), XX basis (center), and Y'Y basis (right) giving a spin-photon entangled state fidelity of F = 0.73(3). Dotted bars show ideal values
and error bars correspond to one standard deviation. The error bars are obtained from the fit in (c) and (d) for the XX and Y'Y bases and
obtained by directly computing the standard deviation of correlation outcomes for the ZZ basis. Note that the spin-photon correlations
are corrected for the readout fidelity (Appendix H).

I'4 [Fig. 3(c)]. In this experiment, we only accept photons  photon, with bins separated by 7 = 75.5 ps, is split
emitted within the first 2.5 ps of the collection window,  between a long arm of 15.6 km and a short arm (attenuated
comprising 9.1% of all emitted photons, to minimize  for equivalent loss) and recombined on a 50:50 beam
sensitivity to errors from fast dephasing of the optical  splitter (BS) before going to two superconducting nanowire
transition [51] (Appendix E). A supplementary experiment single-photon detectors (SNSPD) [Fig. 1(a)]. The detection
collecting photons from a later heralding window is also  of a single photon in the early ([0, T]) or late ([27", 37) time
provided (Appendix I). bins corresponds to a measurement of the photon in the Z,

In Figs. 3(c) and 3(d), we compare the photon emission  basis (|E),|L)), while the detection of a photon in the
timing and spin coherence under optical illumination for  central time bin [7,27] corresponds to a measurement in
both protocols. In a standard Hahn echo time-bin entan- the superposition basis ®@,,, | £¢) = |E) & e—i¢| L))/ V2,
glement protocol, the spin coherence decays on the time-  where ¢ is the relative phase accumulated in the interfer-
scale of 20 ps, which is comparable to 7,. In the modified  ometer [Fig. 4(b)]. We note that the laser excitation phase is
protocol, the spin coherence is preserved for 200 ps,  not varied between the two optical pulses so that the
equivalent to the standard XY-16 sequence [Fig. 2(b)l,  interferometer phase is the only contribution to the relative
provided the precise pulse spacing is chosen to avoid  phase. Instead of stabilizing ¢, we track it continuously
resonant interactions with the '®*W nuclear spin bath. We  throughout the experiment using a reference laser sent
further verify that the XY-16 sequence is robust against  through the same interferometer, resulting in a uniformly
optically induced dephasing for an optical pulse applied  distributed set of measurement bases (Appendix F).
at the refocusing point regardless of the optical power  After each entanglement attempt, the spin state is measured
[Fig. 7(c)]. The modified sequence addresses both chal- only if a photon is detected within the heralding window,
lenges: achieving faster decoupling of spin noise and indicated by the gray highlighted regions for the Z, basis
protecting against optically induced dephasing. and the green highlighted region for the ®, basis meas-

We generate and measure spin-photon entanglement  urement, using real-time control with a complex program-
using the sequence in Fig. 4(a). To measure the photonic mable logic device (CPLD) (Appendix G). To measure the
state, we send the emitted photons to an unbalanced Mach-  spin state in X, (Y,) basis, we apply the last z/2 pulse in the
Zehnder interferometer (MZI). The time-bin encoded entanglement sequence [Fig. 3(a)] along the x (y) axis and
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omit the /2 pulse to measure in the Z; basis. We compute
the entanglement fidelity from the visibility of the entan-
glement in the X, Y, and Z bases [Figs. 4(c)-4(e)], F =
(14 Ex + Ey + Ez)/4 [22], where (X;®,) = Ex cos(¢),
(Y, ®@,)=Eysin(¢), and E;=(Z,Z,). Here, ®,=|+¢)
(+¢|—|—@)(—¢|. After correcting for the readout fidelity,
we infer visibilities {Ey, Ey, E;} = {0.60(3),0.55(3),
0.77(5)}, corresponding to an entanglement fidelity of F =
0.73(3) (Appendix H). Before readout correction, the
calculated fidelity is 0.49(1), limited by the readout fidelity
of 75% that is lowered due to additional photon loss in
the interferometer. The rate of successful entanglement
generation is R = 1.48 Hz.

The measured fidelity is in reasonable agreement with
estimated visibilities of Ey y = 0.63 and E, = 0.80 based
on independently measured sources of error (Appendix J).
In particular, we identify significant contributions from
spin decoherence and microwave pulse errors (e y = 25%,
€7 = 14%), optical decoherence (7%), background counts
(5%), initialization errors (3%), and overlap of emission
from the early and late time bins (2%), where the optical
decoherence and initialization errors affect only Ey y.

III. DISCUSSION AND CONCLUSION

In this work, we have demonstrated spin-photon entan-
glement of a single Er** ion directly in the telecom band
over 15.6 km of optical fiber, enabled by our fast dynamical
decoupling protocol that protects spin coherence during
photon emission and mitigates optically induced dephas-
ing. The demonstrated entanglement rate is comparable to
that obtained with frequency conversion from single
trapped atoms or ions [23,24,26] and is higher than that
obtained with frequency-converted solid-state sources
[9,22,27]. The high rate for this distance is achieved by
avoiding frequency conversion, and is not limited by the
relatively long optical lifetime of the Er** ion: After cavity
enhancement, the lifetime is shorter than the photon
propagation time through a long fiber link such as the
one used here. We estimate that the entanglement rate can
be increased to 150 Hz with improvements in optical and
spin coherence to make use of all emitted photons (x11),
improvements to the cavity impedance matching and fiber
coupling efficiency (x6) [52], and faster spin reset (x1.5)
(Appendix K). In particular, improvements in optical
coherence can be realized with larger Purcell enhancement
[45], and spin coherence can be extended to the millisecond
regime as demonstrated with Er3*:CaWO, for deeper ions
at lower temperatures [44,50]. The entanglement fidelity is
mainly limited by coherence and dark counts, and should
improve with the same enhancements. The single-shot
readout fidelity in this work was limited by the lower
Purcell factor and photon loss in the interferometer. As
previously demonstrated, single-shot readout fidelity of
97.2% can be achieved with a higher Purcell factor [45] and

the additional photon loss can be avoided by adding an
optical switch to bypass the interferometer for readout.

