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Optical atomic clocks with unrivaled precision and accuracy have advanced the frontier of precision
measurement science and opened new avenues for exploring fundamental physics. A fundamental
limitation on clock precision is the standard quantum limit (SQL), which stems from the uncorrelated
projection noise of each atom. State-of-the-art optical lattice clocks interrogate large ensembles to minimize
the SQL, but density-dependent frequency shifts pose challenges to scaling the atom number. The SQL can
be surpassed, however, by leveraging entanglement, though it remains an open problem to achieve quantum
advantage from spin squeezing at state-of-the-art stability levels. Here, we demonstrate clock performance
beyond the SQL, achieving a fractional frequency precision of 1.1 × 10−18 for a single spin-squeezed clock.
With cavity-based quantum nondemolition measurements, we prepare two spin-squeezed ensembles of
∼30 000 strontium atoms confined in a two-dimensional optical lattice. A synchronous clock comparison
with an interrogation time of 61 ms achieves a metrological improvement of 2.0(2) dB beyond the SQL,
after correcting for state preparation and measurement errors. These results establish the most precise
entanglement-enhanced clock to date and offer a powerful platform for exploring the interplay of gravity
and quantum entanglement.
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State-of-the-art optical lattice clocks (OLCs) now deliver
frequency precision and accuracy below 10−18 [1–10],
enabling tests of fundamental physics [7,11–13], providing
promising candidates for redefining the second in the
International System of Units [5,14,15], and inspiring
applications across diverse fields [16–18]. Recent synchro-
nous comparisons [3,4,6,7,19,20] of two clocks reject local
oscillator (Dick) noise, pushing measurement precision into
the 10−21 decade [7]. Yet clock instability is fundamentally
limited by the standard quantum limit (SQL), which scales
as σSQL ∼ 1=

ffiffiffiffi
N

p
due to the projection noise of the N

uncorrelated atoms. Classical OLCs chase this asymptotic
scaling by maximizing N and battle density-dependent
frequency shifts by engineering the lattice geometry to
cancel [21] or separately resolve [3,22] interaction effects.
Introducing entanglement offers a route beyond this bound:
redistributing spin-noise uncertainty improves the mea-
surement precision for fixed N [23–34]. Over the past
decade, entangled resource states have been generated on
both microwave and optical transitions, across platforms
ranging from cold atom ensembles [26–28,30,33], trapped
ions [31], and tweezer-controlled atom arrays [32,34].
Nevertheless, achieving sub-SQL precision measurements
at the 10−18 frontier remains challenging, as the fragility of

entanglement demands ever more sophisticated quantum
control and engineering.
In this Letter, we report a clock comparison at the 10−18

precision level, also demonstrating a metrological gain
of 2.0(2) dB beyond the SQL after correcting for state
preparation and measurement (SPAM) errors. We prepare
two spin-squeezed ensembles of 87Sr atoms in a two-
dimensional (2D) OLC which is integrated with collective
strong-coupling cavity quantum electrodynamics (QED)
for quantum nondemolition (QND) measurements [33].
Enhanced control of atomic motion in the 2D lattice
suppresses the decoherence induced by QND measure-
ments. Together with improved homogeneity and fidelity of
clock laser-driven spin rotations, robust generation of the
spin-squeezed states advances the clock performance
beyond SQL. In addition, extended clock interrogation
times further improve the measurement precision. The
synchronous clock comparison achieves a fractional
frequency instability of 8.0ð2Þ × 10−17=

ffiffiffi
τ

p
(where τ is

the averaging time in seconds), resulting in precision of
1.6 × 10−18 for the full measurement time.
Our system incorporates a state-of-the-art OLC with a

