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Optical atomic clocks are our most precise tools to measure time and frequency' . Precision frequency
comparisons between clocks in separate locations enable one to probe the space-time variation of fundamen-
tal constants*> and the properties of dark matter®’, to perform geodesy®1?, and to evaluate systematic clock
shifts. Measurements on independent systems are limited by the standard quantum limit (SQL); measurements
on entangled systems can surpass the SQL to reach the ultimate precision allowed by quantum theory — the
Heisenberg limit. While local entangling operations have demonstrated this enhancement at microscopic dis-
tances''~1°, comparisons between remote atomic clocks require the rapid generation of high-fidelity entangle-
ment between systems that have no intrinsic interactions. Using a photonic link!7!8 we entangle two 38Sr ions
separated by a macroscopic distance'® (=2 m), to demonstrate the first quantum network of entangled optical
clocks. For frequency comparisons between the ions, we find that entanglement reduces the measurement un-
certainty by nearly /2, the value predicted for the Heisenberg limit. Today’s optical clocks are typically limited
by dephasing of the probe laser?’; in this regime, we find that entanglement yields a factor 2 reduction in the
measurement uncertainty compared to conventional correlation spectroscopy techniques2%22. We demonstrate
this enhancement for the measurement of a frequency shift applied to one of the clocks. This two-node network
could be extended to additional nodes®3, to other species of trapped particles, or — via local operations — to larger

entangled systems.

Nonclassical states enable measurement precision be-
yond the standard quantum limit (SQL)>**~?’. For example,
quantum-enhanced measurements have been used for gravi-
tational wave sensing”®?°, searches for dark matter®°, force
sensing®32, measurements of quadrupole moments'?, local
Lorentz invariance'#, and atomic isotope shifts'>. While quan-
tum networks>> have been used for quantum cryptography>*,
quantum computation®®, and verifications of quantum the-
ory®, they could potentially be used for enhanced metrol-
ogy by distributing entanglement between remote systems.
This enhancement is particularly important for optical atomic
clock comparisons, where the number of measurements re-
quired to reach the noise floor is presently limited by the
single-shot measurement uncertainty set by the SQL. Harness-
ing entanglement to move beyond the SQL and reach preci-
sion floors faster will enable the detection of phenomena on
shorter timescales, and reveal previously undetectable signals
by reducing the demands on the stability of the system.

The standard method for optical atomic clock comparisons
requires the measurement of each atomic frequency relative
to a laser. This laser is used to drive a narrow optical atomic
transition and its relative frequency is determined by observ-
ing changes in the atomic state. This measurement is typically
performed using a Ramsey experiment®’*%, where a superpo-
sition of two states, ||) and |1), evolves for a duration T in
between two /2 pulses. A difference frequency between the
atom and the laser results in a relative phase between the two
atomic states, which can be measured by repeated observa-
tions of the final state of the atom. For a single atom i, the
expectation value of this measurement is
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(IL;) = Cicos(A TR + ¢1), (D

where A; = @y — w; is the detuning between the laser fre-
quency, @, and the atomic resonance frequency, @;. Here,
¢; is the phase of the second 7/2 pulse with respect to the
first pulse, C; is the signal contrast, which is ideally 1 in the
absence of decoherence, and I1; = 6,; = [1) (1] — |{) ({| is the
spin measurement operator. The corresponding uncertainty in
the frequency A; for a single quantum measurement is

8 (1)
CTr ’

8A; = 2)

where & (IT;) is ideally limited by quantum projection noise’”.

Minimising this ‘single-shot’ uncertainty minimises the num-
ber of measurements required to reach a given precision. To
compare two clocks, we wish to measure the frequency differ-
ence, A_ = A} — Ay = @, — @. For completely independent
systems, separate measurements of Ay and A, are required.
Assuming each measurement has the same uncertainty, the
single-shot uncertainty of A_ is SA_; = v/28A;. A direct
measurement of A_ can be made by probing two atoms with
simultaneous Ramsey experiments and measuring the corre-
lated two-ion parity signal'?

