Article

Control and single-shotreadoutof anion
embedded inananophotonic cavity

https://doi.org/10.1038/s41586-020-2160-9

Received: 22 August 2019

Accepted: 20 January 2020

Published online: 30 March 2020

M Check for updates

Jonathan M. Kindem'?*#%¢, Andrei Ruskuc'>?, John G. Bartholomew'**?, Jake Rochman'*?,
Yan Qi Huan"?*® & Andrei Faraon">3%

Distributing entanglement over long distances using optical networksis anintriguing
macroscopic quantum phenomenon with applications in quantum systems for
advanced computing and secure communication®? Building quantum networks
requires scalable quantum light-matter interfaces' based on atoms?, ions* or other
optically addressable qubits. Solid-state emitters®, such as quantum dots and defects
in diamond or silicon carbide® ™, have emerged as promising candidates for such
interfaces. So far, it has not been possible to scale up these systems, motivating the
development of alternative platforms. A central challenge is identifying emitters that
exhibit coherent optical and spin transitions while coupled to photonic cavities that
enhance the light-matter interaction and channel emission into optical fibres.
Rare-earthionsin crystals are known to have highly coherent 4f-4foptical and spin
transitions suited to quantum storage and transduction™ ™, but only recently have
single rare-earthions beenisolated'®” and coupled to nanocavities'®*. The crucial
next steps towards using single rare-earth ions for quantum networks are realizing
long spin coherence and single-shot readout in photonic resonators. Here we
demonstrate spin initialization, coherent optical and spin manipulation, and high-
fidelity single-shot optical readout of the hyperfine spin state of single 'Yb**ions
coupled to ananophotonic cavity fabricated in an yttrium orthovanadate host crystal.
Theseions have optical and spin transitions that are first-order insensitive to
magnetic field fluctuations, enabling optical linewidths of less than one megahertz
and spin coherence times exceeding thirty milliseconds for cavity-coupled ions, even
attemperatures greater than one kelvin. The cavity-enhanced optical emission rate
facilitates efficient spininitialization and single-shot readout with conditional fidelity
greater than 95 per cent. These results showcase a solid-state platform based on single

coherent rare-earthions for the future quantum internet.

This work is enabled by the unique properties of ”'Yb*, the only para-
magnetic rare-earth isotope with a nuclear spin of 12, which provides
afavourable combination of a simple hyperfine structure that can
be used as a qubit and clock transitions with long coherence times.
Furthermore, inthe crystal host yttrium orthovanadate (YVO,or YVO),
lyb** directly substitutes for Y** in asite that has non-polar symmetry
(D,y), whichresultsin no first-order d.c. Stark effect and thus reduces
thesensitivity to electric field fluctuations that can cause optical deco-
herence. Therelevant energy-level structure of 'Yb* in YVO is shown
in Fig.1a (see Supplementary Fig. 2 and ref.?° for additional details). At
zero applied magneticfield, the hyperfine interaction partially lifts the
degeneracy of the ground state *F,/,(0), leading to coupled electron-
nuclear spin states of the form
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Here we denote the electron spinas|t) =S, = %) andV)=1S,=- %),
and the nuclear spin as|f)=|/,= %) and[y)=1l,=- %). We use the
ground states | O>gand | 1>g, whichare separated by about 675MHz, to
form the spin qubit. The |0); and |1), states have zero net magnetic
momentand asaresultthe |0>g<—> |1>gtransitionis first-orderinsensi-
tive to magnetic fluctuations that induce decoherence®?. The
|0)g¢> |1) transitionretains the strength of an electronspin transition,
which enables fast and efficient microwave manipulation.
Atypical experimental sequence with spininitialization, controland
readout is shown in Fig. 1b. The 'Yb*" ions are coupled to a photonic

and |aux), =), [V-4)