collective cavity QED system, as first demonstrated in
Ref. [33]. 87Sr atoms are prepared in a two-stage magneto-
optical trap [35] located at ∼40 mm below the cavity,
where atoms are subsequently loaded into a movable lattice
formed by two counterpropagating beams intersecting the
cavity mode. By introducing a detuning between two lattice
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beams, the movable lattice transports atoms along the
vertical direction [Fig. 1(a)], allowing arbitrary sections
of the atomic ensemble to be positioned within the cavity
(mode waist ∼71 μm) [36]. A transverse optical lattice,
which is elongated along the vertical direction, ensures a
uniform confinement across the whole atomic ensemble.
These two lattices provide two-dimensional confinement in
the cavity region while still allowing the longitudinal
atomic motion along the cavity axis. After applying side-
band and Doppler cooling, the average vibrational occu-
pations along two lattice directions are below 0.1.
The clock laser [37] propagating along the movable

lattice globally drives the whole atomic ensemble on
the j1S0; mF ¼ −9=2i → j3P0; mF ¼ −9=2i transition.
We select two independent subensembles of atoms,
labeled A and B, that are separated by 140 μm for clock

comparison. The enhanced control of atomic motion
through the 2D lattice and cooling results in an atom-atom
coherence time of 4.5(1) s [Fig. 1(b)]. Furthermore, lattice
transports during Ramsey interrogation disturb the coher-
ence only slightly. We characterize this by measuring the
Ramsey contrast loss after multiple sets of upward and
downward transports. Each transport covers a distance of
140 μm in 2.5 ms. As shown in Fig. 1(c), at 141 ms
interrogation time, the contrast decreases from 91(1)% to
84(2)% after 16 round trips. Combined with cavity-based
QNDmeasurements, this capability enables both midcircuit
transports and nondestructive midcircuit measurements
[38–41] during clock operation, which are essential for
the spin-squeezed clock comparison demonstrated here.
For the spin-squeezed clock comparison, we implement
two round trips during the Ramsey interrogation and
additional two round trips afterward.
The collective atom-cavity coupling enables QND mea-

surements of ground-state atom number Ng in the cavity
[29]. We detune the cavity from the j1S0; mF ¼ −9=2i →
j3P1; mF ¼ −11=2i transition by δc=ð2πÞ ¼ −4 MHz
[Fig. 2(a)]. An ensemble of Ng atoms induces a dispersive
shift of cavity resonance by δωcðNgÞ ¼ Ngðg2=δcÞ [42],

FIG. 1. Enhanced control of atomic motion. (a) Overview of the
setup. Atoms are trapped in a 2D optical lattice formed by a
movable lattice along the vertical (z) direction and a transverse
lattice along y. Relative detuning of the movable lattice beams
enables transport of atoms along the z direction, allowing
independent cavity-based QND measurements of subensembles
A (red tubes) and B (blue tubes). The transverse lattice enhances
confinement and atom-cavity coupling homogeneity. A clock
laser propagating along z globally drives the clock transition.
Combined with sideband cooling along z and Doppler cooling in
the x–y plane, atomic temperatures below 0.5 μK are achieved.
(b) Two-ensemble Ramsey contrast as a function of dark time,
demonstrating an atom-atom coherence time of 4.5(1) s. The inset
shows the parametric plot of the excitation fraction PA and PB
for subensembles A and B, respectively, at 500 ms dark time.
(c) Contrast decay as a function of the number of lattice transport
round trips, measured at a dark time of 141 ms.

FIG. 2. Characterization of QND measurements. (a) The cavity
resonance is detuned from the 1S0 → 3P1 transition by δc=ð2πÞ ¼
−4 MHz. The probe laser for cavity-based QND measurements
induces inhomogeneous light shifts δQND on the 1S0 → 3P0 clock
transition due to nonuniform atom-cavity coupling. (b) Measured
QND-induced light shifts δQND using Rabi spectroscopy in two
lattice configurations: 1D (movable lattice only, 19Er depth) and
2D (movable lattice at 19Er plus transverse lattice at 12Er).
The inset shows a broadened, distorted line shape resulting from
light shifts. (c), (d) Inhomogeneous light shifts lead to loss of
coherence and phase shift in Ramsey spectroscopy, which can be
greatly suppressed with spin echo. Ramsey contrast with and
without echo sequence is compared in two lattice configurations,
showing that enhanced control of atomic motion in the 2D lattice
improves spin-echo performance. The phase shift induced by
QND probing with spin echo is negligible.
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which is measured by balanced optical homodyne detec-
tion. Here, g ¼ 2π × 5.1ð2Þ kHz, where 2g is the effective
vacuum Rabi frequency. A clock π pulse exchanges
the ground- and clock-state populations, followed by a
second QND measurement that determines the number of
atoms initially in the clock state, Ne. Thus, two QND
measurements with a clock π pulse provide a non-
destructive measurement of collective spin projection Jz ¼
ðNg − NeÞ=2 on the clock transition. The quantum projec-
tion noise (QPN) for a coherent spin state (CSS) on the
equator of the Bloch sphere isΔJQPNz ¼ ffiffiffiffi

