Article

Nuclear spin-wave quantumregisterfora
solid-state qubit

https://doi.org/10.1038/s41586-021-04293-6

Received: 29 August 2021

Andrei Ruskuc'?*?, Chun-Ju Wu'?24, Jake Rochman'??, Joonhee Choi®*** & Andrei Faraon"***

Accepted: 29 November 2021

Published online: 16 February 2022

M Check for updates

Solid-state nuclear spins surrounding individual, optically addressable qubits**are a
crucial resource for quantum networks* ¢, computation” ™ and simulation®. Although
hosts with sparse nuclear spin baths are typically chosen to mitigate qubit
decoherence®, developing coherent quantum systems in nuclear-spin-rich hosts
enables exploration of amuch broader range of materials for quantum information
applications. The collective modes of these dense nuclear spin ensembles provide a
natural basis for quantum storage™; however, using them as a resource for single-spin
qubits has thus far remained elusive. Here, by using a highly coherent, optically
addressed "'Yb* qubit doped into a nuclear-spin-rich yttrium orthovanadate
crystal®®, we develop a robust quantum control protocol to manipulate the multi-level
nuclear spin states of neighbouring >'V** lattice ions. Viaa dynamically engineered
spin-exchange interaction, we polarize this nuclear spin ensemble, generate
collective spin excitations, and subsequently use them toimplement a quantum
memory. We additionally demonstrate preparation and measurement of maximally
entangled "'Yb-*'V Bell states. Unlike conventional, disordered nuclear-spin-based
quantum memories'*?*, our platformis deterministic and reproducible, ensuring
identical quantum registers for all "'Yb** qubits. Our approach provides a framework

for utilizing the complex structure of dense nuclear spin baths, paving the way
towards building large-scale quantum networks using single rare-earthion

qubitslS'ZSQs

We recently demonstrated that at zero magnetic field, the hyperfine
levels of single "'Yb*" ions doped into yttrium orthovanadate (YVO,),
coupled to nanophotonic cavities, form high-quality optically address-
able qubits® (Fig. 1a). The surrounding *'V** lattice ion nuclear spins
generate anoisy magnetic field environment owing to their large mag-
netic moment and high spin (/ = 7/2). Coherent "'Yb qubit operation is
enabled by magnetically insensitive transitions, leading to long coher-
ence times (16 ms) and high gate fidelities (0.99975) (Extended Data
Fig.2). Although decoupling from sources of magnetic noise achieves
anexcellent operating regime for the "'Yb qubit, the >'V nuclear spins
also provide areadily accessible resource for quantum information
storage, owingto theirinherently weak interactions with the environ-
ment. So far, most research regarding the use of host nuclear spins
has focused on several spectrally distinguishable impurity nuclear
spins coupled to alocalized electronic spin; for example, C coupled to
colour centresin diamond or ?*Si coupled to defectsinsilicon carbide,
rare-earthions, quantum dots or donor qubits in silicon'®'*?* Recently,
aregime consisting of alarge number of indistinguishable nuclear spins
coupled to the delocalized electronic spin in a quantum dot has also
been explored®?. By contrast, our system addresses a regime where
asmall, deterministic cluster of spectrally indistinguishable nuclear
spinsare coupled to asingle localized electronic spin. Specifically, the
lyp electronic wavefunction is confined to the lattice site, and the YVO,,

crystal consists of highly isotopically pure nuclear spins (99.8% >'V).
This confined, dense nuclear spin ensemble could be used as a deter-
ministic local quantum processor by creating and manipulating collec-
tive states, such as spin-wave-like excitations, for near-term quantum
applications. Critically, interfacing with these nuclear spins while pre-
serving high qubit coherence necessitates the development of novel
quantum control protocols using magnetically insensitive transitions
that are robust against environmental noise.

Atzero magnetic field the'Yb ground state contains a pair of levels,
|0, and [1,), separated by 675 MHz, which form our qubit* (Fig. 1b).
We canoptically read out the [1,) population via a series of t pulses at
984 nm, each followed by time-resolved detection of resonant photon
emission® (Extended Data Fig. 1). The local crystalline environment
consists of #Y, %'V and 0 ions. Of these, 'V with nuclear spin 7/2 has
thelargest magnetic dipole moment and zero-field structure, owing to
aquadrupole interaction with the lattice electric field®. This leads to
four quadratically spaced, doubly degenerate energy levels, {|+tm,)} =
{1£1/2),1£3/2),1+5/2), |£7/2)}, and three magnetic-dipole allowed transi-
tions, w,, w, and w, (Fig. 1b).

Local®'Vions are categorized into two complementary ensembles:
the register and the bath. The register spins fulfil two conditions: (1)
they are constituents of the frozen core: a set of 'V ions spectrally dis-
tinguished from the bath owing to proximity to *Yb; and (2) the
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Fig.1|Schematic of amany-body nuclear spinregister for optically
coupled”'Yb qubitsinananophotonic cavity. a, Optically addressable'Yb
ion (yellow) surrounded by alocal ensemble of nuclear spins from lattice 'V
ions. Theregister (blue) consists of four 'V spins equidistantly spaced by 3.9 A
fromthe central ”'Yb. The nuclear spin bath (grey) creates random magnetic
noise, termed the nuclear Overhauser field. Ananophotonic cavity enables
opticalinitialization and readout of the "'Yb ion via single-photon detection at
984 nm (ref.*). 675 MHz microwave pulses provide high-fidelity control of the
'yb spin state. b, Energy level structure of 'Yb and*'Vions. Pulse-based
control of the”'Yb ground-state transition (|0,) < [1,)) enables engineered
spin-exchange interactions with neighbouring*'Vions. The energy level
structure of the spin-7/2°'V consists of four quadratically spaced, doubly

lyb-3V interaction Hamiltonian can drive transitions between their
quadrupole levels. As shown later, experimental evidence suggests
that the register consists of four>'V spins, equidistant from the central
YD (Fig. 1a). At zero field, the "'Yb |0,), |1,) states have no intrinsic
magnetic dipole moment and thus interactions with the 'V register
spinsare forbidden to first order. However, aweak "'Yb dipole moment
isinduced by arandom magnetic field originating from the bath (the
nuclear Overhauser field, withzcomponent B%"), giving rise toa”'Yb-
Sy register interaction. Specifically, a second-order perturbation
analysis yields the following interaction Hamiltonian:

0

I:Iint = §ZB?H 2 axlx + azi(;)) y

i€register

@

where Si isthe”'Yb qubit operator along the zaxis inaweakly perturbed

basis,ig?zare nuclear spin-7/2 operators along thex, zaxes, and a, ,are
coupling coefficients (Supplementary Information). Note that B!
varies randomly in time as the bath changes state in a stochastic fash-
ion, rendering this interaction Hamiltonian unreliable for register
quantum state manipulation. To this end, we develop a protocol to
generate adeterministic ”'Yb-"'V interaction via Hamiltonian engineer-
ing, which will be elaborated later.