These results pave the way to future long-distance
quantum repeaters based on Er’* ions interfaced with
scalable nanophotonic devices. While the long-term spec-
tral diffusion is still significantly larger than the radiative
linewidth, it was recently demonstrated that quasistatic
dephasing can be refocused in the context of spin-spin
entanglement protocols [14,53]. A particularly exciting
direction is to use multiplexed control of many emitters
in the same cavity [54] to store multiple Bell pairs, which
can enable higher-rate operation with reduced memory
time requirements in a repeater protocol [55], as well as
entanglement distillation [56,57].
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APPENDIX A: EXPERIMENTAL DETAILS

In this work, we use a CaWQO, sample (SurfaceNet
GmbH) polished at (100) orientation (surface in a-c
plane) with erbium introduced by ion implantation (II-VI
Inc.) using an energy of 35 keV and a fluence of
5 x 10° ions/cm?. Following the implantation, the sample
was annealed in air at a temperature of 300 °C for one hour.
The nanophotonic devices stamped on the surface of the
CaWO, sample were fabricated from silicon-on-insulator
wafers following the procedure described in Ref. [46].
The cavity used in this work has a quality factor of
0 = 1.6 x 10°, allowing to Purcell enhance the Er’*
emission rate, such that emission lifetime for the inves-
tigated ion is reduced from 6.3 ms to 18.4 ps for the optical
B transition, used for generating spin-photon entanglement.
Because of its larger detuning from cavity resonance,
the optical A transition has a longer lifetime of 85.2 ps.
The device is tuned on resonance with the Er** optical
transitions via nitrogen condensation. A photonic crystal
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grating coupler and an angle-polished single-mode fiber
are used to couple light to the cavity. The device and
sample are cooled to 7 =0.47 K in a 3He cryostat
(BlueFors LD250HE).

For optical addressing of Er** transitions, we use a
continuous-wave tunable laser (Toptica CTL1500) offset
locked to a second laser (Toptica CTL1500), which is
frequency stabilized to ultralow expansion reference cavity
(Stable Laser Systems) by Pound-Drever-Hall lock tech-
nique. Optical pulses are generated using an intensity-
modulating electro-optic modulator and two acousto-optic
modulators to provide high extinction. Time-delayed fluo-
rescence is detected using an SNSPD (Photon Spot). To
avoid saturating the detector, the SNSPD bias current is
turned off during optical excitation.

The spin transitions are driven with microwave pulses
delivered by a wire bond antenna attached to the end of
the optical fiber. Microwaves are generated using two
IQ-modulated synthesizers (Agilent PSG E8267D) with
signals being amplified to 3 W before entering the cryostat.

Unless otherwise indicated, all experiments are per-
formed at magnetic field strength of |B| =943.5 G at
orientation (0, ¢p) = (85°, —22°), where 0 is the angle from
the CaWO, ¢ axis and ¢ is the angle from the a axis, which
yields an optimal cyclicity for the optical B transition
of C =600(10). At this magnetic field setting, we work
with a ground state spin splitting of w, = 10.7 GHz and
excited state spin splitting of w, =9.5 GHz and drive
the spin transitions with Rabi frequencies Qg , = 13 MHz
and Qg , = 7 MHz, respectively, for the ion in this work.
Finally, for the experiments probing optically induced spin
dephasing, the optical pulse is detuned by 1 GHz from
the ion.

APPENDIX B: INITIALIZATION AND READOUT

For spin initialization, we used a sequence consisting of
optical z, pulses, each followed by a chirped microwave
pulse resonant with an excited state spin transition. The
chirped pulses were used to achieve a high inversion of the
excited state spin population, in the presence of interaction
with two paramagnetic impurities with interaction strength
near 3.3 MHz, close to the Rabi frequency of Qp, =
7 MHz for the excited state. This allowed us to initialize
into the ||,) state using only two initialization cycles in the
spin-photon entanglement experiment with an estimated
fidelity of 98.5% based on fluorescence measured after
initialization. To prepare the |1,) state, we apply an
additional 7, pulse following initialization.

For spin readout, we used a sequence of 240 and 432
optical 7z pulses each followed by a fluorescence collec-
tion window of 70 ps, for spin dynamics experiments
without the MZI and spin-photon entanglement experi-
ments, respectively. To differentiate the two spin states,
a threshold of one photon is used. The number of readout

Time (h)

Detuning (MHz)

FIG. 5. Long-term spectral stability. Repeated photolumines-
cence excitation spectroscopy scans of the investigated ion, with a
12 h averaged full width, half maximum linewidth of 470 kHz
and an average single-scan linewidth of 240 kHz.
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FIG. 6. Single-shot spin readout. Histograms of photon counts
after initializing ion in spin-up (orange) and spin-down (blue)
state. Solid lines are fit to a Poisson distribution model taking into
account the finite cyclicity of the optical transition [45]. (a) Histo-
gram obtained for photons bypassing MZI (Hahn, XY-16 experi-
ments) using 240 readout pulses with average readout fidelity
F = 89.4%. (b) Histogram obtained for photons passing through
MZI (spin-photon entanglement experiment) using 432 readout
pulses with average readout fidelity F = 75.1%. In both experi-
ments, we use a readout threshold of one photon.
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pulses for each type of experiment is optimized to maxi-
mize the readout fidelity. For spin dynamics experiments,
after initializing the spin into the [1,) (|],)) state, an
average of 0.1 (3.1) photons is observed, allowing for |1,)
(|{¢)) readout with fidelity F4 = 0.93 (F| = 0.85). For the
spin-photon entanglement experiment, the spin-readout
fluorescence signal is passed through the MZI with a
15.6 km fiber delay with a transmission of 7y = 0.28.
In this case, an average of 0.2 (1.4) photons is observed
after initializing spin into the [1,) (||,)) state, allowing for
1) (|1,)) readout with fidelity Fy = 0.81 (F| = 0.69).
Corresponding histograms of photon counts are shown in
Fig. 6. We note that both the spin dynamics and spin-
photon entanglement data shown in the main text are
normalized to readout fidelity. The readout fidelity here
is lower than in previous work [45], primarily because of
the lower Purcell factor, resulting in lower cyclicity and
higher dark counts accumulated over a longer photon
collection window. For entanglement experiments an addi-
tional factor is photon loss in the MZI, which can be
mitigated in the future by bypassing the MZI with an
optical switch during spin readout.