N
p

=2, whereN ¼
Ng þ Ne and Δ denotes the standard deviation [43].
The same atom-cavity interaction, however, induces loss

of coherence via light shifts [27,28,44,45]. The QND probe
laser, on resonance with the cavity, causes light shifts on the
clock transition. Although the Jz measurement naturally
implements a spin-echo [46] sequence to cancel out the
light shift, the atomic motions and finite temperature
degrade the spin-echo cancellation. To systematically study
this effect, we measure the QND-induced light shift δQND
on the clock transition with Rabi spectroscopy. The photon
number cited in this Letter refers to that incident on cavity
in a 40-ms QND probe pulse. The distorted line shape
[Fig. 2(b)] reveals spatial inhomogeneity in atom-cavity
interaction arising from both the standing-wave struc-
ture and the Gaussian envelope of the cavity mode.
Consequently, a single QND measurement applied during
the Ramsey interrogation imposes an inhomogeneous
phase shift and reduces the coherence of the ground-clock
superposition, as illustrated by “no-echo” traces in
Figs. 2(c) and 2(d). By applying a spin-echo sequence
(Jz measurement described above), Ramsey coherence can
be restored with negligible phase shift. We further compare
the effect of spin echo in two lattice configurations: (i) the
conventional 1D lattice used in state-of-the-art OLCs and
(ii) a 2D lattice [22] that provides tighter confinements
transverse to the cavity axis. As shown in Fig. 2(c), the 2D
lattice preserves the Ramsey coherence more effectively,
as the longitudinal atomic motion along the cavity axis
averages over the standing-wave cavity mode efficiently. In
contrast, radial motion in the 1D lattice averages over not
only the standing wave, but also the Gaussian envelope of
the cavity mode, leading to reduced coherence. We note
that a QND-induced phase shift prior to clock interrogation
does not result in a frequency offset.
Armed with improved Ramsey coherence, we bench-

mark the metrological usefulness of the spin-squeezed
states (SSSs) generated by QND measurements. Follow-
ing the experimental sequence shown in Fig. 3(a), ensem-
bles A and B are first initialized in the clock excited state;
then, a clock π=2 pulse prepares a CSS on the equator of
the Bloch sphere, establishing the clock coherence.
Subsequent Jz measurements (“pre” or “p”) project ensem-
bles A and B into conditionally spin-squeezed states [27],

respectively. Repeated Jz measurements (“final” or “f”)
show correlations with “pre”measurements below the QPN
level for both ensembles, as shown in Fig. 3(b). This allows
the quantum noise to be partially canceled in the difference
Jδz;AðBÞ ¼ Jfz;AðBÞ − βAðBÞJ

p
z;AðBÞ, where optimal estimator

βAðBÞ < 1 accounts for uncorrelated technical noise. We
define the two-ensemble spin-noise reduction as

R ¼
�ΔðJδz;A − Jδz;BÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

NA þ NB
p

=2

�2

; ð1Þ

where
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NA þ NB

p
=2 is the combined QPN for Jz;AðBÞ.