An additional challenge is presented by the spectral indistinguish-
ability of the register spins, necessitating storage in collective states.
As originally proposed for quantum dots™, single spin excitations of
a polarized nuclear spin ensemble can be used for quantum infor-
mation storage. These states are often termed spin waves or nuclear
magnons and can be generated by effective spin-preserving exchange

degenerate energy levels, {|+m)} = {|£1/2), |+3/2), |+5/2), |+7/2)}, resulting in
three distinct transitions, w,, /2t =330 kHz, 660 kHz and 991 kHz,
respectively. The w.transition (dotted box) is used toimplement the local
nuclear spinregister for quantum information storage. c, Effective qubit states
ofthe nuclear spinregister. The |0,) and |W,) states consist of all four*'Vions
preparedinthe V) =+7/2) state and a single spin excitation equally delocalized
inthe|t) =|+5/2) state, respectively. d, Initialization of the nuclear spins froma
thermal state into the polarized |V V¥ V) state. e, Transfer of aquantum state
from'"'Yb to the *'V register, storage and subsequent retrieval. Both the state
initialization and transfer are enabled by robust, dynamically engineered
interactionsbetween'Yband*'Vions.

dynamics. Specifically, preparing these collective nuclear spin states
relies firstly on initializing the thermal register ensemble into a pure
state, |0,) = [V V¥ ¥), where {| 1), [V)} = {|£5/2), |£7/2)} is a two-level
sub-manifold of the nuclear spin-7/2*'Vion (Fig. 1c, d). Next, with access
toexchange dynamics and "'Ybinitialized in|L,), we cantransfer asingle
excitation from the ”'Yb to the register. We note that the excitation is
delocalized equally across the four register spins, owing to coupling
homogeneity as determined by the lattice geometry, thus naturally
realizing the entangled four-body W state |W,) (ref. **) given by

MR F D) AN+ L)
- 2

W) (2)

(Fig.1c).Ifthe”'Yb qubit isinitialized into|0,) there are no spin excita-
tions in the system and the >V register remains in |0,). Crucially, these
dynamics realize aquantum swap gate between atarget state prepared
bythe”'Yb qubit, |¢) = al0,) + BI1,) (Where @ and B are quantum ampli-
tudes), and the |0,) state of the *'V register, leading to:

(@l0g) + BI10)10,) > [0)(@l0,) + BIW,Y). 3)

After waiting for a period of time, the stored quantum state can be
retrieved by applying a second swap gate (Fig. 1e). Note that the
spin-wave-like state |W,) of the nuclear ensemble is being used as a
constituent of the quantum memory basis.

Torealize this storage protocol we require "'Yb-*'V spin-exchange
interactions that are independent from the random, bath-induced
dipole moment (equation (1)). We note that established methods
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Fig.2|Pulse-based Hamiltonian engineering, nuclear register polarization
and spinexchangebetween'’Yband*'Vions. a, Engineered spin-exchange
interactions viaour ZenPol sequence. Equidistant t/2 and m pulses combined
with asquare-wave RF magnetic field with amplitude B are applied to the 'Yb
qubit. Thesequence has period 2rand is repeated Mtimes. b, ZenPol sequence
spectroscopy, using M=30and B*" = 0.6 G."'Yb-°'V resonanceis achieved fora
given®'V transition, w;, when1/27 = w;/2nk with integer k. We use the isolated,
RF-induced w, (k = 5) and w, (k= 3) transitions to polarize the nuclear spins of
neighbouring®'Vions (dashed boxes). Split-resonance features are attributed
totwodistinct*'V ensembles: the four 'V register spins (starred transitions)
experience afrozen-core detuning relative to the more distant bath. Insets,
under repeated application of the ZenPol sequence targeted at the w, or w,
register transitions, interleaved with''Ybinitialization, the four register spins
areselectively polarized (purplelines). ¢, Spin-exchange dynamics with the

used to generate such interactions, for example, Hartmann Hahn**
and PulsePol®, do not suit our requirements as they require states
with a constant, non-zero magnetic moment (Extended Data Fig. 3
and Supplementary Information). Thus, we use aframework for robust
dynamic Hamiltonian engineering® to design a sequence tailored
for qubits with no intrinsic magnetic moment (subsequently referred
to as ZenPol for ‘zero first-order Zeeman nuclear spin polarization’).
ZenPol comprises equidistant 1i/2 and Tt pulses combined with asyn-
chronous, z-directed, square-wave radio frequency (RF) magnetic
field with tunable amplitude, B, and period 27 (Fig. 2a). The sequence
isrepeated Mtimes, leading to atotal interaction duration of t,,= 2tM.
The RF field induces an alternating ”'Yb magnetic dipole moment,
thereby generating asimilar 'Yb-"'V interaction as B2!in equation (1)
butin a controlled manner. The sequence is synchronized with the
Sy precession at one of the nuclear spin transition frequencies, w;,
by satisfying

1 _ o
2 _ Y 4
2t 2k’ “)
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four>'Vregisterspins. The7'Yb qubitand 'V register spins are initialized into
|1,>and |0,) (defined as [V ¥V 1)), respectively. Our pulse sequence induces
resonant spin exchange on the w_transition leading to oscillation between
[1)10,) < [0 )IW,), where [W,) is aspin-wave-like W-state (red markers).
Oscillation envelope beating arises fromaresidual [+5/2) initial population.
Inset, the spin-exchange rate scales linearly with B*. With”'Ybin |0,),
oscillations are suppressed (blue markers). AZenPol sequence withM =10
periods (t,,= 50 ps) realizes aswap gate (black arrow). d, Spin-exchange
dynamics with asingle®'V nuclear spin. Three *'V spins are shelved in |+3/2) and
asinglespinis preparedin|t) =|+5/2),leading toareduced w_ transition
spin-exchange frequency.Inc,d, equal values of B =1.6 Gare used and the
solid lines are from simulations with phenomenological decay constants
(Supplementary Information).

with kan odd integer (Extended Data Fig. 4). At this resonance condi-
tiontheleading-order dynamics arise from the temporalinterference
between time-varying 'Yb spin operators and *'V precession in the
interaction picture (Methods). The ZenPol sequence is designed such
that RF-induced spin-preserving dynamics interfere constructively,
while all other dynamics, including the bath-induced incoherent inter-
actions, undergo destructive interference. As a result, the 'Yb-"'V
interaction is governed by the following time-averaged effective
Hamiltonian

] PQ)
Han = b(k,wj)BRF z (SJr _+S8/ + ], (5)

i€register

whereb ,isak-dependent prefactor for the w; transition, L=1MXY],
L =]y )(*|aretheraising and lowering operatorsin an effective nuclear
two-level manifold, and 5, are similarly defined for the V'Yb qubit
(Methods). We note that although the nuclear spin can stochastically
occupy either the {|+m)} or {|-m,)} manifold of states, our protocol is
insensitive to this sign. We emphasize that the ZenPol sequence



operates at zero magnetic field where along*Yb coherence time can
be maintained; it is insensitive to the presence of random noise from
the bath; and is also robust against pulse-rotation errors (Methods).