'"Thomas J. Watson, St, Laboratory of Applied Physics, California Institute of Technology, Pasadena, CA, USA. ?Kavli Nanoscience Institute, California Institute of Technology, Pasadena, CA, USA.
3Institute for Quantum Information and Matter, California Institute of Technology, Pasadena, CA, USA. “Present address: JILA, University of Colorado, Boulder, CO, USA. *Present address:
National Institute of Standards and Technology, Boulder, CO, USA. ®Present address: Department of Physics, University of Colorado, Boulder, CO, USA. "Present address: School of Physics, The
University of Sydney, Sydney, New South Wales, Australia. °Present address: Institute of Materials Research and Engineering (IMRE), Agency for Science, Technology and Research (A*STAR),

Singapore, Singapore. *e-mail: faraon@caltech.edu

Nature | Vol 580 | 9 April 2020 | 201


https://doi.org/10.1038/s41586-020-2160-9
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-020-2160-9&domain=pdf
mailto:faraon@caltech.edu

Article

a [aux),, d
1)
ST Feg0 5
e H =]
d @
{ 4 ‘O>e %
5 o
A EF 984.5 nm
L, o
675 MHz fg : .
- |O>g 2F,,(0) CW lasers  :0ffset lock \99%
—_—| auX>e G—o) _ I
—_—
""""""""" n o e, 0,
b initiaiize 107, (" Spin )/ Readout 1%
Al | control f @—o/o
Fill e
fi 1 MWs . |
fy 1 g( ) —

crystal cavity with a large quality factor (Q =1 x 10* Fig. 1c, d, Meth-
ods) and a small mode volume of about 1(A/nyy,)*, where A is the wave-
length of the optical transition and ny, is the refractive index of YVO.
This enhances the emissionrate, collection efficiency and cyclicity of
the optical transitions A and E via the Purcell effect™. The qubit is ini-
tialized into the | 0), state by optical and microwave pumping on the
F, Aandf, transitions to empty the | aux>gand |1)g states, followed by
cavity-enhanced decay into the | O)g state via transition E (Fig. 1a).
Asubsequent microwave 1 pulse applied on the f, transition optionally
initializes theioninto the | 1>g state. The | 1>g state population is read
out by excitation on the A transition and collection of the resultingion
fluorescence. Measurements are performed in a cryostat at 40 mK
unless mentioned otherwise (see Methods for discussion of sample
temperature). The ions are optically addressed using two frequency-
stabilized continuous-wave lasers, while a microwave coplanar wave-
guide allows for driving of the spin transitions (Fig. 1e).

The YVO material used has a residual concentration of "'Yb*" of
approximately 20 parts per billion (ppb) that is distributed over an
optical inhomogeneous linewidth of about 200 MHz in the device
due to variations in the local crystalline environment. This enables
frequency isolation of single ions via pulsed resonant photolumines-
cence excitation (PLE) spectroscopy on transition A. The PLE scanin
Fig. 2a (see also Extended Data Fig. 1) shows peaks in fluorescence
that are confirmed to originate from single ions by measuring the
pulse-wise second-order photon correlation, g?(t), of the resonant
emission (Fig. 2b). For ion X (marked in Fig. 2a), g%(0) = 0.15 + 0.01
(zs.d.). The observed bunching behaviour for time ¢ >0 is expected for
amultilevel system withlong-lived shelving states (Supplementary Sec-
tion2.3). Anopticallifetime of T;=2.27 psis measured forion X (Fig. 2c),
whichisareduction from the bulklifetime (267 ps) by BF,=117 (where
B=0.35isthe branching ratio for emissionviatransition Aand F,isthe
Purcell factor for the cavity-coupled transition) and correspondstoa
single-photon coupling rate of g =21 x 23 MHz. Similar measurements
were performed on the ion marked as Y in Fig. 2a (Supplementary
Section 2).