(IT) = Py cos(A  Tr+ ¢ ) + P_cos(A_Tr+¢_), (3)

where Ar = Aj +A,, ¢+ = ¢ + @2, and 1= 6, 6.5. The prob-
abilities of the two-atom state during the Ramsey delay being
5 (1) + €@ [11)) or 5 (114 + € [11)) are given by P-
and P, respectively, where ¢ and ¢’ are arbitrary phases. For
two maximally-entangled atoms, we can set P~ =1 (and Py =
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FIG. 1: Network of entangled optical clocks. a, Experimental apparatus. The network comprises two trapped-ion systems,
Alice and Bob, separated by 2 m, each containing a single 8Sr* ion (not to scale). We use a photonic link to generate remote
entanglement; spontaneously emitted 422 nm photons are transmitted via optical fibres to a Bell state analyser where a
measurement projects the ions into an entangled state within the Sy , manifold. We map this entanglement to the Sy 5 <> Ds />
optical clock transition using a common 674 nm laser, which has fibre-noise cancellation (FNC) from the laser system to the
optical table. This laser is also used to probe the clock transition. Each trap has an independent acousto-optical modulator
(AOM) for switching, frequency and phase control. A magnetic field of ~ 0.5mT, indicated by By p, provides a quantisation
axis in each trap. The relevant energy levels of 38Sr are shown in the inset. b, Experimental pulse sequence. In a single
experimental sequence, we measure the ion states after Ramsey experiments on both the entangled and unentangled states.
Entanglement generation, using simultaneous 422 nm excitation pulses, is repeatedly attempted until a coincident two-photon
detection at the Bell state analyser heralds entanglement. A 674 nm 7-pulse maps the entanglement to the optical clock
transition. We then simultaneously perform a Ramsey experiment on each ion with a total probe duration of T; spin-echo
pulses during Ty are not shown. The phase of the first 77/2 pulse on Alice is ¢9 = ¢ + 7, where ¢ is the phase of the initial
entangled state. Following ion readout, cooling, and state preparation, this process is repeated for the unentangled state.

0) to measure A_ directly with maximum signal contrast, re-
sulting in a single-shot uncertainty SA_ , = §A; = 8A_ ;/ /2.
This uncertainty is /2 lower than the uncertainty achieved
with two independent atoms, following the expected Heisen-
berg scaling 0.

With present optical clock technology, dephasing of the
probe laser typically limits the uncertainty that can be
achieved*!"*?. For the single-atom measurements, laser phase
noise effectively randomises ¢; in Eq. 1, reducing the con-
trast C; and setting a practical limit on the duration 7. In this
regime, entanglement offers an additional advantage as ¢_ has
complete cancellation of common phase fluctuations and is
only affected by differential phase noise between the two sys-
tems. If entanglement is not available as a resource, this in-
sensitivity can also be accessed by using conventional correla-
tion spectroscopy**~*¢, which involves simultaneous measure-
ments with a common probe laser and an unentangled two-
atom state’!, as recently demonstrated by Clements et al.>”
for two macroscopically-separated clocks. However, in this
scenario P, = P_ = % which sets the limit on the measure-

ment uncertainty to 0A_ , =28A; = \@SA,A, a factor of v/2
worse than independent single-ion measurements. Entangle-
ment enables one to combine this noise-insensitivity with the
maximum measurement precision allowed by quantum me-
chanics.

The challenge in realising this entanglement enhancement
for remotely-located atoms is that the entangled state needs to
be generated with both high fidelity (to achieve P_ ~ 1) and
high speed (to maximise the measurement duty cycle). This
has prevented previous experimental demonstrations. Using
our two-node trapped-ion quantum network'®, we can create
entangled states of two remote 33Sr* ions with a fidelity of
0.960(2) in an average duration of 8 ms*’, sufficient to re-
alise the first elementary network of entangled optical clocks.
We compare atom-atom frequency difference measurements
of the 38Sr™ optical clock transition frequency using (i) in-
dependent measurements on each atom, and correlated mea-
surements of both (ii) unentangled atoms, and (iii) entangled
atoms. We characterise the enhancement gained from entan-
glement and, as a proof-of-principle, make an entanglement-



a c Tr=0.1ms e Tr=17.5ms
Alice 1.00
0.75 =

\ 0.50 LY
025
0.00 | ==

Parity signal

-0.25 n

Independent single-ion
measurements

-0.50 N
M 075 m  Alice, C=0.93(1) » ®  Alice, C = 0.20(10)
' Bob, C=005(1) S\ &< Bob, C = 0.10(4)