We use the ZenPol sequence to perform spectroscopy of the "'Yb
nuclear spin environment. Fig. 2b shows a ZenPol spectrum obtained
by initializing the "'Yb into |0,), applying an M =30 period ZenPol
sequence with variable inter-pulse spacing (7/4) followed by "'Yb
populationreadout. Asaresult of the engineered exchange interaction,
we find that the |0,) population decreases at T values corresponding
to the odd-k*'V resonances (Fig. 2b, red line). Even-k resonances are
alsoobserved eveninthe absence of the RF field, and are attributed to
incoherentinteraction generated by the random nuclear Overhauser
field (Fig. 2b, blue line).

In particular, we note that all odd-k resonances are split near each
isolated>'V transition (Fig. 2b, dotted boxes). For example, resonance
frequencies of {660 kHz, 685 kHz} and {991 kHz, 1,028 kHz} are identi-
fied around the wy, (k = 3) and w, (k= 5) transitions, respectively. Inboth
cases, the higher-frequency resonance agrees well with values extracted
using NMR on YVO, crystals®. We therefore postulate the presence of
two nuclear spin ensembles: adistant large ensemble with unperturbed
frequency (constituents of the bath) and alocal small ensemble witha
frequency shift due toa modified crystalline environmentin the vicinity
of theYb ion (the register).

Polarization of the nuclear spin register relies on repeated appli-
cation of the ZenPol sequence, resonant with a targeted transition,
interleaved with reinitialization of the "'Yb qubit leading to unidirec-
tional transfer of >V population (Extended Data Fig. 1c). Because the
spin-7/2°'Vions have four doubly degenerate energy levels, we achieve
high-fidelity initialization by independently polarizing different tran-
sitions with different values of 7. For example, to prepare the register
spinsin |+7/2) =|V), we repeatedly apply a pair of ZenPol sequences,
which first polarize into |+5/2) using the w,, transition, and then sub-
sequently into [£7/2) using the w. transition (Extended Data Fig. 5).
We confirm that both w, and w, transitions of the 'V register are suc-
cessfully polarized, asindicated by the near-complete disappearance
of the initial resonances (Fig. 2b, insets). Note that the resonances at
685 kHzand 1,028 kHz are unaffected, corroborating the existence of
two distinct>'V ensembles. The w, transition is not directly addressed
by the ZenPol sequence, owing to spectral overlap with other transi-
tionresonances; however, this does not limit our polarization fidelity,
estimated to be approximately 84% per 'V ion, as discussed in Sup-
plementary Information.

Afterinitializing all four register >'V spins into a polarized state |0,) =
[V V¥ ¥), the ZenPol sequence can alsoinduce coherent oscillations of
asingle spin excitation between the 'Yb qubit and the polarized *'V
ensemble. Fig. 2c shows the ”'Yb population as a function of sequence
period, M, whenthe single-spin exchange is targeted at the w_ transition.
With ”'Ybinitialized in |1,), the quantum state evolves according to:

() = 11)10,) cos U, ty/2) —il0) W) sin(,, ty/'2), (6)

with spin-exchangerate J,, = 4b(5,wC)BRF (Fig. 2c, red). Note that when
Joty =T, the sequence realizes a swap gate (Fig. 2c, black arrow),
whereby a single-spin excitation is completely transferred to the reg-
ister, thatis, |1,)|0,) > |0,)|W,). Furthermore, /., can be accurately con-
trolled by varying B¥, allowing for swap gate fidelity optimization
(Fig. 2c, inset). By contrast, with "'Yb initialized in |0,), exchange inter-
actions are forbidden and thus oscillations are suppressed (Fig. 2c,
blue).

We note that the spin-exchange rateis collectively enhanced by afac-
tor of /N, where Nis the number of indistinguishable spins forming the
register. We verify this by controlling the number of spinsin the w_tran-
sition manifold and measuring the effect on/,,. Thisisimplemented by
first pumping all four spins to |+3/2) and |+1/2) viadownward-polarizing
ZenPol sequences. Subsequently, a single excitation is performed on
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Fig.3|Quantuminformation storageinthe nuclear spin-wave register.
a,Ramsey coherence measurement. The'Yb qubitis preparedina
superposition state that is subsequently swapped onto the *'V register. After
waiting for aperiod of time, ¢, the superposition state isswapped back to the
Yb qubit and measured in the x basis. Fast oscillations are observed at the *'V
/21 =991kHz frequency (inset) and the coherenceis derived from the
oscillation contrast. The coherence is normalized to have amaximum value of 1
wheninaperfectsuperpositionstateand at¢=0is limited by the swap gate
fidelity. Theresulting 1/e coherence decay timeis measured tobe 58 + 4 pis.
Note that the wait time excludes the swap gate duration. b, Coherence time
extension viamotional narrowing of the *Yb Knight field. By applying x-axis 1t
pulsesspaced by 2t,,= 6 psto the ”'Yb qubit, the coherence time of the >'V
registeris extended to 225+ 9 ps. ¢, Further coherence enhancementvia
dynamical decoupling of the >'V register. In addition to the m pulses acting on
7lYb, two mt pulses are applied to the *'V register with a variable inter-pulse delay
time, 2¢,. Thisrephases contributions to the detuning from the nuclear
Overhauser field and leads to an extended memory time of 760 + 14 ps. Note
thateven numbers of 'V pulses are necessary toreturn the register to the
{10,), IW,»} manifold prior to state retrieval.Ina-c, solid lines are fits to Gaussian
decays.

the w, transition to flip one spin from |[£3/2) to | 1) (equal to [+5/2)),
leadingto N =1spinsinthe w.manifold (Supplementary Information).
Applying a ZenPol sequence resonant with the w, transition, we find
that the resulting exchange frequency is reduced by a factor of approx-
imately -/4 (Fig. 2d); according to the YVO, lattice structure, the reg-
ister likely consists of the second-nearest shell of four equidistant 'V
ions (Supplementary Information). This assumption is supported by
close agreement between experiment and numerical simulation
(Extended Data Fig. 6).

To evaluate the performance of the >'V register as a quantum memory,
we characterize itsinformation storage times under various conditions.
Specifically, we first transfer a superposition state from the ”'Yb qubit,
T(|0 ) +illy)), totheSIVreglsterVIa the ZenPol-based swap gate. Sub-
sequently, the transferred state T(IO )+ W,))is stored for a variable
waittime, t, before being swapped back to the”'Yb and measured along
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Fig.4|Characterization of maximally entangled "'Yb-*'V register
Bellstate. a, Parity oscillationsbetween |¥*) and |¥") (where

|w*y= 1/ﬁ(|1g>|0v) Fil0g)l W,)) revealing the Bell state coherence time. To
preparethe |¢") Bell state, a./swap gateisapplied to|1,)|0,); subsequently,
during awaittime of duration ¢, coherent parity oscillations occur between
|¥"and |¥) atthe'V w_ transition frequency. Asecond ./swap gate maps the
resulting parity to ”*Yb population. The oscillation contrast (and hence Bell
state coherence) decays withal/etimescale of T5 5,,,= 8.5+0.5 pis, consistent
withthe'YbT; time. b, Bell state coherence extension. During the parity
oscillation, we apply an X¥-8 decoupling sequence® to the "'Yb qubit. This
leads to asubstantially extended Bell state coherence time of T3 g, = 239+6 ps,
limited by the*'V T; time measured in Fig. 3b. The coherence is normalized to
have amaximum value of1wheninaperfect Bell state. ¢, Reconstructed Bell
state density matrix. Diagonal entries representing populations are extracted
through asequential tomography protocol*® (Methods). Off-diagonal matrix
elementsrepresenting coherences are obtained from the parity oscillation
contrast. Note that all density matrix values have been corrected toaccount for
readouterror, yieldinga fidelity of 0.76 + 0.01 (Methods).