The cavity-enhanced optical transitions enable coherent optical
control and efficient spininitialization (Methods, Extended DataFig. 2).
Measurements of the resonant photoluminescence with varying exci-
tation pulse length show optical Rabi oscillations (Fig. 2d), enabling
calibration of mand m/2 pulses for optical control and spin readout.
An optical Ramsey measurement (Fig. 2e) gives a dephasing time
of 75 ,=370£10ns (values are 68% confidence intervals unless
otherwise noted), afactor of 12shorter than the lifetime-limited 7,=2T,.
Furthermore, optical echo measurements give a coherence time of
T,,=4.120.2 us (Extended Data Fig. 3a), whichimplies that 73 ,is lim-
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Fig.1|Experimental platform. a, Zero-field energy
level structure of 'Yb*":YVO. States [0)gand [1),
formthespin qubit.Red transitionsAand Eare
coupled (co-polarized) to the cavity, while the blue
transition Fis cross-polarized to the cavity mode.

b, Typical experimental sequence used toinitialize
theionintothe | 0)g state, manipulate the qubitand
optically read out the spin state. ¢, Scanning electron
microscopeimage of a photonic crystal cavity
fabricated in YVO.Scale bar,10 pm. d, Reflection
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spectrumofthe cavity. e, Schematic of the
experimental setup. The optical transitions are
addressed using pulses generated from two
frequency-stabilized continuous-wave (CW) lasers.
The qubitisdirectly manipulated using microwave
(MW) control pulses using a coplanar waveguide
(CPW) next to the photonic crystal (PC) cavity, which
ismountedinadilutionrefrigerator. Light collected

VO,
T =40 mK-1.2 K

from the cavity is detected using a superconducting
nanowire single-photon detector (SNSPD).

ited by quasi-static fluctuations of the transition frequency. We
currently attribute these fluctuations to second-order sensitivity to
magnetic and electric fields (Supplementary Section 4). However, a
residual first-order sensitivity to electric fields could arise fromareduc-
tion of the site symmetry due to strain, which would also lead to the
observed splitting of the | aux), state at zero field (Supplementary
Fig. 3). Additional measurements show these optical properties are
preserved up to temperatures of 1 K (Supplementary Fig. 6). We can
extend the T3 ,beyond 1ps by using post-selection to ensure the ion
is onresonance with the readout sequence (Extended Data Fig. 3b, c).
We measure the long-term stability, or equivalently the spectral diffu-
sion, of theion using PLE readout over 6 h (Fig. 2f) and observe anarrow
integrated linewidth 0f1.38 + 0.03 MHz (full-width at half-maximum).

We use this opticalinitialization and detection to demonstrate coher-
ent spin manipulation by driving Rabi oscillations on the |0), < |1),
qubit transition (Fig. 3a). We perform a spin Ramsey measurement to
extract a spin dephasing time of 75 (= 8.2+ 0.7 ps (Fig. 3b), whichis
consistent with the linewidth measured with optically detected mag-
netic resonance (Supplementary Fig. 7) and predicted by the superhy-
perfine interaction with neighbouring host nuclei (Supplementary
Section 5.1). The spin coherence is further extended using dynamical
decoupling sequences® to suppress quasi-static contributions to
dephasing. Figure 3¢ shows the resulting coherence decay for increas-
ing numbers of Tt pulses using a Carr-Purcell-Meiboom-Gill (CPMG)
sequence (Fig. 3¢, inset). For a single 1t pulse, or spin echo sequence,
we observe non-exponential behaviour characteristic of a spin coupled
toaslowly fluctuating dipolar spin-bath*** with T, ;=44 + 2 us. This is
furtherevidenced by ameasurement ofthe coherence time with NV, the
number of Tt pulses, which scales as N°7°*%%! (Extended Data Fig. 4a,
Supplementary Section 5.3). CPMG scans taken with finer temporal
resolution reveal periodic collapses and revivals of coherence indica-
tive of coupling to nearby nuclear spins (Extended Data Fig. 4b) that
could potentially be used as local quantum registers.