-1.00

Entangled
0.75

0.50

o 2 |
1)y Fou | e

HT> — os0

-0.75

measurements
Parity signal

Correlated two-ion

¢ Entangled, C =0.78(1) ¢ Entangled, C = 0.24(1)
Unentangled, C = 0.45(1) Unentangled, C = 0.13(2)
-1.00

0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Analysis phase ¢1 (2m) Analysis phase ¢1 (2m)

FIG. 2: Spectroscopy with and without entanglement. a, We perform Ramsey experiments on Alice’s (blue) and Bob’s (pink)
atoms, using a probe laser with frequency @y . These experiments can measure the atoms’ detunings A; and A, between @, and
the |}) <> |1) transitions. Thus, two independent measurements are required to obtain the difference frequency A_ = A; — Az. b,
With entanglement, only a single measurement is required for A_ using the two-atom states |} 1) and |1].). A single
measurement can also be performed using unentangled states, at the cost of having population in the additional states |J.) and
[11) that does not contribute to the signal. For ¢-f, we scan the analysis phase ¢; = —¢, from 0 to & radians. We plot the
single-ion (c) and two-ion parity (d) signals at a Ramsey duration of 0.1 ms. Imperfect entangled-state generation and an
increased effect from the imperfect spin-echo pulses reduce the contrast of the entangled state (green diamonds), compared to
the single ion scans (blue squares and pink triangles). The two-ion signal from the unentangled state (orange circles) has about
half the contrast of the entangled state signal; the y-offset from 0O arises from the term containing A in Eq. 3. Similarly, we plot
the single-ion (e) and two-ion parity (f) signals at a Ramsey duration of 17.5 ms, by which point the y-offset from the A, term
has averaged to zero (see Supplementary Information § J) . At this duration, both the single-ion and two-ion signals are reduced
due to qubit decoherence from differential magnetic field fluctuations, but the entanglement enhancement is still evident. The
single-ion signals have almost no visibility and increased uncertainty in the fits due to sensitivity to common-mode laser phase
noise. Experimental data are shown as points, with error bars calculated from projection noise. Fits to the data (lines), and their
corresponding contrasts C, are shown with 68% confidence intervals (shaded region), following Eq. 1 and Eq. 3 for the
single-ion and two-ion signals respectively.

enhanced measurement of a frequency shift applied to one of  entangled state |¥) = %(uT) +¢/?|1])), where ¢ is set by

the atoms. the difference in optical paths and magnetic field strengths
between the two systems, and £+ depends on the measure-
ment outcome of the Bell state analyser*®. The qubit states are
[}) =1S1/2,mj = —1/2),and |1) =|Ds)5,m; = —3/2), where
m is the projection of the angular momentum along the quan-
tisation axis defined by a static magnetic field ~ 0.5 mT. We
calibrate the phase of the initial 7/2 pulse for Alice’s atom,
relative to ¢, to remain in the optimal entangled state for mea-
suring A_ (see Supplementary Information § B). The data re-
quired for comparison of the three measurement methods, at
a given Ramsey duration, is taken in a single experiment se-
quence as shown in Fig. 1b. We use the data from the unentan-

For these experiments, we drive the 55/, <> 4Ds/, opti-
cal clock transition in each trapped-ion system (labelled Al-
ice and Bob) with light from a common 674 nm laser, as
shown in Fig. la. Entanglement generation, Doppler cool-
ing, state preparation, and readout are performed using the
422nm Sy, — P;, transition. The initial atom-atom entan-
glement is generated using qubit states within the S, man-
ifold that are separated at radiofrequency by 14 MHz'°. To
map this entanglement to the 445 THz optical qubit in each
atom, we use a resonant 674 nm z-pulse on the Sy, <+ Ds»
transition (see Supplementary Information § A). We create the



gled state to obtain both the single-ion and the two-ion parity
signals. The dominant source of decoherence in this exper-
iment is fluctuation of the qubit transition frequency due to
magnetic field noise. To suppress this decoherence and enable
longer Ramsey durations, we use active magnetic field stabili-
sation and a modified spin-echo sequence (see Supplementary
Information § C).