APPENDIX C: OPTICALLY INDUCED
SPIN DEPHASING

As discussed in the main text, we observe that optical
pulses induce dephasing of the spin in the form of random
but static frequency fluctuations (Fig. 2). Here, we supple-
ment the discussion and report additional experiments to
understand the origin of the dephasing mechanism.

First, we discuss the time dependence of the dephasing
effect. For optical pulses that are short with respect to
the total evolution time, the effective evolution time z,

under a random frequency shift, Aw is given as 7, =
min(zpy, 27 — ropt), where 7, is the position of the optical
pulse and 27 is the total evolution time of the Hahn
sequence. The longest effective evolution time is achieved
when the optical pulse is placed at the center of the Hahn
sequence with 7, = 7. For normally distributed Aw, the
decay of the contrast over 7, can be obtained as

S(z.) = / d(Aw)f(Aw,5,) cos(Awr,) = e~(1/2eure),
(C1)

where we have integrated over a Gaussian frequency
distribution f(w,o,) with standard deviation o,. Using
Eq. (C1), we infer o, by fitting a Gaussian decay envelope
with dephasing time 7, = v/2/o,,.

Next, we further investigate the dephasing dependence
on optical pulse parameters. In Figs. 7(a) and 7(b), we
extract the dephasing magnitude o, as a function of the
optical power P and pulse width W. Before the observed
saturation, fitting each to an exponential scaling of
6, « PP» and o, « WP yields exponents fp = 0.52(1)
and fp = 0.43(6), consistent with a square root scaling
with the number of photons, Np « PW, so that both
experiments can be explained by a random walk model
resulting in a frequency spread 6p = ky+/Np, where ky is
an effective prefactor. To also account for the saturation
observed, we fit to a simple model that limits the maximum
frequency spread by the saturation value o, as 62 =
02,:5%/(8* +1), where S =06p/0y. Such a saturation
behavior could result from exhausting the configuration
space of a finite sized bath. Comparing the extracted
saturation, oy = 27 x 370 kHz, to the long-term spin
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FIG. 7.

Optically induced spin dephasing. (a) Magnitude of spin spectral diffusion extracted as a function of optical power

(W = 200 ns) fitted to a random walk model (black dashed line) with saturation o, = 27 x 364(10) kHz, which we compare to
o =2/ T3 = 2z x 980 kHz. Fitting 6,, = kpP?* (red dashed line) to the points before saturation (< 100 nW) yields an exponent of
fBp = 0.52(1). (b) Magnitude of spin spectral diffusion extracted as a function of pulse width (P = 655 nW), fitted to the same model
with saturation 64 = 27 x 370(23) kHz. Fitting o, = kyW/¥ to points before saturation (< 50 ns) yields an exponent of
Pw = 0.43(6). (c) XY-16 spin coherence for a fixed total evolution time (2N7 = 80.5 ps) corresponding to the entanglement sequence
when an off-resonant optical pulse (w, = 200 ns) is aligned (blue) or misaligned (orange). The aligned case corresponds to the same
setting for the spin-photon experiment, where the optical pulse is placed at a refocusing point of the sequence. In the misaligned case, the
optical pulse is instead overlapped with a 7 pulse of the decoupling sequence. No power dependence is observed when the optical pulse
is properly aligned. When the pulse is misaligned, increasing optical power decoheres the spin as expected. Error bars correspond to one
standard deviation, calculated over repeated measurement outcomes.
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spectral diffusion o = v/2/ T3 = 27 x 980 kHz, we find
that the optically induced spin spectral diffusion may
account for about 1/3 of the spin spectral diffusion over
long timescales.

Finally, we investigate the origin of this dephasing
mechanism, which could originate from magnetic or
electric field noise. For Er3+:CaWO4, electric fields are
known to cause shifts of the Er** g tensor depending on the
external magnetic field orientation [47]. In particular, the
magnitude of the corresponding frequency shift Awg for a
magnetic field in the ab plane of the CaWQ, crystal is
given as

Aoy = o, <M) E., (C2)

2¢%

where w,, is the frequency splitting of the ground spin state,
g, is the g factor in the ab plane of CaWQ,, and E, is the
electric field along the CaWOy, c axis. ¢ is the angle from
the a axis, ¢y =31° and a=11x 107% (V/cm)~!, as
discussed in Ref. [44] in the context of spin linewidths. In
contrast to the varying sensitivity to electric field noise
depending on the field orientation [Eq. (C2)], the magnetic
moment in the ab plane is uniform, suggesting that
the sensitivity to magnetic field noise should not vary. In
Fig. 2(e), we measure the optical dephasing effect at
various magnetic field orientations on the ab plane,
which confirms the electric field origin of this effect. As
expected by Eq. (C2), the frequency spread varies as
6, = Alsin(2¢ — 2¢,)|, where ¢ =35(1)° and A=
27 x 103(4) kHz. The small difference between ¢, and
measured ¢y, could be due to errors in the crystal-cut or the
magnetic field orientation. We perform the field sweep at
|B| = 600 G, where the spin splitting is about 7 GHz.
Based on Eq. (C2), this suggests an electric field fluctuation
of 65~ 0.2 kV/cm induced by the optical pulse in this
experiment, equivalent in magnitude to a field from a single
point charge at a distance of ~100 nm. We note that the
electric field fluctuations can be larger on a longer time-
scale as inferred from the inhomogeneous spin linewidth of
a bulk ensemble in Ref. [44]. We note that the electric field
origin of optically induced dephasing is also confirmed by a
separate measurement of a g = 2 (S = 1/2) paramagnetic
impurity coupled to the ion in this work. For the g = 2 spin,
we find that optical pulses have no effect on the spin
coherence. Given the sensitivity of this impurity to mag-
netic noise, this agrees with our conclusion that the
perturbation caused by the optical pulse is electric in origin
rather than magnetic. Finally, we note that we did not
observe any frequency dependence for this effect beyond
the inhomogeneous linewidth of the Er3* optical transition.
Therefore, we can rule out excitation of other Er* ions as a
potential source of the electric field noise.