We explore the limits of the spin coherence time by increasing the
number of rephasing pulses with a fixed pulse separation of 5.74 ps
to avoid unwanted interactions with the nuclear spin bath?. This
enables extension of the CPMG coherence time to 31+ 3 ms (Fig. 3d).
While the CPMG sequence does not allow for preservation of arbitrary
quantum states, we also demonstrate coherence times longer than
4 ms using an XY-8 sequence? (Supplementary Fig. 9) suitable
for use in long-range quantum networks?. The measured spin-state
lifetime of 54 + 5 ms (Extended Data Fig. 5) indicates that the observed
coherences are approaching the lifetime limit. We repeated these
measurements at cryostat temperatures up to 1.2 K (Fig. 3d) and
observed minimal changes in the spin coherence and lifetime,
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Fig.2|Optical detectionand coherent optical manipulation of single 'Yb*"
ions. a, PLE spectrumshowing resolved peaks corresponding to single ”'Yb**
ions. b, Pulsed autocorrelation measurement onion X withg®(0)=0.15+0.01.
¢, Normalized photoluminescence emission fromion X coupled to the cavity
(red) compared with typical photoluminescence fromionsinbulk crystal
(blue) showingalifetime reduction of about120.d, Optical Rabi oscillations on
transition A after initializationintostate |1),. Theresulting fluorescenceis

providing evidence that they are not limited by spin-lattice relaxation
(Supplementary Section 5.4). Further improvements to the spin
coherence and lifetimes could be achieved by reducing spin-spin
interactions through control and initialization of neighbouring spins
and nuclei®,

To harness this long spin coherence time for quantum networks, itis
essential toread out the qubit state in asingle measurement. We achieve
this withthe scheme shownin Fig. 4a, which consists of two consecutive
optical read periods on transition A separated by a microwave 1 pulse
toinvert the qubit population. This scheme was designed considering
thatin this device, direct resonant photoluminescence readout of the
qubit state can only be performed using a series of optical Tt pulses on
transition A (Methods). The Purcell-enhanced cyclicity of transition A
(ﬁl":av>99.6%;Supplementary Fig.5) allows for multiple photon-emitting
cycles before the ion is optically pumped out of the qubit subspace
into |aux),(|0).~> | 0),isforbiddenatzerofield). Figure 4b shows the
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plotted versus pulselength for different average cavity photon number n,,.
Plots are offset for clarity. e, Optical Ramsey measurement on transition A,
indicatingadephasing timeT; ,=370+10 ns.f, Measurement of spectral
diffusion over 6 hin which we repeatedly measure the transition frequency
using PLE. Bottom plot shows typical scan (red) and sum of counts acquired
duringall scans (black), whichis fitted to a Gaussian with full-width at half-
maximum of1.38+0.03 MHz.

measured photon count distributionin the two readout sequences for
theioninitialized in the | 0), (blue) or |1), (red) states. We assign the
iontothe |1),stateif we measure one or more photons during the first
readout sequence and zero photons during the second readout
sequence, and vice versa for the | 0), state. This conditional readout
approach helps mitigate the effect of photonlossin the detection path,
which currently limits the fidelity of readout using a single series of
pulses (Supplementary Section 6.1). In addition, this method discrimi-
natesbetweenthe |0) and | aux),statestoensure thattheionisinthe
qubitsubspace before the measurement. By implementing this scheme,
weachieveanaverage conditionalreadout fidelity of ., .= (F; .+ Fc)/2
=(95.3+0.2)% (zs.d.) (Fig. 4c, Supplementary Section 6).

These measurements highlight single 'Yb*" ionsin YVO as a prom-
ising system for solid-state quantum networking technologies.
The measured spin coherence times correspond to light propagation
for thousands of kilometres in optical fibres, which is necessary for