We perform Ramsey experiments with durations from
0.1 ms to 20 ms for both the entangled and unentangled states.
Figure 2 shows a comparison of these experiments at 0.1 ms
and 17.5 ms. To measure the oscillation only from the term
in Eq. 3 containing A_, we set ¢ = —¢; and scan ¢@;. At
Tr = 0.1 ms, we observe a slight reduction in contrast for the
unentangled ions, mainly due to imperfect spin-echo pulses;
imperfect entanglement fidelity further reduces the contrast
for the entangled state. At longer durations, qubit decoher-
ence due to magnetic field noise reduces the contrast of all the
parity signals (see Fig. S2). The sensitivity of the single-ion
signal to laser phase noise is evident from the additional re-
duction in the contrast. When the laser phase noise at the fibre
output was intentionally increased by turning off the FNC, we
observed high contrast for the two-ion signals at probe dura-
tions where the single-ion signals had decohered completely
(see Fig. S6). This demonstrates a decoherence-free subspace
encoded in two qubits separated by a macroscopic distance. In
principle, our network could also be used to enhance measure-
ments of A, which is required to stabilise the laser frequency
to the mean atomic frequency. However, the entangled state
needed for this measurement has an increased sensitivity to
laser dephasing (see Fig. S3), hence accessing this enhance-
ment will require improvements in laser technology.

To illustrate the enhancement from the entangled state for
frequency comparisons, we plot the single-shot uncertainty
for the single-ion and two-ion measurements versus the Ram-
sey duration (see Fig. 3a). As expected from Eq. 2, the
single-shot measurement uncertainty decreases with Tz un-
til, at longer durations, it rises due to reduction in the par-
ity contrast. We note that the majority of the measurements
have a higher uncertainty compared to ideal single-ion mea-
surements limited only by quantum projection noise (dashed
curve). We observe the advantage of probing two ions simulta-
neously at longer Ramsey durations, where the uncertainty for
the single-ion measurements increases due to laser dephasing.
At all durations, the entangled state yields the lowest experi-
mental uncertainty, with a minimum at 7x = 10 ms.

We define the entanglement enhancement as the ratio of the
number of measurements required to reach a given precision ¢
without entanglement (Nj),), to the number of measurements
required using the entangled state (N,), where o is given by

- 6A—.s|u\e
iV, Ns\u\e

Thus, the entanglement enhancement is equivalent to
Nyjy/Ne = (5A_1S|L¢/5A_7e)2, where s, u, and e correspond to
measurements with single ions, unentangled ions, or entan-
gled ions, respectively. In Fig. 3b we plot this entanglement
enhancement versus the Ramsey duration. Relative to the
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FIG. 3: Characterisation of entanglement enhancement.
a, Single-shot frequency uncertainties for single-ion (8A_ ),
correlated unentangled (§A_ ,), and entangled (6A_ ,)
measurements, versus Ramsey duration (7z), excluding other
contributions to the experimental duty cycle. The blue dashed
line indicates the minimum uncertainty achievable by
single-ion measurements limited only by quantum projection
noise (QPN), i.e. single-ion measurements with perfect
contrast. The data at 7z = 0.1 ms are omitted for clarity. At
all durations, the entangled state achieves the lowest
single-shot uncertainty. At longer durations, the single-ion
measurements have the highest uncertainty due to their
sensitivity to laser dephasing. b, Entanglement enhancement
versus Ramsey duration (7y) relative to single-ion
measurements (olive squares) and relative to measurements
with two unentangled ions (turquoise circles), where

Nyju/Ne = (6A_ 5/ SA_,)?. The theoretical enhancements
are 2 relative to the single-ion (olive dashed line) and 4
relative to the unentangled state (turquoise dash-dotted line).
All error bars indicate 68% confidence intervals.

single-ion measurements, we observe an enhancement which
is initially close to the expected factor of 2, but increases at
longer durations. In this regime, correlated measurements us-
ing two unentangled ions have a reduced uncertainty com-



pared to the single-ion measurements. Entanglement yields an
even greater enhancement: we observe close to a factor of 4
enhancement relative to the unentangled state at all durations.