The spin-squeezed states generated by Jz measurements
are rotated into phase-sensitive orientation during clock
interrogation, and a final π=2 pulse maps the phase onto
Jz [33]. The metrological usefulness of spin-noise reduc-
tion has to compensate for the contrast loss from “pre” Jz
measurements during Ramsey interrogation. We quantify
this trade-off by characterizing the metrological gain with

FIG. 3. Spin-noise reduction and metrological enhancement.
(a) Measurement sequence. The “pre” Jz measurements project
the CSSs into conditionally spin-squeezed states. The clock
interrogation sequence consists of two π=2 pulses separated by
an interrogation time T. “Final” Jz measurements read out the
spin-squeezed states after interrogation. (b) Correlations among
successive Jz measurements. Dashed circles with radius
2ΔJQPNz;AðBÞ indicate the QPN-limited scatter, independently cali-

brated from atom-cavity coupling. (c) Metrological enhancement
as a function of probe photon number. Upper panel: the squared
effective contrast C2 ¼ C2

f =Ci versus photon number. Lower
panel: spin-noise reduction R and metrological gain ξ2 ¼ R=C2.
A maximum spin-noise reduction of R ¼ −7.2ð1.0Þ dB is ob-
served. At the optimal photon number, a metrological enhance-
ment ξ2 ¼ −5.1ð1.0Þ dB is achieved.
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squeezing parameter ξ2 ¼ R=C2. Here, the effective
contrast is defined as C ¼ Cf=

ffiffiffiffiffi
Ci

p
, where Ci (Cf ) is the

two-ensemble average Ramsey contrast without (with)
“pre” Jz measurements. The initial contrast Ci ¼ 82ð1Þ%
is limited by the SPAM errors accumulated over multiple
clock rotations, while the contrast loss in Cf is primarily
from the imperfect spin-echo cancellation and photon
scattering into free space. The reduction of Ci shortens
the effective Bloch vector length to CiN=2 and raises the
SQL noise floor by 0.9(1) dB. ξ2 ¼ 1 defines the SQL after
correcting for SPAM errors, and ξ2 < 1 serves as an
entanglement witness [27,44,47,48]. For reference, the
Wineland parameter ξ2W ¼ ξ2=Ci [23] quantifies metrologi-
cal enhancement without accounting for initial contrast.
At the optimal number of photons for QND measurements,
we achieve a two-ensemble spin-noise reduction of
−7.2ð1.0Þ dB and metrological gain of −5.1ð1.0Þ dB.
Furthermore, to directly demonstrate the metrological

gain in clock performance, we perform clock comparisons
between two ensembles [3,4,6,7,19,20]. The clock inter-
rogation time T is 61 ms. As shown in Fig. 4, the clock
comparison with CSSs (without “pre” Jz measurements)

shows a fractional frequency instability of 1.18ð2Þ×
10−16=

ffiffiffi
τ

p
, consistent with the QPN limit [33] set by atom

number and nonunitary Ci. The clock comparison with
SSSs achieves a 3.3(2) dB reduced instability of
8.0ð2Þ × 10−17=

ffiffiffi
τ

p
, corresponding to a 2.0(2) dB metro-

logical gain beyond the SQL, after correcting for
SPAM errors. After a full measurement time of 43 min,
we achieve a single-clock fractional frequency uncertainty
of 1.1 × 10−18, establishing the most precise entanglement-
enhanced clock to date. We note that a linear frequency drift
of 1.6 μHz=s, attributed to a long-term magnetic field
gradient drift, is subtracted when plotting Allan deviation
of the frequency difference between two ensembles.
The observed metrological gain in clock performance is

limited by noise introduced during optical rotations. In
addition to the nonunitary Ci, the two π=2 pulses to rotate
the squeezed-state orientation and map the clock phase into
populations can introduce excess noise from the anti-
squeezing quadrature [27,28]. Achieving high-fidelity
optical rotations requires a low-noise optical local oscillator
[37,49,50] and high-fidelity quantum state engineering
[3,51–54]. Further improvements can be realized by con-
fining atoms in a three-dimensional optical lattice [3],
where tight spatial localization enables better control of
atomic motions and interactions. In addition, quantum
sensing protocols, such as signal amplification via time-
reversed interactions [55–59] or quantum variational opti-
mization [31,60,61], offer promising paths for enhanced
metrological performance. Relative to state-of-the-art
OLCs operating without entanglement [6,7,19,62], extend-
ing the clock interrogation time from tens of milliseconds
to the few-second regime limited by state-of-the-art laser
coherence time will bring a clear entanglement-enabled
quantum advantage in clocks.
In conclusion, we have demonstrated clock performance