the x axis, thereby probing the coherence of the final state. As shown
in Fig. 3a, the coherence vanishes with a1/e time of T5= 58 +4 ps (all
givenuncertainties are one standard deviation), which is predominantly
limited by local magnetic field noise from two sources: a fluctuating
Yp dipole moment (*'Yb Knight field) and the nuclear Overhauser
field (Supplementary Information). In Fig. 3b, the ”'Yb Knight field is
decoupled from the register by periodically flipping the 'Yb magnetic
dipole orientation, in a process analogous to motional narrowing®,
leading toanincreased 1/e coherence time of T5=225+9 ps.InFig.3c,
we further extend the coherence time by performing dynamical decou-
pling on the 'V register to mitigate the decoherence effect of the
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nuclear Overhauser field, considerably extending the 1/e coherence
timeto 7,=760 + 14 ps (Extended Data Fig. 7 and Methods).

We also characterize the population relaxation times of the |0,)
and |W,) states with measured lifetimes of T{’=0.54+0.08 s and
T(" =640+20 ps, respectively (Extended Data Fig. 8). We note that,
owing to the entangled nature of the |W,) state, T{"” is limited by
dephasing and is extended by dynamical decoupling (Supplementary
Information).

Finally, we benchmark our multi-spin register by characterizing
fidelities of "'Yb-'V Bell state generation and detection, serving as
avital component of the quantum repeater protocol®. In particular,
the maximally entangled Bell state | *) = T(ll 20,>—il0g)W,)) can
be prepared by initializing the systemin[1,)|0,) and applylng a./swap
gatebased onthe ZenPol sequence satisfying J..t,,=1/2 (equation (6)).
The Bell state coherence is evaluated by monitoring the contrast of
parityoscillation under free evolution, between |¢*) and its conjugate,
Wy=— (|1 )10,) +il0y)IW,)) (ref.’®; Supplementary Information).
Fig.4a sﬁows the measured parity oscillations decaying with al/e time
Of T gy = 8.5£0.5 pis, limited by the T; dephasing time of the ”'Yb
qubit®. To improve the coherence, we apply an XY-8 decoupling
sequence® to the 'Yb, leading to an increased value of
T5 genn=239£6 ps (Fig. 4b); now limited by the T3 dephasing time of
the 'V register.

To estimate the Bell state preparation fidelity, defined as
F =(¥'|p|¥"), we performasequential tomography protocol*’ to recon-
struct the density matrix p in the effective manifold spanned by four
states {|0,0,), |0, W.), [1,0,), 11,W,)} (Extended DataFig. 9 and Methods).
Takingintoaccounterrorsinstatereadout, we obtainacorrected Bell
state fidelity of 0.76 + 0.01, as summarized in Fig. 4c (the uncorrected
fidelity is measured tobe 0.61+ 0.01). We speculate that thisis limited
byincomplete register initialization, imperfect Hamiltonian engineer-
ing and dephasing during Bell state generation (Methods and Sup-
plementary Information).

In this work we have demonstrated a noise-robust control protocol
to coherently manipulate the local*'V nuclear ensemble surrounding a
single optically addressed 'Yb qubit, enabling the polarization of the
high-spin (/=7/2) nuclear register, the creation of collective spin-wave
excitations, and the preparation of maximally entangled Bell states. We
use these nuclear spins torealize an ensemble-based quantum memory;
this memory is both deterministic and reproduciblein thatevery "'Yb
ion doped into a YVO, crystal accesses a near-identical local nuclear
environment (Extended Data Fig. 10). We envisage that this resource
will enable theimplementation of multi-node quantum network archi-
tectures using rare-earth ions with both enhanced connectivity and
large-scale entanglement’. Additional quantum information storage
could be achieved using higher-order excitations of the multi-spin 'V
register Hilbert space or by using bath ions. Furthermore, realizing
coherent quantum systems using dense, spectrally indistinguishable
lattice nuclear spins will open the door to exploration of new materi-
als for quantum information applications®. Finally, these multi-level
nuclear spin ensembles offer a highly controllable platform with which
toinvestigate the many-body dynamics of alarge Hilbert space, paving
the way for application of solid-state, noisy intermediate-scale quantum
(NISQ) devices in the context of quantum simulation'>3°,
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Methods

Experimental set-up

The YVO, crystal used in this project was cut and polished from an
undoped boule (Gamdan Optics) with a residual ”*Yb concentration
of 20 parts per billion. Nanophotonic cavities were fabricated from
this material using focused-ion-beam milling; see refs. *** for more
detail on this process. The cavity used in this work has a Q factor of
~10,000 leading to Purcell enhancement and consequent reduction
of the "'Yb excited state lifetime from 267 ps to 2.3 ps as described
and measured previously”, and >99% of ion emission coupling to the
cavity mode. The reduced optical lifetime enables detection of single
lyb jons. The cavity is undercoupled with k;,/x = 0.14, leading to 14%
of emitted light entering the waveguide mode. Waveguide-free-space
couplingisachieved viaangled couplers with an efficiency of ~25% and
the end-to-end system efficiency (probability of detecting an emitted
photon)is ~1%.

Thedevice sits on thestill plate of a*He cryostat (Bluefors LD-He250)
withbase temperature of ~-500 mK. Optical signals are fed into the fridge
throughopticalfibre and focused onto the device with an asphericlens
doublet mounted onastack of x-y-zpiezo nano-positioners (Attocube).
The device is tuned on resonance with the 'Yb optical transitions via
nitrogen condensation. Residualmagneticfields are cancelled along the
crystal c = zaxis with aset of home-built superconducting magnet coils.

The various optical transitions of a single 'Yb qubit are used
for state readout and initialization (Extended Data Fig. 1a). Opti-
cal addressing of the A transition for readout is established with a
continuous-wave (CW) titanium sapphire (Ti:Sapph) laser (M?Sol-
stis) that is frequency-stabilized to a high-finesse reference cavity
(Stable Laser Systems) using Pound-Drever—Hall locking®. The laser
double-passes through two free-space acousto-optic-modulator (AOM)
set-ups, leading to single-photon-level extinction of the input beam,
and pulse generation with~10 ns rise times. Asecond CW external cavity
diode laser (Toptica DL-Pro) is used to address the F transition during
initialization. The laser passes through anidentical AOM set-up and is
frequency stabilized via offset-frequency locking to the Ti:Sapph laser.

The light output from the cavity is separated from the input with a
99:1fibre beamsplitter, and passed through a single AOM, which pro-
vides time-resolved gating of the light to prevent reflected laser pulses
fromsaturating the detector. The light is then sent to a tungstensilicide
superconducting nanowire single-photon detector (SNSPD; Photonspot),
whichalsositsonthestill plate of the cryostat. Photon detection events are
subsequently time-tagged and histogrammed (Swabian Timetagger 20).