Fig.3|Coherentspinstate control of asingle ”’'Yb**ion.
a, Typical Rabioscillationsonthe | O>g<—> | 1>gmicrowave
transition. b, Ramsey measurement on qubit transition
(inset) thatgivesT; (= 8.2+0.7 ps. The excitation is detuned
by400kHztogiverise to oscillations on the free-induction
decay. ¢, Measurement of CPMG spin-coherence with
increasing number of rephasing pulses, N.d, Measurement
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Fig.4|Single-shotreadout of single 'Yb** spin state. a, Scheme for single-
shotreadout. Theionisrepeatedly excited using optical mpulses on transition
Aandtheresulting fluorescenceis collected. Anioninstate | 1>g (red) will
returnto |1),withabranchingratio ﬁﬁ“ before eventually being pumped to the
| aux)g state, whiletheioninthe | O)gstate (blue) will be largely unaffected by
thereadout. Amicrowave tpulseis thenapplied to the spintransitiontoinvert
the population of | O>gand | 1>gand theionisoptically read out again. The state
oftheionis assigned based onthe number of photons detected in the firstand

long-distance quantum networks. Furthermore, the preservation of
optical and spin coherence times at temperatures of 1K isimportant
for developing a viable technology with economical *He cryogenics.
Distributing entanglement across large-scale networks will rely on
the ability to generate spin-spin entanglement and perform multi-
qubit gates. Generating spin-spin entanglement with the current
optical dephasing times will require a post-selection protocol similar
to what has already been developed for other quantum networks?
(Supplementary Section 4, Extended Data Fig. 3). While the source of
the optical dephasing is still under investigation, it will probably be
improved in higher-purity samples. The next steps are increasing the
cavity quality-factor-to-mode-volume ratio by an order of magnitude to
enable transform-limited photon emission and optimizing the photon
collection efficiency (Supplementary Section 1). This could realistically
be achieved with the current device architecture, or by using a hybrid
platform where cavities are fabricated ina high-index material such as
gallium arsenide and bonded to the YVO substrate. Multiqubit gates
could be performed using theinteraction with neighbouring vanadium
ionsor otherrare-earthions®. The technology demonstrated here with
single rare-earthion qubits complements other capabilities that could
potentially be realized with "'Yb**:YVO, including quantum memories™
for synchronizing photon traffic and quantum transducers'**for cou-
pling to qubits operating at microwave frequencies, thus pointing to
aunified platform for the future quantum internet.

Note: While completing this manuscript, we became aware of arelated
publication on single erbium ions showing results related to those
presented in Fig. 4%
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Methods

Fabrication of nanophotonic cavitiesin YVO

Nanophotonic cavities are fabricated directly in a YVO crystal using
focused-ion-beam milling (Fig. 1c). Periodic trenches are made in
atriangular nanobeam to form a photonic bandgap with the spac-
ing of these cuts tapered in the middle to form the defect required
for the optical cavity mode. The reflectivity of one side of the cavity
islowered by reducing the number of photonic crystal lattice periods
to enhance the efficiency of coupling into the collection path. Light
is coupled into and out of these devices via total internal reflection
using 45° couplers fabricated on both sides of the device. Further
details ondesign and fabrication of nanocavitiesin YVO can be found
inrefs, 3%,

Devices are fabricated in a c-cut sample of YVO with the electric ()
field of the fundamental transverse-magnetic mode aligned with the
stronger optical dipole of Yb:YVO, whichis polarized along the crystal
caxis. Thedevice used here has an energy decay rate of k=21 x 30.7 GHz
(cavity quality factor Q =1 x10*). The mode volume extracted from
finite-difference time-domainsimulationsis V=0.095 pm?=1(A/ny)?,
where ny,,=2.17 is the refractive index of YVO for E||c. The coupling
efficiency from fibre into the nanobeam waveguide is determined to
be about 24% by direct measurement of the reflection from the device
off resonance. The coupling rate of the input mirror of the cavity, k;,,
is extracted from the cavity reflection spectrum (Fig. 1d) to be
Ki,/k=0.14. The cavity is determined to be undercoupled by measuring
the phase response using a polarization interferometer.

The sample used for this work is cut and polished from a boule of
YVO grown by Gamdan Optics. While nominally undopedin the growth
process, the crystal contained residual concentrations of rare-earth
ions. Fromoptical absorption measurementsinbulk crystals and glow
discharge mass spectrometry (EAG laboratories), the total concentra-
tion of all Ybisotopes is estimated to be 0.14 ppm. Assuming natural
isotopic abundance (14.3% 'Yb*), this gives a 'Yb** concentration
ofabout 20 ppb, which corresponds to about 23'Yb* ions within the
cavity mode volume.