beyond the SQL, achieving a milestone precision at the
10−18 level. These results can be further improved through
more advanced quantum control and state engineering. This
Letter lays the foundation for future evaluations of sys-
tematic effects in entanglement-enhanced clocks at 10−18

and below and provides a powerful platform for exploring
the interplay of gravity and quantum entanglement [7,63]
as well as quantum many-body physics in entangled
systems [64–67].
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globally, common-mode clock laser noise is largely rejected. The
measured frequency instability of CSS-CSS comparison (green
points) agree with the theoretical QPN limit. In the meantime, the
SSS-SSS comparison (blue points) not only achieves a 3.3(2) dB
enhancement relative to the CSS-CSS case, but also demonstrates
a 2.0(2) dB metrological advantage beyond the SQL, after
correcting for SPAM errors [initial contrast Ci ¼ 82ð1Þ%
corresponds to a 0.9(1) dB correction to SQL]. The synchronous
clock comparison achieves a fractional frequency instability
of 8.0ð2Þ × 10−17=

ffiffiffi
τ

p
, resulting in a comparison precision of

1.6 × 10−18 for full measurement time. Allan deviations of the
frequency difference between two ensembles are plotted after
subtracting a linear frequency drift of 1.6 μHz=s. Error bars
represent 1σ statistical confidence interval.
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Lev, R. Long, J. Estève, and J. Reichel, Cavity-based single
atom preparation and high-fidelity hyperfine state readout,
Phys. Rev. Lett. 104, 203602 (2010).

[40] D. Bluvstein, H. Levine, G. Semeghini, T. T. Wang, S.
Ebadi, M. Kalinowski, A. Keesling, N. Maskara, H. Pichler,
M. Greiner, V. Vuletić, and M. D. Lukin, A quantum
processor based on coherent transport of entangled atom
arrays, Nature (London) 604, 451 (2022).

[41] M. A. Norcia et al., Midcircuit qubit measurement and
rearrangement in a 171Yb atomic array, Phys. Rev. X 13,
041034 (2023).

[42] P. R. Berman, Cavity Quantum Electrodynamics (Academic
Press, Inc., Boston, 1994).

[43] W.M. Itano, J. C. Bergquist, J. J. Bollinger, J. M. Gilligan,
D. J. Heinzen, F. L. Moore, M. G. Raizen, and D. J.
Wineland, Quantum projection noise: Population fluctua-
tions in two-level systems, Phys. Rev. A 47, 3554 (1993).

[44] I. D. Leroux, M. H. Schleier-Smith, and V. Vuletić, Ori-
entation-dependent entanglement lifetime in a squeezed
atomic clock, Phys. Rev. Lett. 104, 250801 (2010).

[45] W. Bowden, A. Vianello, I. R. Hill, M. Schioppo, and R.
Hobson, Improving the Q factor of an optical atomic clock
using quantum nondemolition measurement, Phys. Rev. X
10, 041052 (2020).

[46] E. L. Hahn, Spin echoes, Phys. Rev. 80, 580 (1950).

[47] I. D. Leroux, M. H. Schleier-Smith, and V. Vuletić, Imple-
mentation of cavity squeezing of a collective atomic spin,
Phys. Rev. Lett. 104, 073602 (2010).

[48] Z. Chen, J. G. Bohnet, S. R. Sankar, J. Dai, and J. K.
Thompson, Conditional spin squeezing of a large ensemble
via the vacuum Rabi splitting, Phys. Rev. Lett. 106, 133601
(2011).