Finally, as a proof of principle, we use entanglement to en-
hance the measurement precision of an applied frequency dif-
ference between the two ions. This frequency difference arises
from an AC Stark shift due to a far-detuned 674 nm beam
which illuminates Alice’s ion throughout the Ramsey dura-
tion (here 15ms). As shown in Fig. 4a, when the AC Stark
shift is applied we see about a factor 2 increase in the sig-
nal for the entangled state as compared to the unentangled
state. From the parity response, we measure a frequency dif-
ference A_ of —8.8 2.5 Hz with the unentangled state, and
—8.6 £ 0.6 Hz with the entangled state (see Fig. 4b), a frac-
tional frequency uncertainty of ~ 1073, The measurement
uncertainty without entanglement is higher than the expected
factor of 2 compared to the measurement with entanglement.
This is likely due to an increased uncertainty in the parity sig-
nal for the unentangled state due to the term corresponding to
P, in Eq. 3, which contributes excess noise to the measure-
ment at this Ramsey duration even though the mean offset has
averaged to zero (see Supplementary Information §J). This
results in an above-statistical scatter in the unentangled mea-
surements, as can be seen in Fig. 4a. Probing the atoms at a
duration much longer than the timescale for laser dephasing
would remove this noise.

In conclusion, we have demonstrated enhanced frequency
comparisons using an elementary quantum network of two
entangled trapped-ion atomic clocks. The high fidelity and
speed of entanglement generation in our network, which give
a large signal and an efficient duty cycle, show that entangled
clocks can potentially offer a practical enhancement for
metrology. Compared to probe durations of ~500ms used
in state-of-the-art optical clocks”, our mean entanglement
generation duration of 9 ms would have a negligible effect on
the measurement duty cycle. We were restricted to the use of
short probe durations (compared to the limit set by the 38Sr+
4Ds ), lifetime*® of ~ 400ms) by qubit decoherence due to
magnetic field fluctuations. The magnetic field fluctuations
could be reduced significantly through the use of supercon-
ducting solenoids>®, mu-metal shielding', or more advanced
dynamical decoupling schemes®>. While our demonstration
used single 38Sr* ions, whose simple level structure enables
fast entanglement generation, the remote entanglement could
in principle be mapped to any ion species via quantum logic
operations, with negligible loss of fidelity or speed*. For
example, we could choose an ion with a transition that has
a reduced magnetic field sensitivityl, a narrower linewidth,
or an increased sensitivity to fundamental constants’. The
stability of the entangled state phase ¢ would be an important
consideration for attaining state-of-the-art measurement pre-
cisions. Increasing the distance between nodes is important
for remote sensing and geodesy. Longer fibres with phase
noise cancellation® could be used at the cost of a reduced
entanglement rate due to fibre losses at 422 nm; downcon-
version to telecom wavelengths>® could reduce losses. Using
local operations to increase the number of entangled ions in
each node could further reduce the measurement uncertainty
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FIG. 4: Measurement of clock-clock frequency difference
with and without entanglement. a, We plot the two-ion
parity signal with (green diamonds) and without (orange
circles) entanglement at a Ramsey duration of 15 ms,
choosing the analysis phase ¢ to sit at the steepest slope of
the parity signal (see Fig. S8). The average parity signal with
and without the shift are shown for the entangled (green
dashed line) and unentangled state (orange dash-dotted line).
The first five points are without any frequency shift, the next
five points (shaded area) are with a shift applied to Alice’s
ion. The change in parity signal for the entangled state is
about twice as large as for the unentangled states. Error bars
indicate 68% confidence intervals, given by quantum
projection noise. b, Measured frequency difference with and
without entanglement. From the change in the parity signal
measured in a, we determine frequency differences of
—8.6+0.6 Hz and —8.8 2.5 Hz, with and without
entanglement, respectively. Error bars indicate 68%
confidence intervals.

for frequency comparisons. In principle, an entangled clock
network with additional nodes connected via photonic links
could also improve measurements of a common frequency
reference??; however, such an implementation would not have
the common-mode phase suppression achieved here for atom-
atom frequency comparisons. Our demonstration provides
the first building block towards such a network that could
operate beyond the SQL, at the fundamental Heisenberg limit.
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SUPPLEMENTARY INFORMATION
A. Mapping remote entanglement to optical qubit

The initial entanglement is generated wusing the
|S1/2,my = £1/2) states that are separated by 14 MHz'°.
To generate this entaglement, we first excite both atoms
simultaneously to the |Py/,m; = +1/2) state using a fast
pulse from a 422nm picosecond laser. The spontaneously
emitted 422 nm photons, whose polarisations are entangled
with the internal state of the ions, are collected in single-mode
optical fibres. The fibres transmit these photons to a Bell-state
analyser, where measurements conditioned on the photon
polarisations project the ions into an entangled state. To map
this entanglement to the optical qubit on each atom, we use
a m-pulse on the |S)y,m;=+1/2) <> |Dsjp,m;=—3/2)
transition. This sequence creates the entangled Bell state

_ L

'¥) 7

(1) £ 1)), (S1)

where ||) =[S} p,m; = —1/2),and [1) = |Dsjp,m; = —3/2).