Experimental setup

Theions in the cavity are optically addressed using two continuous-
wave lasers (M2 Solstis and Toptica DLPro). To enable repeated address-
ing of single ions, the lasers are stabilized to a Fabry-Perot reference
cavity (Stable Laser Systems) using a standard Pound-Drever-Hall
and offset-frequency lock. Pulses are generated using acousto-optic
modulators and sent to the device via optical fibre. Light reflected or
emitted from the device is detected by a tungsten silicide supercon-
ducting nanowire single-photon detector. The total system detection
efficiency (probability of detecting a photon emitted by anion in the
cavity) isabout 1%.

Thedeviceis held stationary onacopper sample mount on the mix-
ing chamber plate of a Bluefors LD250 dilution refrigerator. Light is
coupledintoand out of the device from fibre using an aspheric doublet
mounted on an XYZ piezo-stage (Attocube) that allows for optimiza-
tion of this coupling at dilution fridge temperatures. Devices are tuned
onto resonance with theion transition of interest by nitrogen deposi-
tion. Static magnetic fields are applied to the device inside the fridge
using a set of homebuilt superconducting magnets made by wind-
ing superconducting wire (SC-T48B-M-0.254mm, Supercon). These
magnets are used to null stray fields and maximize the spin coherence
(Supplementary Fig. 8).

Agold coplanar waveguideis fabricated next to the optical cavity to
allow for microwave manipulation of the ions. The centre strip of this
waveguideis 60-pmwide with a spacing of 30 pmto the ground plane.
The optical device sits inside this 30-um gap. Launching microwaves
through this waveguide gives rise to an oscillating magnetic field along
the crystal c axis, which enables driving of the desired transitions

(10)g < [1)gand |0). < |1),) at zerofield. The YVO chipssitsinside a
microwave launch board (Rogers AD1000, fabricated by Hughes
Circuits) with SMP connectors on both input and output. This launch
boardiswire-bonded to the chip with multiple wire bonds to give addi-
tional cooling through the surface.

Microwave tones to drive the ground and excited state transitions
aregenerated using two signal generators (Stanford Research Systems
SG380). The amplitude and phase of the pulses used onthe ground state
transition are controlled using in-phase and quadrature (1Q) modula-
tion driven by a fast function generator (Tektronix AWG5204). Both
sources pass through a set of microwave switches (Minicircuits ZASWA-
2-50DR+) that provide additional extinction. The microwave tones are
then combined, amplified and sent to the devicein the dilution fridge.
To ensure adequate microwave power at the device for these initial
measurements, minimal attenuationis used on the input coaxial lines
inside the fridge with a single 20-dB attenuator on the still plate and
0-dB attenuators on the other plates.

With the full experimentloaded, the temperature of the mixing cham-
ber plateisabout40 mK. Experiments are performed with the mixing
chamber plate temperature up to1.2K to investigate the temperature
dependence of spin and optical coherence and spin lifetime. Further
measurements above this temperature have not been performed at
this time as this leads to spurious dark counts and increased latching
of the superconducting nanowire single-photon detectors.

Additional details on the experimental setup are provided in the
Supplementary Information.

Identifying single 'Yb** ions

Potential single ions are identified with pulsed resonant PLE scans.
Extended Data Fig. 1a shows an extended PLE line scan over a12-GHz
regionaround the centre of the optical transition. Clusters of peaksin
fluorescence correspondto the differentisotopes of Yb, which have the
expected transitions shownin Extended Data Fig. 1b. These PLE scans
are taken with Rabi frequencies greater than 10 MHz to intentionally
power-broaden the optical transitions of the ions and enable coarser
andfaster scans. Asshown in Extended DataFig. 1b, transition A of "'Yb**
does notspectrally overlap with optical transitions from the otheriso-
topes, while the other cavity-coupled optical transition from the qubit
subspace (transition E) overlaps with the inhomogeneous distribution
of the zero-spin isotope. This makes it difficult to isolate and address
single”'Yb* ions using transition E without simultaneously exciting a
large number of zero-spinions. As aresult, finer scans are performed
around transition A (Fig. 2a) to identify potential "'Yb** ions.