[49] E. Oelker, R. B. Hutson, C. J. Kennedy, L. Sonderhouse, T.
Bothwell, A. Goban, D. Kedar, C. Sanner, J. M. Robinson,
G. E. Marti, D. G. Matei, T. Legero, M. Giunta, R.
Holzwarth, F. Riehle, U. Sterr, and J. Ye, Demonstration
of 4.8 × 10 − 17 stability at 1 s for two independent optical
clocks, Nat. Photonics 13, 714 (2019).

[50] L. Yan, S. Lannig, W. R. Milner, M. N. Frankel, B. Lewis,
D. Lee, K. Kim, and J. Ye, High-power clock laser spectrally
tailored for high-fidelity quantum state engineering, Phys.
Rev. X 15, 031055 (2025).

[51] J. Ye, H. J. Kimble, and H. Katori, Quantum state engineer-
ing and precision metrology using state-insensitive light
traps, Science 320, 1734 (2008).

[52] H. Katori, Optical lattice clocks and quantum metrology,
Nat. Photonics 5, 203 (2011).

[53] J. W. Lis, A. Senoo, W. F. McGrew, F. Rönchen, A. Jenkins,
and A.M. Kaufman, Midcircuit operations using the omg
architecture in neutral atom arrays, Phys. Rev. X 13, 041035
(2023).

[54] I. S. Madjarov, J. P. Covey, A. L. Shaw, J. Choi, A. Kale, A.
Cooper, H. Pichler, V. Schkolnik, J. R. Williams, and
M. Endres, High-fidelity entanglement and detection of
alkaline-earth Rydberg atoms, Nat. Phys. 16, 857 (2020).

[55] E. Davis, G. Bentsen, and M. Schleier-Smith, Approaching
the Heisenberg limit without single-particle detection, Phys.
Rev. Lett. 116, 053601 (2016).

[56] D. Linnemann, H. Strobel, W. Muessel, J. Schulz, R. J.
Lewis-Swan, K. V. Kheruntsyan, and M. K. Oberthaler,
Quantum-Enhanced Sensing Based on Time Reversal of
Nonlinear Dynamics, Phys. Rev. Lett. 117, 013001 (2016).

[57] F. Fröwis, P. Sekatski, and W. Dür, Detecting large quantum
Fisher information with finite measurement precision, Phys.
Rev. Lett. 116, 090801 (2016).

[58] S. P. Nolan, S. S. Szigeti, and S. A. Haine, Optimal and
robust quantum metrology using interaction-based readouts,
Phys. Rev. Lett. 119, 193601 (2017).

[59] S. Colombo, E. Pedrozo-Peñafiel, A. F. Adiyatullin, Z. Li,
E. Mendez, C. Shu, and V. Vuletić, Time-reversal-based
quantum metrology with many-body entangled states, Nat.
Phys. 18, 925 (2022).

[60] R. Kaubruegger, P. Silvi, C. Kokail, R. van Bijnen, A. M.
Rey, J. Ye, A. M. Kaufman, and P. Zoller, Variational spin-
squeezing algorithms on programmable quantum sensors,
Phys. Rev. Lett. 123, 260505 (2019).

[61] R. Kaubruegger, D. V. Vasilyev, M. Schulte, K. Hammerer,
and P. Zoller, Quantum variational optimization of ramsey
interferometry and atomic clocks, Phys. Rev. X 11, 041045
(2021).

[62] K. Kim, A. Aeppli, W. Warfield, A. Chu, A. M. Rey, and
J. Ye, Atomic coherence of 2 minutes and instability of
1.5 × 10−18 at 1 s in a Wannier-Stark lattice clock, Phys.
Rev. Lett. 135, 103601 (2025).