Microwave pulses (675 MHz) to control the ground-state qubit transi-
tion and square-wave RF (100-300 kHz) to generate the "'Yb—"'Vinter-
action are directly synthesized with an arbitrary waveform generator
(Tektronix 5204AWG) and amplified (Amplifier Research 10U1000).
Asecond microwave pathis used for the excited-state microwave con-
trol (3.4 GHz) necessary for qubit initialization. The control pulses are
generated by switching the output of a signal generator (SRS SG386)
and amplified (Minicircuits ZHL-16W-43-S+). The two microwave signal
paths are combined with a diplexer (Marki DPXN2) and sent into the
fridge tothe device. A gold coplanar waveguide fabricated onthe YVO,
surface enables microwave driving of the ions.

See Extended Data Fig. 1 for a schematic of the complete experi-
mental set-up.

yb initialization, readout and experiment sequence

At an operating temperature of ~-500 mK and at zero magnetic field,
the equilibrium "'Yb population is distributed between the |aux,), |0,)
and |1,) states (Extended Data Fig. 1a). All experiments start by initial-
izing the single 'Yb ion into |0,) via a two-stage protocol®. Firstly the
laux,) state is emptied with a series of 3 ps pulses applied to the opti-
cal F transition, each followed by a 3 ps wait period. When the "'Yb
ionis successfully excited from |aux,) to [1.), the populationin |1.) will

preferentially decay to |0,) during the wait time via the cavity-enhanced
E transition. Subsequently, the [1,) stateis also emptied by applying an
optical t pulse to the A transition followed by a microwave 1t pulse to
thef, transitioninrapid succession, which similarly leads to excitation
from |1, to [1.) and decay into |0,). This process is repeated several
times for improved fidelity.

Readoutof the"'Yb|1,) state is performed by applying aseries of 100
mpulsestothe A transition, each of whichis followed by a10 ps photon
detection window. This process is enabled by the cyclic nature of the
A transition. To read out the |0,) population we apply an additional t
pulse to swap the |0,) < [1,) populations before performing the same
optical readout procedure.

Extended Data Fig. 1c shows an exemplary pulse sequence used to
store and retrieve a superposition state from the register consisting
of four>'V lattice ions. The sequence starts with initialization of the
Yb qubit into |0,) and the *'V register spins into |+7/2). A series of
ZenPol polarization operations are interleaved with ”'Yb reinitializa-
tion sequences and alternate between w, and w, transition control to
sequentially polarize the 'V register towards the |+7/2) level. After the
initialization sequence, asingle /2 pulse is applied to the 'Yb qubit to
prepare asuperposition state. Subsequently, the stateis transferred to
the>'Vregister using a swap operation resonant with the w. transition as
detailed inthe text. After avariable wait time, the superpositionstate is
retrieved with a second swap gate and measured in the x basis viaa /2
pulse followed by optical readout on the A transition as detailed above.

ZenPol sequence

We consider asystem of asingle ”'Yb qubit coupled to four neighbour-
ing nuclear spin-7/2 'V ions. This hybrid spin system is described by
the effective Hamiltonian (setting 1 =1):
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where A(¢) = y2(B" + BX(1))*/2w,, is the effective energy shift due to
bothz- dlrected nuclear Overhauser (BO"') and external RF (B¥(t)) mag-
netic fields, w,,/21 = 675 MHz is the 'Yb qubit transition frequency,
Y/2m=-8.5 MHz G is the 'Yb ground-state longitudinal gyromag-
neticratio, Q/2m =165 kHzis the’'Vregister nuclear quadrupole split-
ting, S is the "'Yb qubit operator along the z-axis, I , are the'V
spin-7/2 operators along the x and z axes, and a, , are the effective
coupling strengths between 'Yb and *'V along the x and z axes.
See Supplementary Information for a detailed derivation of this effec-
tive Hamiltonian.

Asdiscussed in the text, polarization of the *'V register and prepara-
tionof collective spin-wave states rely oninduced polarization transfer
from the 'Yb to *'V and are achieved via periodic driving of the "'Yb
qubit. Specifically, periodic pulsed control can dynamically engineer
the original Hamiltonian (equation (7)) torealize effective spin-exchange
interaction between”'Yband*'Vionsof the form §,/_+ §_f,inthe average
Hamiltonian picture®***. One example of such a protocol is the recently
developed PulsePol sequence™; it, however, relies on states with a con-
stant, non-zero magnetic dipole moment and therefore cannot be used
in our system because the 'Yb qubit has no intrinsic magnetic dipole
moment. Motivated by this approach, we have developed a variant of
the PulsePol sequence that accompanies a square-wave RF field syn-
chronized with the sequence (Extended DataFig.4a). The base sequence
has a total of eight free-evolution intervals with equal duration (z/4)
defined by periodically spaced short pulses and is repeatedly applied
to'Yb. Following the sequence design framework presented inref. *,
we judiciously choose the phase and ordering of the constituent /2
and 1 pulses such that the resulting effective interaction has spin-
exchange form with strength proportional to the RF magnetic field



amplitude (B%F), while decoupling from interactions induced by the
nuclear Overhauser field (Bg’“). We also design the sequence to cancel
detuninginduced by both ofthese fields and to retain robustness against
pulse rotation errors to leading order. We term this sequence ‘ZenPol’
for ‘zero first-order Zeeman nuclear spin polarization’.

To understand how the ZenPol sequence works, one can consider a
toggling-frame transformation of the "'Yb qubit operator along the
quantization axis (§z,mg(t)): we keep track of how this operator is trans-
formed after each preceding pulse. For example, the first /2 pulse
around the y axis transforms §Z into —§X and the subsequent 1 pulse
around the y axis transforms —§X into +§x. Over one sequence period,
the toggling-frame transformation generates atime-dependent Ham-

iltonian I:Iwg(t) thatis piecewise constant for each of eight free-evolution
intervals, which can be expressed as
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Here fmy' (¢) describes the time- dependent modulation of the
'Yb qubit operator along the z axis (5 ,,(¢) —fOH (t)S +fOH (t)S )
(Extended Data Fig. 4a, yellow). Note that fOH(t) 0 forall rntervals
Because the externally applied square-wave RF field is constant for
each half-sequence period, we canreplace BRF(t) with the amplitude
B¥ and transfer the time dependence to f o H by applyrng sign flips,
thus leading to redefined modulation functions f (Extended Data
Fig.4a, purple).
The spin-7/2°'Vion exhibits three distinct transitions at frequencies
w, ., (Fig.1b).Inthe following, we consider an effective spin-1/2 system
for the“Vrons usmgthew manifold, {|1) = [+5/2), |¢) [£7/2)}, with
*(I¢>(¢|+|¢><T|) I —*(ITX\LI [¥)(*)andl, —*(ITXTI [V,
In a rotatrng frame wrth respect to thetargetfrequency a)c,the nuclear
splnoperatorsbecomel —>I cos(w, t)+l sin(w.t)and I, > I. Thus, the