B. Bell-state phase calibration

We measure the frequency difference between the atoms
A_ = A — Ay = 0 — 0, where A; = @, — w;. The laser
and atomic frequencies are denoted by w; and ®; respec-
tively. To measure A_ using entangled atoms, we require
the state |¥) = %(HT) +¢/?|1])). Entanglement can also

improve measurements of Ay = A; + Ay, which can be
used to stabilise the laser frequency to the mean atomic
frequency; this measurement requires the entangled state
@) = J5 (1) £ [11)).

We initially create the entangled state
|¥) = %(Hﬁ +¢/?|1])), where ¢ is set by optical paths
in the apparatus, and + corresponds to the specific detector
pattern in the Bell state analyser that heralds entanglement'®.
To remain in the optimal entangled state for measuring A_,
we adjust the phase of the Ramsey experiment (¢ in Fig 1b)
in Alice with respect to that in Bob to be ¢9 = ¢ + . Sample
calibration data is shown in Fig. S1, where we determine the
optimal ¢y required for each of the 4 possible valid detector
patterns. This phase is updated in real time within the exper-
imental sequence to acquire data from all heralds. Figure S2
shows the parity contrast versus time for the single-ion
measurements, the two-ion unentangled state and the two-ion
entangled state |¥). By setting ¢p = ¢, we can transform |¥)
to |®). We also performed Ramsey experiments using |P)
as shown in Fig. S3. As |®) is symmetric, we set ¢ = ¢
and scanned ¢; for these data. This state has a faster decay in
contrast due to increased sensitivity to laser dephasing.
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FIG. S1: Calibration of ¢y, the relative phase of the Ramsey
experiments in Alice with respect to Bob. For a Ramsey
duration of 10 ms, and fixed analysis phases ¢; and ¢,, we
plot the two-ion parity versus ¢ for each of the 4 detector
patterns in the Bell state analyser!®. The optimal ¢y
corresponds to the peak of the parity signal (vertical lines).
Patterns 1 (blue diamonds) and 4 (red triangles) are
approximately 7 radians out of phase from patterns 2 (orange
circles) and 3 (green squares), corresponding to the phase
offset of the resulting entangled state.
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FIG. S2: Parity contrast versus Ramsey duration. For each
Ramsey duration, we perform phase scans as shown in Fig. 2
and measure the contrast. The single-ion measurements are
the average contrast from Alice and Bob. For single-ion (blue
squares), unentangled (orange circles), and entangled (green
diamonds) measurements, the contrast decays due to qubit
decoherence. The contrast for the single-ion measurements
also decays due to laser dephasing.

C. Echo sequence

We alternate  between the optical transitions
) =181/2,mj=—1/2) <+ [1) = |Dsjp,m;=—=3/2)  and
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FIG. S3: Two-ion parity contrast versus Ramsey duration for
[¥) = 5 (W) £ [11) and |®) = 5 (L)) £ [11)).
Compared to |¥) (green diamonds), |®) (purple circles) has a
faster decay in contrast due to an increased sensitivity to laser
dephasing. All error bars indicate 68% confidence intervals.

W) = 181 j2m; = +1/2) ¢ [1') = |Ds .m; = +3/2), which
have magnetic field sensitivities of —11.2MHz/mT and
+11.2 MHz/mT, respectively. Thus, by alternating between
these transitions, we can ‘echo out’ slow qubit frequency
drifts due to fluctuations in the magnetic field, while still
measuring a shift of the centre-of-gravity of the 674nm
transition. To map |1) — [1') and [{) — |[{/), we perform
the following echo sequence using 674 nm 7-pulses resonant
with the required transition, as illustrated in Fig. S4:

L |1) = |Dsjp,mj = =3/2) — |Sy5,mj = +1/2)
2. |S12,mj = +1/2) = |Dsjp,mj=+3/2) = [1')
3. [0) =S1j2,mj=—1/2) = |Ds5ja,mj = =3/2)
4. |Dsjp,mj=—=3/2) = |Syp,mj=+1/2) = )

The total duration of this pulse sequence is ~ 44 us. To map
[y — |4) and |1') — |1), we perform the same sequence in
reverse order. For the experiments described in the main text,
we perform a total of 5 such sequences to achieve Walsh-7
modulation®’. The Ramsey duration Tk excludes the length of
these echo sequences. The choice of Walsh sequence index
depends on the magnetic field noise spectrum; for our sys-
tem, the Walsh-7 sequence optimally increased the coherence
time without significantly reducing the contrast due to imper-
fect m-pulses, as shown in Fig. S5. For single qubit-rotations,
we observe an error of ~ 5 x 1074, This error increases to
~ 3 x 1073 for the entangled state due to heating of the ions
during the entanglement-attempt sequence.