PHYSICAL REVIEW LETTERS 135, 193202 (2025)

193202-6

https://doi.org/10.1038/s41586-022-04435-4
https://doi.org/10.1038/s41586-023-06360-6
https://doi.org/10.1038/s41567-023-02310-1
https://doi.org/10.1038/s41586-024-07913-z
https://doi.org/10.1038/s41586-024-07913-z
https://doi.org/10.1103/PhysRevLett.82.1116
https://doi.org/10.1103/PhysRevLett.82.1116
https://doi.org/10.1103/PhysRevA.69.051804
https://doi.org/10.1103/PhysRevLett.118.263202
https://doi.org/10.1038/nphys698
https://doi.org/10.1103/PhysRevLett.104.203602
https://doi.org/10.1038/s41586-022-04592-6
https://doi.org/10.1103/PhysRevX.13.041034
https://doi.org/10.1103/PhysRevX.13.041034
https://doi.org/10.1103/PhysRevA.47.3554
https://doi.org/10.1103/PhysRevLett.104.250801
https://doi.org/10.1103/PhysRevX.10.041052
https://doi.org/10.1103/PhysRevX.10.041052
https://doi.org/10.1103/PhysRev.80.580
https://doi.org/10.1103/PhysRevLett.104.073602
https://doi.org/10.1103/PhysRevLett.106.133601
https://doi.org/10.1103/PhysRevLett.106.133601
https://doi.org/10.1038/s41566-019-0493-4
https://doi.org/10.1103/qw53-8b8r
https://doi.org/10.1103/qw53-8b8r
https://doi.org/10.1126/science.1148259
https://doi.org/10.1038/nphoton.2011.45
https://doi.org/10.1103/PhysRevX.13.041035
https://doi.org/10.1103/PhysRevX.13.041035
https://doi.org/10.1038/s41567-020-0903-z
https://doi.org/10.1103/PhysRevLett.116.053601
https://doi.org/10.1103/PhysRevLett.116.053601
https://doi.org/10.1103/PhysRevLett.117.013001
https://doi.org/10.1103/PhysRevLett.116.090801
https://doi.org/10.1103/PhysRevLett.116.090801
https://doi.org/10.1103/PhysRevLett.119.193601
https://doi.org/10.1038/s41567-022-01653-5
https://doi.org/10.1038/s41567-022-01653-5
https://doi.org/10.1103/PhysRevLett.123.260505
https://doi.org/10.1103/PhysRevX.11.041045
https://doi.org/10.1103/PhysRevX.11.041045
https://doi.org/10.1103/3wtv-sty2
https://doi.org/10.1103/3wtv-sty2


[63] A. Chu, V. J. Martínez-Lahuerta, M. Miklos, K. Kim, P.
Zoller, K. Hammerer, J. Ye, and A. M. Rey, Exploring the
dynamical interplay between mass-energy equivalence,
interactions, and entanglement in an optical lattice clock,
Phys. Rev. Lett. 134, 093201 (2025).

[64] L. Amico, R. Fazio, A. Osterloh, and V. Vedral, Entanglement
in many-body systems, Rev. Mod. Phys. 80, 517 (2008).

[65] M. J. Martin, M. Bishof, M. D. Swallows, X. Zhang, C.
Benko, J. von-Stecher, A. V. Gorshkov, A. M. Rey, and J.
Ye, A quantum many-body spin system in an optical lattice
clock, Science 341, 632 (2013).

[66] C. Qu and A. M. Rey, Spin squeezing and many-body
dipolar dynamics in optical lattice clocks, Phys. Rev. A 100,
041602 (2019).

[67] R. B. Hutson, W. R. Milner, L. Yan, J. Ye, and C. Sanner,
Observation of millihertz-level cooperative Lamb shifts in
an optical atomic clock, Science 383, 384 (2024).

[68] Y. Yang, M. Miklos, Y. M. Tso, S. Kraus, J. Hur, and
J. Ye, Dataset for “Clock precision beyond the standard
quantum limit at 10-18 level”, 10.5281/zenodo.17221160
(2025).

PHYSICAL REVIEW LETTERS 135, 193202 (2025)

193202-7

https://doi.org/10.1103/PhysRevLett.134.093201
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1126/science.1236929
https://doi.org/10.1103/PhysRevA.100.041602
https://doi.org/10.1103/PhysRevA.100.041602
https://doi.org/10.1126/science.adh4477
https://doi.org/10.5281/zenodo.17221160
https://doi.org/10.5281/zenodo.17221160

	Clock Precision beyond the Standard Quantum Limit at 10-18 Level
	Acknowledgments
	Data availability
	References