leading-order average Hamrltonran Ha‘,g 2TJ"zrcdthog(t) intherotat-
ing frame is given by:
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Here, various terms are excluded as they time-average to zero (rotating-
wave approximation). The /7 prefactor comes from mapping the
original spin-7/2 operatorsto the effective spin-1/2 ones. Additionally,
the energy shift induced by B2 and time-dependent B¥ is cancelled.
TheFourier transforms of the modulation functionsf, ,(¢), termed the
filter functions®, directly reveal resonance frequencies at which
equation (9) yields non-zero contributions (Extended Data Fig. 4b).
Resonant interactions with strength proportional to the nuclear
Overhauser field are achieved at sequence periods 27 that satisfy
211 = 2:[)§2' 2::4 2:—%, ...; interactions propuc)rtiosal to the RF field
occur at sequence perlods satisfying - ==, 55, 55, - Criti-

cally, these two sets of resonances occur at different values of 27, hence
we can preferentially utilize the coherent, RF-induced interactions
while decoupling from those induced by the randomized Overhauser
field. This is experimentally demonstrated in Fig. 2b, where the
RF-induced resonances are spectrally resolved. In this measurement
the linewidths of the register resonances are limited by that of the
filter function. We also note that the w, transition cannot be inde-
pendently addressed by the ZenPol sequence owing to the multiplicity

of the three>'V transitions determined by the quadratic Hamiltonian
(W, =w,/2=w/3).

To achieve atargeted rnteractron wrth the w, transition, we use the
RF-driven resonance rdentlﬁed at 5= - by setting the free-evolu-
tioninterval to Z —.Under thls resonance condition, the average
Hamiltonian (equation (9)) simplifies to
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m i€register
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Here, going from the first to the second line, we change the local
7lyb basis by rotating 45 degrees around the z axis such that

§; = (§x+§y)/ﬁ, §; =( —§x+§y)/ﬁ, andfromthesecondtothethird

line,§ =$ +i§, and =1, i, are used. We define the coefficient
b,y which determmes the mteractron strength for the kth resonance
addressrngtransrtronw (for example, b(5w )= f(f+2)a /10m). In
the text, we omit the primes on the ”'Yb qublt operators for the sake
of notational simplicity. The same analysis can be performed for other
transitions, yielding a similar spin-exchange Hamiltonian, albeit with
different interaction strength given by b(k,wj)BRF.

Direct drive gates for 'V register

Performing dynamical decoupling onthe register requires selective
driving of the frozen-core *'V nuclear spins without perturbing the
bath and is achieved through a twofold mechanism. Firstly we
initialize the "'Yb qubitinto |0,) and apply a sinusoidal z-directed RF
magnetic field at /21 = 991 kHz through the coplanar waveguide
to induce an oscillating ”'Yb magnetic dipole moment (Extended
Data Fig. 7a). This generates an x- or y-directed field component
at each 'V spin, where the driving Hamiltonian is given by
I-Aldrlve Hx8\Ay BY*sin(w )i, with A, =-3lnu y*/8nr’wy and

:—3mn[10yz/8nr wo,- Note that the strength of thisdriving field
is equal for all four register spins. Here, i is the nuclear magneton,
g..is the >V x-directed g-factor, By is the sinusoidal RF magnetic
field amplitude, ix’y arethe nuclear spin-7/2 operators along the x and
yaxes, {[, m, n}arethe {x, y, z} directional cosines of the "'Yb-°'V dis-
placementvector, 11, is the vacuum permeability, and ris the "'Yb-'V
ion distance (Supplementary Information). The lattice symmetry of
the host leads to equidistant spacing of the four proximal *'V spins
from the central ”'Yb qubit, allowing homogeneous coherent driving
of all register spins.

Inthis direct driving scheme, we note that the effect of B3*is ampli-
fied by a factor of |A,,| = 6.7 for the frozen-core register spins at a
distance of r=3.9 A (Supplementary Information). Crucially, the
amplification factor scales as A, , = 1/r* with distance r from the ”'Yb
qubit, leading to areduced driving strength for distant 'V bath spins.
Moreover, the transition frequency of the bath, wca"‘/Zr[ 1,028kHz,
isdetuned by 37 kHz from that of the register, w /21 = 991 kHz, further
weakening the bathinteraction due to off-resonant driving, provided
that the Rabi frequency is less than the detuning.

In a rotating frame at frequency w,, the driving Hamiltonian A,
gives rise to Rabi oscillation dynamics of the register spins within the
. manifold, {|1) = |+5/2), |¥) =+7/2)}. To calibrate 'V m-pulse times,
we initialize the register into |0,) = |V V4 V), drive the register for vari-
able time, and read out the |0,) population by preparing the 'Yb qubit
in [1,) and applying a swap gate to the w, transition. If the final *'V spin
stateisin|¥) (|1)) the swap will be successful (unsuccessful) and the 'Yb
qubitwillendupin|0,) (1)) Using this method, we induceresonant Rabi
oscillations of the register at aRabifrequency of Q,/21t=7.65 + 0.05 kHz
(Extended DataFig. 7c, blue markers), which exhibit exponential decay
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ona280 + 30 pstimescale, limited by dephasing caused by the fluctuat-
ing'Yb Knight field. This can be decoupled using motional narrowing
techniques whereby we periodically apply 1 pulses to the 'Yb every
6 usduring thedrive period. Todrive the 'V spinsin a phase-continuous
manner, we compensate for the inversion of the ”'Yb magnetic dipole
moment after each Tt pulse by applying a t phase shift to the sinusoidal
driving field (Extended DataFig. 7b). Thisleads to an extended 1/e Gauss-
ian decay time 0f 1,040 + 70 ps (Extended Data Fig. 7c, red markers).

The arrow in Extended Data Fig. 7c indicates the 69 ps >'V mt-pulse
time used for dynamical decoupling. In contrast to the spin-preserving
exchange interaction, this direct drive protocol provides independ-
ent, local control of the four 7'V spins with no constraints on the
number of excitations, thereby coupling the*'V register to states out-
side the two-level manifold spanned by |0,) and |W,). For example, at
odd-multiple t times, we find

0> [T 11),

(VAR + [ MLARY + ALY + A1 LY)
2 ,

W)~

both of which contain more than a single excitation. For this reason,
we use an even number of 'V 1t pulses in our decoupling sequences to
always return the >'V register to the memory manifold prior to state
retrieval.