In the spin-photon entanglement experiments, we decou-
ple this effect using the dynamical decoupling-based

entanglement sequences. In Fig. 7(c), we repeat the
XY-16 experiment with an off-resonant optical pulse at a
range of optical powers, which confirms that the sequence
is robust to optically induced dephasing when the optical
pulse is placed at a refocusing point of the sequence. While
the dephasing mechanism can also be suppressed by an
appropriate choice of the magnetic field orientation,
to optimize cyclicity we are constrained to use a field
orientation slightly off the ab plane and at an angle that is
sensitive to electric field fluctuations. In the future, the
alignment between the photonic cavity and the crystal can
also be adjusted to obtain a field orientation with good
cyclicity that is also less susceptible to the optically induced
dephasing effect.

APPENDIX D: SPIN COHERENCE
OF THE SPIN-PHOTON STATE

Here, we discuss spin coherence during the spin-photon
entanglement protocol with dynamical decoupling in the
context of a generalized form of the protocol (Fig. 8).
Dynamical decoupling is a well studied technique to
decouple fast noise [58]. Intuitively, our protocol simply
performs dynamical decoupling in both the ground and
excited spin manifolds to decouple noise in each, regardless
of when the state decays from the excited state. However,
the decay, at time ¢, can still occur in the middle of a
decoupling unit (z —z —7) before the phase is entirely
refocused in the excited manifold. Even in this case, we
show that phase is still fully corrected for quasistatic noise.
For fast noise, we find that there is a residual term, which can
also be eliminated in the limit of smaller pulse spacings.

We consider decoupling under a dynamic noise bath,
which can represent interactions with a bath of para-
magnetic impurities, or charge noise as discussed in
Appendix C, in a mean-field approach [59]. In the rotating

T

Optical J;» W i<t—> W
w, 31 1 01 . 1 1 1
w, | L0 . I 11|

Spin
phase

FIG. 8. Spin-photon decoupling sequence. Spin phase accu-
mulation during the spin-photon entanglement with dynamical
decoupling with interpulse spacing 27 and separation between
optical pulses of T = 27k,,, where k, is an odd integer. The red
dashed lines indicate the emission time of the photon after time ¢
with respect to each optical pulse. For slow noise, the phase is
fully canceled, indicated by the total area summing to 0. The
highlighted squares indicate the small amount of phase that is
canceled after a longer time 7.

011071-9



MEHMET T. UYSAL et al.

PHYS. REV. X 15, 011071 (2025)

frame for the ground and excited spin manifolds, the four-
level Hamiltonian in the presence of dynamic noise can be
given as

Hyyn :ﬂg(t)sz,g +:Be<t)sz,e’ (Dl)

where §? = 1diag(0,0,1,—1) and S¢ = diag(1,-1,0,0)
are the ground and excited spin operators, respectively.
For noise that is magnetic in origin, the ground and
excited state noise terms are related by the magnetic
moments of the spin states such that $, () = rf,(t), where
r=w,/w, For noise originating from electric field
fluctuations, the noise terms should still be correlated
but the scaling » would depend on the distortion of the
excited state g tensor of Er**:CaWO,, which has not been
measured to our knowledge.

We calculate the phase accumulated in our sequence
under this noise model as represented in Fig. 8. A
decoupling sequence with N pulses can be expressed as
N repetitions of the decoupling unit as (7 —z —7)V. If
spontaneous emission occurs on the boundary of a decou-
pling unit (i.e., t = 27k, k€ Z), the total phase can be
simply expressed as a sum over decoupling units before and
after the emission, equivalent to standard decoupling
sequences. In general, as indicated by the highlighted areas
in Fig. 8, when spontaneous emission does not occur at a
boundary, a residual phase term will emerge:

1-r

&r:

(2tk, — 1) (B,(1.27k,) = B,(T + 1. T + 27k,)),
(D2)

where k, = round(#/27) is the nearest decoupling unit to
the emission time ¢, and 7T is the time between the two
optical pulses. Bg(t,», t;) denotes time average over the time
interval, [1;, t;] defines as 8, (1. t7) = ,ll_f py(t)dt/(t; —1;).
First, we note that if the noise is quasistatic, constant over
the duration of the entanglement attempt, the phase
resulting from the decay time after the first excitation is
canceled by an equivalent term after the second excitation,
after a time 7. The cancellation of these terms after a longer
time implies that noise at these two points is less likely to
be correlated and may not be canceled efficiently. Second,
the residual phase term is suppressed by correlations r
between the ground and excited state, disappearing for
r=1. We expect that the optically induced dephasing
mechanism discussed in Appendix C will induce an
uncorrected frequency shift for this residual term, whose
magnitude depends on the emission time ¢. In our experi-
ment, we do not observe a strong dependence of the Bell
state fidelity with respect to the emission time (Fig. 9),
indicating that this residual term is small. Finally, the
duration of the residual phase accumulation (27k, — t) can
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FIG. 9. Entanglement fidelity vs rate. (a) The spin-photon
entangled state fidelity and (b) rate as a function of the photon
collection window width. The collection window starts 0.4 ps
after the falling edge of the optical 7 pulse. Error bars correspond
to one standard deviation and calculated by propagating errors
from the expectation values Ey, Ey, and E,, which are discussed
in the main text.

at most be 7 so that ¢, will disappear in the limit of
choosing shorter 7 for the decoupling sequence.

APPENDIX E: OPTICAL DECOHERENCE
DURING THE ENTANGLEMENT SEQUENCE

In this appendix, we calculate the optical phase of the
spin-photon state after the photon travels through the
interferometer. Then, we briefly discuss the loss of coher-
ence due to fast optical spectral diffusion and how we
estimate the optical coherence in our experiment.