D. Magnetic field stabilisation

The two primary sources of magnetic-field noise are fluctu-
ations in the current supplied to the coils, and ambient AC

mj = +5/2 D
M L T
~1/2
2 |T>L/2 59
.
AV >
V=5
S12 M

FIG. S4: Modified spin-echo sequence. We map the |}) and
|1} qubit states to the |]') and |1') states following the pulse
sequence described in the text. The primed states have equal
and opposite magnetic field sensitivities to the unprimed
states.
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FIG. S5: Single-ion parity contrast versus Ramsey duration
for different Walsh sequence indices 1 (blue circles), 3
(orange triangles), 7 (green squares), and 15 (red diamonds).
As we increase the Walsh sequence index, we observe higher
contrasts at longer durations. We fit a Gaussian decay to each
dataset. For the experiments described in the main text, we
use a Walsh-7 sequence.

fields at 50 Hz (and harmonics) induced by wires carrying
mains current in the vicinity of the traps. Stabilisation cir-
cuits®® on the magnetic field coils reduce these noise sources
and increase the coherence time of the optical 38Sr™ qubit
from 0.75(1) ms to 7.1(1) ms.

E. Fibre noise cancellation

The fibre noise cancellation (FNC) for the 674 nm light uses
an acousto-optical modulator (AOM) before the 15 m fibre to
the optical table with Alice and Bob. We pick off light be-
fore this AOM, which is superimposed on a photodiode with
light retro-reflected from the output facet of the fibre. We use
this error signal to modify the rf input to the AOM>°. All the



experiments described in the main text were performed with
this FNC turned on. The two-ion correlated measurements are
insensitive to laser dephasing, as discussed in the text. While
this is visible at long Ramsey durations, additional decoher-
ence from magnetic field fluctuations further decreases the
parity contrast. To unambiguously demonstrate the insensitiv-
ity to laser dephasing, we performed additional experiments
with the FNC turned off, as shown in Fig. S6. Compared to
the data in Fig. 2, at Tg = 2.5 ms we observe a complete loss
in contrast of the single-ion signals due to laser dephasing,
while the two-ion signals are essentially unchanged.

F. Duration of entanglement generation

We simultaneously excite each ion using a 422 nm pulse,
and the spontaneously emitted photons are transmitted to the
Bell state analyser where a coincident detection of a pair of
photons projects the ions into an entangled state. As we only
detect a small fraction of the emitted photons, the entangle-
ment generation is probabilistic and has a variable duration.
We note that, because the entanglement is heralded, all events
are used without any post-selection. Each attempt has a dura-
tion of 1 us, with 250 us of laser cooling after every 1000 at-
tempts. For the data in this work, the mean entanglement gen-
eration duration is about 9 ms. We plot the histogram of entan-
glement generation durations for a sample dataset in Fig. S7.

G. Single-ion and two-ion parity signal calculations

At the readout stage of the experimental sequence, we de-
termine whether each ion was in the [{) or |1) state by record-
ing its fluorescence. An ion in the state |J.) is bright, while an
ion in the |1) state is dark. For multiple repetitions at a given
Ramsey duration, we can then determine the probability of
each ion being in [|) (P)) or |T) (P;). The expectation value
is (6;) = Pr — P, = 1 —2P,. To determine the parity for the
two-ion measurements, we calculate (IT) = (6,16,). We use
the same data to calculate the single-ion and the correlated
unentangled two-ion parity signals using unentangled ions.