Population basis measurements
We develop asequential tomography protocol*° to read out the popu-
lations of the joint'Yb->'V density matrix p in the effective four-state
basis, {|0,0,), 10, W,), [1,0,), [1,W,)}. This is achieved using two sepa-
rate sequences: readout sequence 1 and readout sequence 2, applied
alternately, which measure the {|0,0,), |0,W,)} and {|1,0,), [1,W,)}
populations, respectively. As shown in Extended Data Fig. 9a, these
sequences are distinguished by the presence (absence) of a single 1t
pulse applied to the 'Yb qubit at the start of the sequence. This is
followed by a single optical readout cycle on the A transition; results
are post-selected on detection of a single optical photon during this
period. Hence the presence (absence) of the first i pulse results
in 0, (|1,) state readout after post selection. Furthermore, in all
post-selected cases the ”'Yb qubit is initialized to |1,) by taking into
account this conditional measurement outcome. Subsequently, an
unconditional 1t pulse is applied to the ”'Yb, preparing it in |0,), and
aswap gate is applied, thereby transferring the >'V state to the "'Yb.
Finally, we perform single-shot readout of the 'Yb state according
to the protocol developed in a previous work®. Specifically, we apply
two sets of 100 readout cycles to the A transition separated by a single
1 pulse which inverts the'Yb qubit population. The 'V stateis ascribed
to|W,)(10,))if>1(0) photons are detected inthe second readout period
and 0 (=1) photons are detected in the third. We summarize the possible
photondetection events and state attributions in Extended Data Fig. 9b.
We demonstrate this protocol by characterizing the state prepa-
ration fidelities of the four basis states. The measured histograms
are presented in Extended Data Fig. 9c alongside the respective gate
sequences used for state preparation. Theresulting uncorrected (cor-
rected) preparation fidelities for these four basis states are:

Fiogo,=0.79+0.01 (0.82+0.02),
Fiogmy=0.50£0.02 (0.64+0.02),
Fii,y=0.79£0.01 (0.82+0.02),
Fiigwy=0.50%0.02 (0.64+0.02).
Wenotethatthereduced fidelity of |0,W,) and |1, W, ) relative to |0,0,) and
1,0,) arises fromthe swap gate used for the | W, ) state preparation. Finally,

we also characterize the fidelity of the maximally entangled "'Yb—*'V Bell
state, | ") = %(ugov) —il0gW), prepared using asingle. /[swap gate as

described in the main text (Extended Data Fig. 9d). The corresponding
uncorrected (corrected) populations for the four basis states, denoted p;;
(cy) are:

Poo = (050,101040,) = 0.16£0.01 (coo = 0.07+0.02),

Py = (0gW,IpI0W,» = 0.32+0.01 (co; = 0.410.02),

Py = (150,Ip[1,0,) = 0.40+0.02 (c;o=0.41£0.02),
Py = LW, Ipl1,W,) = 0.120.01 (cyy = 0.11£0.01).

Swap gate fidelity correction
lyp readout fidelity is >95%", and so the dominant error introduced
during the population basis measurements arises from the swap gate.
We measureits fidelity in the population basis by preparing either the
10,0, state (zero spin excitations) or the [1,0,) state (single spin excita-
tion) and applying two consecutive swap gates such that the systemis
returned to the initial state. By comparing the ”*Yb population before
(pyre) and after (p,,s) the two gates are applied, we can extract fidelity
estimates independently from the *'V state initialization. Assuming
that the swap and swap-back processes are symmetric, we obtain agate
fidelity 7, = ,J(l - 2ppost)/(1 - 2ppre). This quantity is measured for zero
spinexcitationsleadingto ¥, = 0.83 and with asingle spin excitation
leadingto ¥, = 0.52.

When measuring the joint "*'Yb-°'V populations {pyo, Por, Pio» Pui}
we can use these fidelities to extract a set of corrected populations

{Co0» Co1» C10» €} @according to the method in refs. *¢*” using
Cn Py
C10 4 Pro
=F , 11
Co1 po] ( )
Coo Poo
where
1+ ‘7:sw,1 1- ]:sw,O 0 0
1 1_-7:sw,l 1"'-;’:sw,o 0 0
2 0 0 1+‘7:sw,1 1_]:sw,O )

0 0 1_-7:sw,1 1"'-7:sw,0

We use a similar approach to correct the . [swap gate used to read out
the Bell state coherence (Supplementary Information).
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Extended DataFig.1|Experimental set-up and sequence detail. a, Energy
level structure of 'Yb*":YVO, *F,,(0) and F,(0). Initializationinto|0,) involves
repeated pulses ontheF transition combined with consecutive pairs of
pulses applied to the Aand f,. transitions leading to excitationinto [1,).
Subsequently, decay viaE leads toinitializationinto|0,). Optical readout relies
onrepeated optical t pulses onthe A transition, each followed by a photon
detectionwindow during which we measure cavity-enhanced emission via A.
b, Experimental set-up. Optical control of the Aand F transitions is realized via
two frequency-stabilized lasers, each modulated using acousto-optic
modulator (AOM) shutters. Microwave control is divided into two paths: a
low-frequency path consisting of 675 MHz ground state control (f, transition)
and RF, both generated using asingle arbitrary waveform generator (AWG)

71Yb initialisation
into |0,)

Storage of superposition state  Optical readout of
and retrieval from register 7Yb in X basis

channel and a high-frequency path consisting of 3.4 GHz excited-state
microwave control (f, transition). Each pathisindependently amplified and
combined usingadiplexer. The device chip and asuperconducting nanowire
single photon detector (SNSPD) are cooled to ~-500 mK inacryostat. ¢, Detailed
pulse sequence used for quantum state storage and retrieval. First, the *'V
register and "'Yb qubitareinitialized into |0,) and |0, respectively, as
described in the text. Subsequently, the ”'Yb is prepared inasuperposition
stateviaam/2 pulse, whichis swapped onto the *'V register using a ZenPol
sequenceresonantwith the 991kHz w 'V transition. After await time, ¢, the
stateisswappedback to”'Yband measured in the xbasis viaat/2 pulse
followed by optical readout.



a Mgale T
Vol0,) (ITve) (HA|
——
Single qubit Clifford gates
0.6
05
§ 04y
K5
=1
g 037 £=0.99975+0.00004 1
o
= 02} 1
0.1¢ 1
0 .
0 5000 10000

Number of gates, Mgate

Extended DataFig.2 | Randomized benchmarking and "'Yb qubit
coherence.a, We measure the average fidelity of single-qubit gates applied to
the”'Yb |0,) « [1,) transition. We apply a series of M, randomly sampled
Clifford gates followed by the inverse operation (top inset). When averaged
over asufficiently large number of samples (in our case 100) we can extractan

0.6

05

04

0.3 T,=16+2 ms

[14) Population

0.2

0.1

0 70
Total wait time (ms)

average gate fidelity from the 1/e exponential decay constant, leading to
f=0.99975+0.00004. b, We also measure the coherence time of the qubit
transition using an X¥-8 dynamical decoupling pulse sequence (top inset) with
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Duringthe HH pulse (red), the ”'Yb |0,) < [1,) qubit transitionis driven horizontal resonance features occurring at pulse amplitudes of 0.15, 0.3, and
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When the Rabi frequency of the HH pulse is tuned to equal one of the *'V Ramsey coherence time. ¢, HH spectroscopy simulation results. Simulation
transition frequencies, the'Ybis transferred into the |+) dressed state as a results agree well with the experiment, corroborating that 'Yb->'V
result of resonant population exchange (greenarrows). The |+) state interactionsare dominantinour system.