First, we discuss the regime where all optical frequency
fluctuations are static over a single attempt and show
that slow spectral diffusion does not lead to phase errors.
As discussed in the main text, a MW, 7/2 pulse followed
by an optical 7 pulse prepares the superposition (||.)+
11e))/ /2. Spontaneous emission of this state in an even
time window yields (e’~s7)|| }|E) + |1,)|vac))/V/2,
where 7, is the detection time after the optical zp pulse,
x is the optical path length of the long arm, wp is the
frequency of the probed transition, and k = wg/c is
the wave vector. After an odd number of z pulses and a
second optical excitation at time 7', we obtain the state

(ei=osm)|+)|E) + e[| }|vac))/v/2, where the phase
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FIG. 10. Generation of indistinguishable photons. (a) Two-photon interference histogram for photons emitted by the same ion spaced
by 75.5 ps. The gray dashed line corresponds to an independently recorded background level. The solid black line is a fit. (b) HOM
visibility extracted from the fit corrected for background counts and imperfections of the MZI. For the detection window width of 2.5 ps
(corresponding to the photon detection window in the entanglement experiment), we observe a HOM visibility of 0.93.

of the laser at frequency w; is imprinted on the excited
term. Finally, the spontaneous emission of the second
excitation and completion of the decoupling sequence
prepares the spin-photon entangled state:

Wpen) = —= (ei(kx_wBT])|Tg>|E>

+ e—ia)LTe—inrz |\Lg> |L>),

EH

(E1)

where 7, is the detection time after the second optical 7y
pulse. The detection of a single photon at time 7, projects
both 7| and 7, so that 74, = 7; = 7, + T. Each variable can
also be broken down into a time of emission and propa-
gation time, 7, = f; + T’ and 7, = 1,, where T’ = x/c is
the true propagation delay of the interferometer and 7,y
is the time of emission after the first (second) optical
excitation. After simplification, we find that the relative
phase of the Bell state in the quasistatic regime is given as
¢l = ¢ + AwAT, where Aw = wp — w; is the detuning
of the emitter from the laser frequency, AT = T’ — T is the
difference between the true propagation delay of the
interferometer and the experimental delay, and ¢ = w; T’
is the interferometer phase at the laser frequency. For our
parameter regime, the shot-to-shot spectral diffusion Aw is
on the order of 100 kHz and the propagation delay
mismatch is on the order of 10 ns so that the phase error
is very small (AwAT < 1).

However, optical frequency fluctuations within a single
entanglement attempt can decohere the Bell state. To
estimate the effect of fast frequency fluctuations on the
optical coherence of the spin-photon entanglement experi-
ment, we use the Hong-Ou-Mandel (HOM) visibility,
which probes the indistinguishability of photons separated
by the interferometer delay 7" (Fig. 10). For this estimate,
we assume that frequency fluctuations are either much
slower or much faster than the timescale of our experiment.
As argued above, any noise that is static over an entangle-
ment attempt does not lead to optical dephasing. For the

fast noise, we assume a Markovian noise model, where the
frequency fluctuations are drawn from a Gaussian distri-
bution with an infinitesimally short correlation time [60].
Following the discussion in Ref. [45], we fit the HOM
interference to obtain a pure dephasing time 7, under
this model, leading to a reduced coherence F(1) =
exp(—2t/T,) for a given emission time ¢, or equivalently
a detection time difference for the HOM experiment.
The average optical coherence for photons collected in a
given time window [f,1,] can then be calculated as

" o=1/T F(1)dt
e
fop(t17t2): . & _—1/T

e de

_ Ty exp(2,/T5) —exp (215/T5)
2T, exp(t;/T;) —exp(t,/T)

where 1/T, = 1/2T, +1/T4 and T| = 7,. The HOM fit
yields a dephasing time 7, =31.5 ps, which leads
to an f,,(0,2.5 ps) = 0.93 for the time window used in
Fig. 4. In Fig. 13, we extend the entanglement sequence to
additionally use a later collection window, which is
estimated to have a lower optical coherence of f,(7.5 ps,
12.5 ps) = 0.53. We also note that, as discussed for spin
coherence in the main text, electric field fluctuations
induced by the optical pulse also cause a frequency shift
of the optical transitions. We do not analyze the effect of
this on the optical coherence here.

. (E2)

APPENDIX F: PHASE MONITORING

Here, we discuss the experimental setup and analysis to
measure the phase of the interferometer. The phase of the
MZI is tracked using a pair of avalanche photodiodes
(APDs) placed in one of the output ports of the MZI
[Fig. 11(a)], registering the interference of two reference
laser pulses sent through the interferometer after each
entanglement attempt. The APD signals are recorded using
an oscilloscope (PicoScope 5000). The two phase-tracking
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FIG. 11. Phase tracking. (a) Optical setup used to measure time-bin photons after 15.6 km of fiber in an unbalanced MZI and track the
interferometer phase. Optical pulses for excitation and phase tracking are sent to nanophotonic cavity and interferometer, respectively.
Single photons from the Er** ion are detected at two SNSPDs after the MZI. A variable optical attenuator (VOA) attenuates the short
arm to match the attenuation rate of the 15.6 km fiber spool and polarization controllers (PC) are used to match the polarization of single
photons from each arm. Bright phase-tracking pulses are measured in two orthogonal polarizations on avalanche photodiodes (APDs),
using a half-wave plate (HWP) followed by a polarization beam splitter (PBS). (b) Ellipse constructed from the phase detection setup.
5000 data points measured in 2 s are shown to form the shape of an ellipse, with the fitted parametric equation APD; = cos ¢ and
APD, = cos(¢p + 6¢p) with 0 < ¢p < 27z and the fitting parameter 5¢. The location of each data point on the ellipse corresponds to the
interferometer phase at the time of each measurement. (c),(d) Extracted interferometer phase ¢ (c) varies in the timescale of milliseconds
and phase difference 6¢ between the two polarization components (d) varies by less than a degree over 20 min.