To determine whether an isolated peak corresponds to an "'Yb>*
ion, the energy-level structure is investigated using optical pump-
ing. The readout laser is tuned on resonance with one of these peaks
and a second laser is scanned across transition F. If an observed peak
corresponds to the A transition of an "'Yb** ion, the pump laser will
move population into the qubit subspace as it comes into resonance
with transition F and result in an increase in counts after the readout
pulse. For the ions used here, we observe a splitting of transition F
at zero applied magnetic field (Supplementary Fig. 3) that could be
the result of strain. See Supplementary Section 2.2 for additional dis-
cussion.

Second-order intensity correlation measurements are performed
to verify that an isolated peak corresponds to emission from a single
ion.InFig.2b, g®(¢) ofion X is measured by alternating between asin-
gleinitialization pulse on the C transition (Supplementary Fig. 2) and
areadout pulse ontransition A. The pulse-wise correlationis calculated
onthe counts observed after the excitation pulse on transition A. The
partialinitialization sequence was chosen to enable fast data collection
and show g®(0) < 0.5 to confirm the single-emitter nature of
the observed signal. However, this incomplete initialization into
the | 1) statereduces the signal-to-background ratio and thusincreases
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thevalue of g?(0). While not explored in further detail here, we expect
that g®(0) is limited by the presence of spurious background counts
due to the excitation of other ions in the cavity from the initialization
pulse and dark counts of the superconducting nanowire single-photon
detectors. We note that because the detector deadtime is short com-
pared with the excited state lifetime and photon rate, these measure-
ments were performed using asingle detector and by calculatinga full
autocorrelation. Further discussion of the bunching behaviour
observedin Fig. 2bis given in Supplementary Section 2.3.

Spininitialization

The single ion is first initialized into the qubit subspace by optical
pumping out of the | aux}g state on transition F, which consists of
two 2.5-ps pulses alternating between the two split transitions from
the |aux), state with a total repetition rate of 100 kHz. Transition F is
not enhanced by the cavity, but can be driven using light orthogonal
tothe cavity mode. Onceinthe excited state |1),, theion decays by the
cavity-enhanced transition E with high probability to the | 0>g state.
Theionisinitialized within the qubit subspace by optical pumping on
transition A, which consists of 2.5-ps-long pulses with a200-kHz rep-
etitionrate. As the optical transition from | 0).~> | 0>gis notallowed at
zero field, amicrowave pulse is applied simultaneously to the excited
statetransition f,during optical pumping on Ato create atwo-photon
transition between |1),and |1)..Oncein |1),, theion efficiently decays
to | 0), by transition Ewith branching ratio ﬁﬁav. This sequenceinitial-
izestheionintothe | 0)4state. Toinitialize into the | 1), state,a micro-
wave Tt pulseis applied onthe ground state transition after the optical
initialization sequence.

To demonstrate and assess the quality of the spin initialization
scheme, the populationin |1),is measured for varying lengths of the
preparation sequences. Extended Data Fig. 2a shows optimization of
optical pumpingout of the |aux>gstatebyvaryingthenumberofpulses
on the F transition while keeping the number of initialization pulses
ontheAandf, transitions fixed at 100. From the observed count rate,
optical branching ratio and detection efficiency, the initialization into
the qubit subspace is estimated to be 95%. Extended Data Fig. 2b shows
initialization into the | 1), (red) or | 0), (blue) states as the number of
pulsesonthe Aand f, transitionsisincreased while holding the number
of pulses on the F transition fixed at 150. Without any subtraction of
background count contributions, a population contrast of 91% is
observed, which correspondsto aninitialization fidelity of 96% within
the qubit subspace. This demonstrates that this pumping scheme allows
for efficient initialization between these two spin states in under
500 ps. Here, thestate populationin |1),is measured using PLE with
aseries of 500 optical m pulses on transition A. The initialization meas-
ured in this way will be limited by the readout fidelity of this pulse
sequence and so represents a lower bound.