H. Entanglement-enhancement calculation

As given in Eq. 2, the single-shot frequency uncertainty for
measuring A; = @y — @; from a parity scan is

8 (1)

OA; =
i CiTx )

where T is the Ramsey wait duration, C; is the contrast of
the single-ion parity fringe, and & (I1;) is the parity measure-
ment uncertainty, which is ideally limited only by projection
noise®” and hence has a value of 1. From the single-ion exper-
iments, the single-shot uncertainty in A_ is therefore

SALY [1 1

+ .
1k C12 C%

SA = (S2)

For the correlated two-ion measurements, the single-shot un-
certainty in A_ is given by

5 (11
A = —
o —,ule CTx )

Neps

where C is now the contrast of the two-ion parity fringe. For
C) = C; = C, using an entangled state thus gives a /2 reduc-
tion in the measurement uncertainty compared to single-atom
measurements. Using simultaneous measurements of an un-
entangled two-ion state, C has a maximum value of l, which
increases the single-shot uncertainty by a factor of 2 compared
to the entangled state.

For Fig. 3, to obtain an error bar for the single-shot uncer-
tainties and the entanglement enhancement, we only consider
the uncertainty in the fitted parity contrasts and propagate the
error accordingly.

I. Calibration for Stark shift measurement

To generate a differential shift between the two ions,
we illuminate Alice’s ion with a detuned 674nm beam
during the 15 ms Ramsey wait duration which gives an AC
Stark shift. This beam is 35 MHz red-detuned from the
|S1/2,mj = —1/2) <> |Dsj5,mj=—3/2) transition and has
a power of ~ 20 uW. The calibration data for the frequency
shift measurement in Fig. 4 is shown in Fig. S8. The fitted
Ramsey fringes allow us to convert a change in the parity
signal to a frequency shift.

J. Effect of laser dephasing on parity signal

For the two-ion parity data in Fig. S2, we plot the error in
the fitted contrasts and the value of the y-offset for the un-
entangled ions in Fig. S9. For the data in Fig. 4, we chose a
Ramsey duration of 15 ms. At this duration, the y-offset was
close to zero, but there was still some contribution to the fit-
ted contrast error due to laser dephasing. However, at longer
durations the overall contrast for both the entangled and unen-
tangled ions had decayed further due to qubit frequency fluc-
tuations.
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FIG. S6: Comparison of parity fringes with fibre noise cancellation (FNC) turned off, with and without entanglement, at
Ramsey durations of 0.1 ms and 2.5 ms. We scan the analysis phase ¢; = —¢, from 0 to . We plot the single-ion data for each
of Alice (blue squares) and Bob (pink triangles), and the two-ion data with (green diamonds) and without (orange circles)
entanglement. (a) and (b) correspond to a Ramsey duration of 0.1 ms, while (c) and (d) correspond to a Ramsey duration of
2.5ms. At 2.5 ms, qubit decoherence is minimal; the decoherence of the single-ion signals is primarily from laser dephasing,

whilst the two-ion signals show no decrease in contrast. The shaded regions show the 68% confidence intervals of the best fit
lines.
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FIG. S7: Histogram of entanglement generation durations
for a sample dataset. A total of 11000 attempts are plotted,
with a mean duration of 9.2 ms.
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FIG. S8: Calibration data for the frequency difference
measurement in Fig. 4a. For these data, ¢, = 0 and we only
scan the value of ¢; from 0 to 27 radians with no shift
applied. From these data, we choose the phases at the
steepest slopes indicated by the vertical lines for the
unentangled (orange dash-dotted) and entangled (green
dashed) states, respectively. The shaded regions indicate the
68% confidence intervals. As in Fig. 4a, the above-statistical
scatter of the unentangled data points is evident.
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FIG. S9: Details of two-ion parity data from Fig. S2 for
unentangled and entangled ions. a, For each value of the
Ramsey duration, we plot the the error in the fitted value of
contrast, C, from the parity signal for the two-ion data with
(green diamonds) and without (orange circles) entanglement.
Laser dephasing contributes to the error for the unentangled
two-ion signal through the P, term (see Eq. 3), which is not
present for the entangled-state parity. We suspect that this
error increases because the Ramsey duration is similar to the
timescale of the laser dephasing, which increases the
uncertainty of the contrast due to the P, term. At longer
durations, contributions from this term are reduced, and the
magnitude of the error for the unentangled and entangled
two-ion signals is similar at 20 ms. b, The parity signal for
the unentangled two-ion signal is fitted with a y-offset to
account for the P} term. We plot the value of this offset for
all Ramsey durations. The y-offset reaches zero before the
contributions of this term to the error have fully decayed.
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