pulses are generated at the same time as the two 7z pulses  in the two output ports of the interferometer. By measuring
in the spin-photon entanglement experiment (Fig. 3). To  one of these output amplitudes using an APD, the phase ¢
generate these pulses, a laser beam is divided into two  can be measured up to an integer multiple of z. To resolve
optical paths (not shown), where a small fraction of laser  the full phase up to 2z, we use a technique developed in
light enters the cryostat for the optical excitation of theions ~ Ref. [61] based on simultaneous measurements of inter-
and a larger fraction is used for phase tracking to provide  ference that are out of phase. Here, the birefringence
sufficient SNR. The phase-tracking pulses are passed  property of the 15.6-km-long optical fiber is utilized, which
through an optical switch, turned on for the early and late  is induced by bending strain in the fiber spool. Laser pulses
entanglement attempt pulses only, before entering an input  polarized along the fast axis or slow axis can gain different
port of the MZI. Because of the scattering of the phase-  phases, i.e., Eqq = ¢?Eg and Ego, — e/@HDE .
tracking laser pulses in the 15.6 km fiber spool of MZI, an  corresponding to two different amplitudes after the inter-
additional time-dependent signal is observed in the time  ferometer, 1 4 cos¢ and 1+ cos(¢p + 5¢). Because the
trace of the background counts as shown in Fig. 15(a).  phase difference 5¢ is random and usually nonzero, cos ¢
To avoid the overlap of the entangled photons with this  and cos(¢ + 6¢) do not reach maximum or minimum at
scattering signal, phase monitoring pulses are delayed by  the same time, leading to reduced interferometer visibility
7.3 ps with an additional 1.5 km fiber spool before entering  if the input polarization is not aligned with one of the
the MZI. For the experiment in Fig. 13, a 3 km fiber spoolis  principal axes. To align the birefringent axes with the
used instead to delay the scattering further and avoid the  polarization of single photons, equivalently the cavity
overlap with the later photon collection window. polarization, we optimize the interference contrast of the

Next, we discuss the required analysis to obtain the  cavity reflected light on SNSPDs after the MZI. After
phase. The two phase-tracking pulses sent through the  traveling through the MZI, the phase-tracking pulses are
interferometer accumulate a relative phase ¢p. When recom-  split using a polarization beam splitter (PBS) to separately
bined, this relative phase results in amplitudes of 1 =cos¢  read the phase of the fast and slow axes polarizations.
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Thus, each phase monitoring yields two measurements,
cos ¢ for the polarization of the single photons and cos(¢ +
6¢) for the polarization perpendicular to the single photons,
revealing an ellipse when plotted against each other over
many trials [Fig. 11(b)]. The eccentricity of the ellipse can
be fitted to extract d¢p and determine the phase ¢ of each
point on the ellipse up to an integer multiple of 2z.
The phase difference d¢p changes by less than a degree
over 20 min, while the phase ¢ of the interferometer
only remains stable for several milliseconds, as shown in
Figs. 11(c) and 11(d).

The knowledge of cos ¢ and cos(¢ + 5¢) can resolve the
phase up to 2z, but cannot distinguish ¢ without knowing
the sign of d¢, i.e., which axis is fast or slow. In this work,
we do not distinguish the sign, but instead keep track of 5¢
such that it does not cross 0 or 2z.

APPENDIX G: CONDITIONAL OPERATION

To increase the spin-photon entanglement generation
rate, we perform a spin readout conditional on the detection
of a single photon in the heralding window. For that
purpose, we utilize a complex programmable logic device,
which switches the experiment state between two modes:
(E) initialization followed by the entanglement attempt and
(R) spin readout (Fig. 12). The default CPLD state is E,
so that entanglement attempts are performed most of the
time. In the case of relatively rare events of single-photon
detection (probability of 6.7 x 10~* per attempt), the CPLD
changes the experiment state to R. After sending 432
optical readout pulses (lasting around 49 ms), it switches
back to E mode. The CPLD switches the experiment
between the two modes by controlling the flow of the
gating and triggering signals to the switches and waveform
generators responsible for optical and MW pulse gener-
ation. The basic block sequence in our experiment is
defined by 6 periods each lasting 75.5 ps. In E mode, it
consists of 2 initializing pulse pairs (Appendix B), an
empty period followed by an entanglement attempt con-
sisting of 2 optical pulses, and ends with another empty
period. Entanglement pulses are sandwiched between
empty periods to prevent overlap of entanglement photons
with photons emitted after the last initialization and the
first readout pulses (due to the delay picked up in the MZI).
In R mode, the block sequence is repeated 108 times
and consists of four readout pulses and two empty periods.

Optical ! In" I i

The presence of empty periods in R mode is inherited from
the E sequence, but it does not serve any purpose.
Conditional spin readout allowed us to increase the spin-
photon entanglement generation rate by 2 orders of
magnitude by skipping the slow readout when no photon
is detected within the heralding window.

APPENDIX H: SPIN-PHOTON ENTANGLEMENT
FIDELITY ESTIMATION

Here, we describe the procedure to estimate the spin-
photon entanglement fidelity in each basis. For ZZ basis
measurements, which correlate the spin state in the Z; basis
and the photon state in the Z , basis, the correlation between
spin and photon measurements can be directly calculated,
as shown in Fig. 4(e). For XX (YY) basis measurements,
which correlate the spin state in the X, (Y,) basis and the
photon state in the @, basis, we use Bayesian inference to
estimate the finite fidelity spin-photon state most likely to
yield the measurement results. Suppose the state is in the
form of p(a) = a|¥)(¥|+ (1 —a)l, where |¥) is the
desired spin-photon Bell state and 7 is the fully mixed
state. Projecting p(«) onto the measured spin and photon
state gives the conditional probability to obtain the meas-
urement given a: P(|1, £¢)|a) = (1 L acos¢)/2 for XX
basis and P(|1, £¢)|a) = (1 £ asing)/2 for YY basis.
The likelihood of parameter « given the dataset is
P(resultja) = IL,P(|S;, P;)|a), taking a product over all
heralded entanglement attempts indexed by i. Finally, the
likelihood function f(a) = P(result|a) is fitted using a
Gaussian to extract the value of a that is most likely to
reproduce the result and its uncertainty. The contrast of
the oscillation for the XX or YY basis is given by the fitted
parameter Ey y = . While data are not binned for the
estimation, we bin it into 11 phase points to plot it in
Figs. 4(c) and 4(d).