populationis mappedto [1,) withafinal x-phase /2 pulse for readout.
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Extended DataFig.4|ZenPolsequencedetail. a, ZenPol sequence with the
toggling-frame transformation of the §, operator for the ”'Yb qubit. The
ZenPolsequence consists of aseries of mand /2 pulses about the xand y axes
combined withasynchronously applied, square-wave RF magnetic field with
period2z. The Overhauser-and RF-induced interactions are determined by the
togglmg -frame transformations ofSZ, whicharegivenby SxfOH fOHand
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spin-exchange interaction with atime-averaged Hamiltonian that depends
only onthe RF magnetic fieldamplitude. b, ZenPol sequence filter functions
corresponding to the Fourier transforms off(;”(yellow) and f';F(purple). Fora
sequence with fixed 7, the peak positions determine the resonant frequencies
atwhich”'Yb-*'Vinteractions can occur. Note that the incoherent
Overhauser-induced interactions occur at even-kresonances and are spectrally
separated from the coherent RF-induced interactions occurringatodd-k
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Extended DataFig.7|Direct *'Vnuclear spindriving. a, Details of 'V nuclear
spindriving scheme. Todirectly drive the *'V nuclear spin w_ transition, a
sinusoidal z-directed RF magnetic field, BY* sin(wt),is applied to the system at
afrequency of /21 =991 kHz afterinitializing the 7'Yb and *'V register into
[0g>and |0,) = [V V4 1), respectively (drive protocol 1). Thisinduces an
oscillating magnetic dipole moment on the ”'Yb qubit, which in turn generates
anamplified transverse driving field ateach *'V (Methods). Consequently, the
four*'Vregister spins undergo independent Rabi oscillation between the
|*)y=1£5/2) and [V) = [+7/2) states. To probe the nuclear spin Rabi oscillation, the
|¥) population is measured by preparing the "'Ybin |1,) viaanx-phase mt pulse,
performingasingle swap gate and reading out the "'Yb population.

b, Decoupling of magnetic field noise originating from the ”'Yb Knight field.
Toimprove the nuclear spin control fidelity, a train of equidistant tpulses are

Drive time, t,. . (1)

applied tothe”'Yb during the driving period, thereby cancelling dephasing
duetothe”'YbKnight field (drive protocol 2). Each t pulse isaccompanied by a
m phase shift of the sinusoidal field to ensure phase continuity of the nuclear
Rabi driving, and an even number of t pulses ensures the 'Yb state is returned
to |0,y at the end of the sequence (Methods). ¢, Measured *'V register Rabi
oscillations using the aforementioned schemes. We observe coherent nuclear
Rabioscillations between the [V) and | 1) states at aRabi frequency of
0,/21=7.65+0.05kHz. Anexponential decay is observed witha1/e time
constant of280 + 30 ps without decoupling (blue). The additional mwpulses
applied tothe”'Yb qubitlead toan enhancementin control fidelity, givingal/e
Gaussian decay time 0of1040 + 70 ps (red). The black arrow at t = 69 psindicates
the'Vm pulseusedinFig.3c.
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relaxation timescales, T{""’, of the entangled register state, |W,), under various
conditions. Top, the*'Vregister is prepared in the |W,) state by swapping a

single spin excitation from the "'Ybinitialized into [L,). After a variable wait
time, ¢, the >'V state is swapped back onto”’Yb and measured (top inset). The

resulting Gaussian decay shows a1/e relaxation time of T{""’=39.5 + 1.3 ps (blue
trace), limited by dephasing of the entangled |W,) state. Middle, the T{"’
lifetime can be extended by applying aseries of equidistant tpulses to the ”'Yb
separated by 2¢,, = 6 ps (middleinset). This decouples the |W,) state from
dephasinginduced by the ”'Yb Knight field, equivalent to the coherence time
extensioninFig.3b, leading toan extended1/elifetime of T’ =127 + 8 us

0.55F ' '
051 T=0.54:0.08 s

0.45 ® .

[14) Population
o
=
[ ]
[ ]

035}

03r

0.25 . .
0
Wait time, t (s)

(red trace). Bottom, further extension of the T§W) lifetime is achieved by
dynamical decoupling whereby additionally two 'Vt pulses are applied during
the wait time with a variable pulse separation 2¢, (bottominset). This givesrise
toasubstantially prolonged lifetime of 7"’ = 640 + 20 ps (yellow trace),
equivalenttothe coherence time extensioninFig.3c.b, Measured relaxation
timescale, T{¥, of the polarized register state |0,).The register isinitialized in
|0,y and after a variable wait time, ¢, the *'V state is swapped onto ”'Yb and
measured (inset). We observe an exponential decay with al/erelaxation time of
7({¥=0.54 +0.08s, probably limited by incoherent population transfer to the
bath. See Supplementary Information for detailed discussion of T, relaxation
mechanisms.
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fidelity characterization. a, Sequential tomography protocol for
characterizing”'Yb-°"'V populations in the basis spanned by {{0,0,), |0,W,),
[1,0,), [1,W,)}. Reconstructing the population probability distribution utilizes
readoutsequences1and 2, eachincluding three consecutive 'Yb state
readoutsinterleaved with single-qubit gate operations and aswap gate.

b, Table summarizing the post-processing criteria for state attribution.
Readoutsequences 1and 2measure the {{0,0,), |0, W,)} and {{1,0,), [1,W,)}
populations, respectively, conditioned on the three measurement
outcomes. See Methods for full details of the post-processing procedure.
c,Reconstructed population distributions for estimating state preparation
fidelity. The four basis states, {|0,0,), |0,W,), 1,0,), [1,W,)}, are independently
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prepared by applying acombination of 'Yb 1t pulses and swap gates to the
initial |0,0,) state (see insets). Subsequently, the sequential tomography
protocol for statereadout (RO) is applied iteratively, alternating between
readout1and2sequencesto fully reconstruct the population probability
distributions. d, Reconstructed population distribution for the ”'Yb-°'V Bell
state (reproduced from Fig. 4c). The maximally entangled Bell state

Wh = %(ugov) -il0,W,»)is prepared by applyinga./swap gateto 1,0,) and
measured using RO (inset).Inc, d, the uncorrected and readout-corrected
measurementresults are presented as dashed and solid filled histograms,
respectively, with error barsindicating one standard deviation. Populations
are corrected by accounting for the swap gate error during the readout
sequences (Methods).
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Extended DataFig.10|Experimental demonstration of deterministic
nuclear spinregister. To demonstrate the deterministic nature of the nuclear
spinregister, we perform the same measurements on two additional "'Ybion
qubits presentinthedevice:ion 2 (red) andion 3 (yellow). Results forion 1
(blue) arereproduced from Figs. 2and 3 for ease of comparison. a, ZenPol
spectranear the w (k= 5) resonance of the *'V register spins. Note that for all
threeions, thebath andregister transitions are identified at the same
resonance frequencies of w?*"/21m =1, 028kHz and w./21 = 991 kHz,
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respectively. b, Dynamically engineered spin-exchange dynamics between the
7'yp qubitand 'V register. Using constant ZenPol square-wave RF amplitude
we obtain equal spin-exchange rates for all three ions. ¢, Characterization of 'V
register coherence times with decoupling from the "'Yb Knight field. The 1/e
coherencetimesare measuredtobe 225+ 9 us,273 +12 pusand 261 + 9 ps for
ions1,2and 3, respectively. All of these results demonstrate that our platform
providesanearly identical nuclear spin register for every'Yb qubitin the
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