Microwave control of single ions

Optically detected magnetic resonance measurements were performed
on the ground state spin transition |0), < | 1), for initial calibration
of the spin transition frequencies and to bound the coherence time
(Supplementary Section 5.1). Additional calibration of the centre fre-
quency of the spin transition is accomplished by minimizing the fre-
quency of Rabi oscillations as afunction of microwave drive frequency.
Thelength of microwave control pulses is extracted from the microwave
Rabi oscillations. Finer calibrations of 1t pulse lengths are performed
by initializing the ion into the | 0), state, applying an even number of
T pulses and minimizing the resulting populationin |1),asafunction
of pulse length.

Forthe spin coherence measurements presented in Fig. 3¢, the phase
of the final /2 pulse is chosen to be 180° out of phase with the initial
/2 pulse to map the coherence to the | 0),state population. This gives
riseto theincreasing exponential decay observedin Fig.3c. The CPMG
contrastin Fig.3d is extracted by alternating the phase of the final /2

pulse to be in phase or 180° out of phase with the initial /2 pulse to
map the coherence to the |1), or | 0), state population. The contrast
is given by the normalized difference between these two readouts.

Unless otherwise specified, optical readout of the spin state for
coherence and lifetime measurements is performed using a series of
optical mpulses and integrating the fluorescence observed over many
repetitions of the experiment.

Spinlifetime and device temperature

The lifetimes of the spin transitions are measured by initializing the
ionintostate | 0),, waiting fora period of time 7and optically reading
outeither the | 0),or |1), population on transition A. The | 0), popu-
lationis measured by applying amicrowave 1 pulse followed by optical
readoutontransition A. Extended Data Fig. 5 shows the results of such
ameasurement at a cryostat temperature of 40 mK. A biexponential
decay of the | 0),populationis observed: arapid decay (54 £ 5ms) due
to thermalization with state |1>g (Extended Data Fig. 5a) followed
by amuchslower decay (26 +2s) as the states | 0),and |1),thermalize
with |aux), (Extended Data Fig. 5b). From the ratio between the |0),
and |1>gp0pulationsaftertheshort |O>g<-> |1>grelaxation,weextract
adevice temperature of 59 + 4 mK by assuming a Boltzmann distribu-
tion. Thisisinreasonable agreement with the measured mixing cham-
ber plate temperature of 40 mK.

Single-shot readout fidelities

For single-shot readout, the state of the ion is assigned based on the
number of photons detected during two optical readout periods con-
sisting of aseries of optical excitation pulses on transition A separated
by a microwave 1 pulse on the qubit transition. The qubit is optically
read out ontransition A, because transition E overlaps with the optical
transition of the zero-spin isotope. We choose a photon number cutoff,
n,, and during each read period assign the state of theion to | 1>g ifwe
measure n. or more photons during the readout period and to | 0),if
we measure less than n.photons. The results of this measurement are
labelled as | ab), where a (b) is the outcome of the first (second) read-
out. The initial state of the ion is conditionally assigned to the |0),
state onthe observation of | 01),and tothe |1>gstate ontheobservation
of [10).

To measure the photon count distributions and assign a readout
fidelity, theionisinitialized into the | 0) 0r |1),state and the readout
procedureis repeated many times to acquire adequate statistics. Fig-
ure4b shows theresulting photon count histogramsin which400 read
pulses were used per sequence, showing good agreement with the
expected form for the photon count distributions. Further details on
readout fidelities and photon count distributions are discussed in
Supplementary Section 6.

Data availability

The data that support the findings of this study are available from the
corresponding author upon request.
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The observed population contrast corresponds to aninitialization fidelity of
>96% within the qubit subspace.
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