We correct the spin-photon correlations for the readout
fidelity after fitting. The fidelities of reading two spin states
are Fy = 0.81 and F| = 0.69, respectively (Appendix B).
Therefore, the probability of measuring state |1) is P(m =
1) = F4P(|1)) + (1 =F)P(|{)). Alternatively, given
the measured probability, the readout corrected population
is P(|1)) = [P(m=1[1)) =1+ F]/(Fy + F, —1). Thus,
the measured contrasts in the spin-photon entanglement

Mode R 108

B 70 I Yes | = ! !
J_l i i Photon : i ;
H T 2 T .
MW ( : e : detected? No | |

Initialization Entanglement

Spin readout

FIG. 12. Conditional operation of the entanglement sequence. The spin-photon entanglement experiment [Fig. 4(a)] consists of two
modes, (E) comprising initialization and entanglement attempt and (R) comprising spin readout.
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experiment are scaled by (F 1+ F - 1)~! to obtain the factor may be larger pulse errors experienced in the excited
readout corrected fidelity. state arising from the lower Rabi frequency (g, =
7 MHz), comparable to interaction strength of 3.3 MHz
APPENDIX I: EXTENDED SPIN-PHOTON w@th two paramagnetic. impun'ties.. While the second
SEQUENCE yvmdow hgs lower ﬁdehty,. integrating over all photons
in both windows, we obtain a rate of R = 2.8 Hz and
As mentioned in the main text, we limit our photon  visibilities of {Ey, Ey, E;} = {0.31(2),0.30(2),0.76(1)},
collection window to the first 2.5 ps for the XY-16 based  leading to an entanglement fidelity of F = 0.59(1), still
entanglement sequence to minimize sensitivity to fast  above the classical threshold.
dephasing of the optical transition. Here, we discuss an To make use of all emitted photons, we need larger
additional spin-photon entanglement experiment based on  optical and spin coherence and additionally track the
the XY-20 dynamical decoupling sequence, which allows  interferometer phase at the frequency w,, corresponding
us to use a second collection window by prolonging  to photons emitted in the odd windows.
the sequence duration to include this emission window

[Figs. 13(a) and 13(b)]. Then, we briefly discuss require- )
ments to include all emitted photons in the sequence. APPENDIX J: ERROR MODEL FOR

In Figs. 13(c) and 13(d), we observe parity oscillations of SPIN-PHOTON ENTANGLEMENT

the Bell state for both the first and second heralding The error sources of the spin-photon entanglement
windows. Photons collected from the two windows yield  generation in this work (Fig. 4) mainly consist of finite
visibilities of {Ex ,Ey ,Ez } ={0.48(3),0.47(3),0.80(1)}  optical and spin coherence, pulse errors, background
and {Ey,.Ey,.Ez } ={0.14(3),0.09(3),0.72(1)}, leading  photon counts, initialization fidelity, and finite optical
to fidelities F; = 0.69(1) and F, = 0.49(1), respectively. ~ lifetime. The error values e stated in the main text
The slightly lower visibility of parity oscillations in the  are expressed as fidelity contributions, f = 1 —¢, in the
first window for this experiment in comparison to the  following discussion.

XY-16 based experiment is due to lower spin coherence The optical coherence can be obtained from the HOM
(fs = 0.67) after the longer spin evolution time under the  visibility through the same interferometer used in the
XY-20 sequence. The lower visibility of the second  experiment, as shown in Fig. 10. The end of the heralding
window is primarily due to the lower optical coherence  window of 2.5 ps after the optical excitation used in
for cases where spontaneous emission occurs in the second  the entanglement experiment gives a HOM visibility of
heralding window of [7.5-12.5 ps] (f,, = 0.53), which  f,, =0.93. The spin coherence during the spin-photon
can be roughly estimated based on the dephasing time  entanglement experiment is assumed to be similar to the
extracted from the HOM experiment (Appendix E).  spin coherence under XY-16 dynamical decoupling
Another factor for the lower fidelity is the higher impact  sequence because the ion spends at most 2.5 ps in the
of background counts due to the lower emission rate in the  excited state compared to the total free-evolution time of
second window (fpg(x.y) = 0.91, figz) = 0.92). A final 80.5 ps. The heralding measurement also ensures that both
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FIG. 13. Spin-photon entanglement with XY-20. (a) An extended spin-photon entanglement sequence based on XY-20, which allows
for two heralding windows, highlighted in orange and green. (b) Fluoresence corresponding to the pulse sequence. (c),(d) Bell state
parity oscillations for spin measurement in the X basis for the first heralding window (c) and the second heralding window (d) with
visibilities of Ey ; = 0.48(3) and Ex, = 0.14(3), respectively. The lighter (darker) color corresponds to measuring the photonic qubit in
| 4+ ¢) (] — ¢)). The error bars correspond to one standard deviation and are computed in the same manner as Fig. 4, using a maximum
likelihood method (Appendix H).
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FIG. 14. Spin coherence under XY-16 sequence. (a) The coherence of the ground spin state as a function of the total evolution time 327
during XY-16 dynamical decoupling sequence under a 1.6 nW off-resonant optical pulse equivalent to Fig. 3(d). The contrast is
corrected for single-shot readout fidelity. (b) Enlargement around evolution time corresponding to 7 used in spin-photon entanglement

experiment.

spin states spend the same amount of time in the excited
state such that the extra phases acquired due to excitation
are canceled by the dynamical decoupling as discussed in
Appendix D. Furthermore, the standard XY-16 sequence
contains errors due to imperfect pulses. Based on Fig. 14,
the spin coherence is f, = 0.75 after 80.5 ps of total
evolution time used in the entanglement experiment.
Both the optical and spin coherence induced errors con-
tribute only to XX and YY basis in the spin-photon
entanglement. For the ZZ basis, optical coherence is
assumed to be irrelevant. To estimate the effect of pulse
errors, we apply the XY-16 decoupling sequence, without
7/2 pulses, directly on the [1,) and [|,) states, which
yields a reduced contrast of f, = 0.86.

Dark counts of the SNSPDs and the laser scattering
contribute to the background photon counts we observe in
the experiment. The background is measured by repeating
the spin-photon entanglement experiment sequence with

the laser detuned from the ion by 100 MHz, as shown
in Fig. 15. In the ZZ basis, the background photon counts
are similar to the dark count rate of 6 Hz, and the two
heralding windows yield a false heralding probability of
4%, or frg(z) = 0.96. In the XX and YY bases, the back-
ground counts are higher than the dark counts at around
15 Hz due to scattered photons from the phase-tracking
pulses. The single XX and YY heralding window yields a
false heralding probability of 5%, or fi(x,y) = 0.95.

Initialization errors also reduce the contrast of the Bell
state parity oscillations. A false initialization probability
of 1.5% reduces the contrast of parity oscillations by 3%,
so that the contribution is f; = 0.97. However, initializa-
tion errors do not affect the ZZ basis measurement since the
heralding of the |E) or |L) photon state correctly projects
the spin state regardless of initialization errors.

The finite optical lifetime can lead to a residue
excited state population excited by the first optical pulse,

(a) (b)
10* 20 ZZ early J ZZ late
£ 10° T 151 1
o &
£ 10 B qo- ]
c c
3 ! 3 B8 -
O 10" 1 . Jlesigessil M0 ] © 5= “'1\“' T 9 01
0 [ ' |
0 ‘i ‘ih 0 0@ 8e4 28¢ &€
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-200 -100 0 100 200 5 10 15 155 160 165
Time (us) Time (us) Time (us) Time (us)
FIG. 15.

Dark counts and laser scattering. (a) Time trace of background counts for spin-photon entanglement experiment with laser

detuned by 100 MHz from the ion transition. The blue trace corresponds to the XX and Y'Y bases experiment, where phase-tracking laser
pulses are sent through the MZI, while the orange trace corresponds to the ZZ basis experiment without phase-tracking pulses.
The phase-tracking laser pulses are delayed by 7.3 ps with respect to ion excitation pulses and lead to double scattering events in
15.6-km-long fiber, visible as a significant increase of count rate reaching 10°~10* Hz. The dashed line corresponds to the total SNSPDs
dark count level. (b) Enlargement around the photon collection window showing average background counts on the level of 6 and 15 Hz
for the XX and YY and ZZ bases experiments, respectively.
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which does not decay before the second optical excitation.
During the spin-photon entanglement sequence, the prob-
abilities of photon emission during the second heralding
window excited by the first or second optical pulses
are P = e T1/204+1/2%) (] — ¢79/7) = 0.2% and P, =
1 — e %% =9.8%, respectively. Here § = 1.9 ps is the
heralding window width, 7' = 75.5 ps is the separation
between two optical pulses, and 7, = 85.2 ps and 75 =
18.4 ps are the optical lifetime of two optical transitions
of the ion. This corresponds to the contrast of f; =
P,/(Py + P,) = 0.98 for both ZZ and XX and YY bases
measurements.

By accounting for the above source of errors, the
expected contrasts are Exy = fooff1fvex.v)fi = 0.63
and Ez = f,f1fvg(z) = 0.81, compared to the experiment
result Exy = 0.60, Ey = 0.55, and E; = 0.77. The expected
final fidelity is 0.78, compared to the experiment result
of 0.73.

APPENDIX K: ENTANGLEMENT RATE

In this appendix, we discuss the current entanglement
rate and consider its extensions. We start by discussing
factors yielding the current rate and estimate the spin-
photon entanglement rate that can be achieved with
improvements to these factors.

For the spin-photon entanglement generation experi-
ment, we use two initialization pulse pairs followed by
two optical excitation pulses (Fig. 12), repeated at a rate of
2.2 kHz. The entanglement generation is successful with
probability P, = 6.7 x 107#, leading to the entanglement
rate of 1.48 Hz in our experiment, which is not limited by
the readout performed conditionally (Appendix G). The
probability P, is limited by the total photon collection
efficiency and the finite width of the photon collection
window in our protocol. The experimentally recorded
probability of detecting a single photon on an SNSPD
after optical excitation is around 0.02, which is limited
by several factors, including the photon extraction effi-
ciency from the cavity 7., = 0.24, the grating coupler
efficiency 7, = 0.33, the transmission through the passive
optical components 7, = 0.61, and the SNSPD detection
efficiency 74, = 0.85. The combined predicted detection
probability iS P = ¢4y X Hge X Nt X Nger = 0.04. For spin-
photon entanglement experiments, efficiency is further
decreased by the losses of the MZI 77y;7; = 0.28 (dominated
by 15.6 km fiber delay) and the narrow photon collection
window of 1.9 ps, corresponding to n,. = 0.091. This
gives an overall predicted entanglement generation prob-
ability of Pey = P X fiyz1 X 1pe = 1.0 X 1073, close to the
measured value of 6.7 x 107,

The rate can be further improved with improvements to
these parameters. First, the entanglement attempt rate can
be increased to 3.3 kHz (x1.5), for a total attempt duration
of (14+2+1)x75.5 ps, by using a single initialization

pulse, two pulses for the entanglement attempt and an
additional waiting period to collect all photons after the
MZI. Two factors can enable this higher attempt rate. First,
the initialization can be reduced to a single set of optical
and microwave pulses by also using optical chirped pulses
for higher inversion probability in the presence of spectral
diffusion. Second, the extra waiting period in (Fig. 12),
to avoid scattering from the phase-tracking pulses
(Appendix F), can be removed by switching to active
phase stabilization at a different frequency that can be
filtered out spectrally. Using a cavity that is critically
coupled would lead to an 7., of 0.5 (x2), gaining in
coupling efficiency without significantly reducing the Q of
the cavity. This parameter could be tuned using a combi-
nation of nitrogen ice deposition and local heating for
tuning [62]. Switching to an adiabatically tapered fiber
for coupling to the photonic device, instead of a grating
coupler, could lead to a coupling efficiency of 0.97 (x3)
[52]. Finally, using all emitted photons would lead to 77, of
1 (x11). The use of all emitted photons is currently limited
by fast optical dephasing and spin coherence errors,
as discussed in the main text. Improving optical and
spin coherence would facilitate the collection of all
emitted photons. Leaving other factors fixed, these
improvements would lead to an entanglement rate of
150 Hz after 15.6 km.
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