Article

Quantum-amplified global-phase
spectroscopy on anoptical clock transition

https://doi.org/10.1038/s41586-025-09578-8

Received: 1 April 2025

Accepted: 27 August 2025

Leon Zaporski'®, Qi Liu*®, Gustavo Velez'®, Matthew Radzihovsky'®, Zeyang Li"?,
Simone Colombo'?, Edwin Pedrozo-Penafiel'* & Vladan Vuleti¢'™

Published online: 8 October 2025

M Check for updates

Optical lattice clocks are at the forefront of precision metrology' ¢, operating near a
standard quantum limit set by quantum noise*’. Harnessing quantum entanglement
offers a promising route to surpass this limit®'*; however, there are practical

difficulties in terms of scalability and measurement resolution requirements'¢",
Here we adapt the holonomic quantum gate concept'® to develop a new Rabi-type
‘elobal-phase spectroscopy’ that uses the detuning-sensitive global Aharonov-
Anandan phase®. With this approach, we can demonstrate quantum-amplified
time-reversal spectroscopy on an optical clock transition that achieves directly
measured 2.4(7) dB metrological gain and 4.0(8) dB improvement in laser noise
sensitivity beyond the standard quantum limit. To this end, we introduce rotary
echo to protect the dynamics from inhomogeneities in light-atom coupling

and implement alaser-noise-cancelling differential measurement through
symmetric phase encoding in two nuclear spin states. Our technique is not
limited by measurement resolution, scales easily because of the global nature

of entangling interaction and exhibits high resilience to typical experimental
imperfections. We expect it to be broadly applicable to next-generation atomic
clocks and other quantum sensors approaching the fundamental quantum

precision limits?° 2,

The progress of science is largely determined by the level of meas-
urement sensitivity to increasingly weaker signals. Among the most
precise sensors in the world, optical lattice clocks have achieved
unprecedented fractional frequency instability and inaccuracy at the
1078 level"°. Apart from serving as precise time references, optical lat-
tice clocks have several applicationsin advancing relativistic geodesy?,
detecting variations of fundamental constants®* and gravitational
waves®, testing Lorentz invariance? and searching for dark matter?.

The short-term stability of optical clocks is guaranteed by locking
clock lasers to ultrastable cavity references, whereas the cancellation
oflong-term laser frequency drift entails closed-loop stabilization to
the atomic clock transition. Here, the relative phase between laser
andatomsdueto adetuning fromatomic resonanceis converted into
apopulationimbalance that can be directly measured. The accuracy
and stability of the clock are conditioned by the precision with which
this phase can be estimated. For an ensemble of Nindependent atoms,
the single-shot uncertainty in phase estimation is fundamentally
limited by quantum projection noise, 49 =1/-/N, known as the
standard quantum limit (SQL)2. State-of-the-art optical lattice clocks
have reached this limit after suppressing the Dick noise, either by
shortening dead time* or by using synchronous differential compar-
isons in multiplexed clocks’. By harnessing multi-particle entangle-
ment, this precision cap can be further lowered to the Heisenberg
limit of 6¢p = 1/N, whichis the ultimate sensitivity allowed by quantum

mechanics®. Highly entangled resources, such as Greenberger-Horne-
Zeilinger (GHZ) states, have been prepared and have approached this
limit in small-scale systems®®*° and were very recently leveraged in
opticallattice clocks to achieve sub-SQL frequency instability'?. How-
ever, GHZ states are difficult to prepare and maintain for large atomic
numbers.

Squeezed states™ " are another widely explored class of entangled
states. They feature wider dynamic range and higher tolerance to
decoherence and loss compared with GHZ states, at the expense of
intermediate levels of improvement beyond the SQL. Till now, spin
squeezing has been generated in microwave-coupled manifolds®>*,in
momentum space®**¢and on optical transitions*?*, on whichit survived
well beyond tens of milliseconds (ref. 37). Spin squeezing has applica-
tions in atomic magnetometers®**?, gravimeters*® and clocks®*"*2,
Spin-squeezed states can be detected either directly, which requires
measurement resolution below the quantum projection noise limit, or
by further manipulation of the entangled state after phase accumula-
tion, also known as interaction-based readout®. The latter includes
quantum phase amplification techniques**, typically based on
time-reversed squeezing dynamics, which can be used to approach
the Heisenberg limit without single-particle resolution'®”. Extensions of
theinteraction-based readout emerged from variational optimization
of Ramsey interferometry?>* to balance local sensitivity and dynamic
range while minimizing the frequency Allan deviation and were recently
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Fig.1|Experimental setup for entangled time-reversal GPS. a, Laser-cooled
atoms are confined in atwo-dimensional optical lattice (red) inside a high-
finesse optical cavity. A transverse lattice along the y axis is created by retro-
reflection offthe (square) mirror. Squeezing and probing light (green) issent
through the cavity along the zaxis, while the clock laser (yellow) is aligned with
thetransverselattice. The blue arrow represents the RF field used for rotations
ofthe nuclear Zeeman ground states {|1), [¥)}. The objectsin the picture
arerendered nottoscale. b, Simplified energy-level diagram with states

[ =1'Sg, my== 2,11 =11Sg, m;=+3),lc)= PPy, m; == 1), lcy = PPy, m;=+3)
andle)= |3P1 ,mp=+ %), quantized along the zaxis froma. The arrows represent
thethree controlfields froma. The cavity mode (vertical grey line) is tuned
onresonance with the 1) > |e) transition. ¢, In GPS, the clock laser drives the

demonstrated on an optical transition in trapped ions?2. Despite its
potential significance for optical lattice clocks, the interaction-based
readout on an optical clock transitionin aneutral-atom system has not
been demonstrated so far.

Herewereportthe experimental quantum amplification of an optical
clock phase in a neutral-atom ensemble and demonstrate spectro-
scopic precision enhancement of 2.4(7) dB beyond the SQL. This is
achieved through cavity-mediated one-axis twisting (OAT)*S, which
generates squeezing and unsqueezing dynamicsin the nuclear ground
states of laser-cooled "*Yb atoms*’. To mitigate fast phase diffusion on
the optical transition due to high-frequency noise of the local oscil-
lator (LO) laser®, we develop a method that replaces conventional
Ramsey spectroscopy with a new Rabi-type ‘global-phase spectros-
copy’ (GPS) that relies on driven cyclic evolution. In this approach,
the driven optical qubit acquires aglobal Aharonov-Anandan phase®,
which realizes a detuning-sensitive holonomic quantum phase gate™®
between the ground states. This GPS method allows us to extend the
entanglement enhancement techniques to Rabi-type spectroscopy.
While it retains the same d.c. sensitivity to the LO laser noise as con-
ventional Rabi spectroscopy, the GPS features reduced sensitivity to
high-frequency phase (frequency) noise, following «<f * (e<f ®) scaling.
This is substantially lower than that of Rabi spectroscopy, <f 2 (e<f ™),
and Ramsey spectroscopy, «<f° («<f?) (Supplementary Information).
Furthermore, while conventional Rabi spectroscopy measures popu-
lation imbalance, which necessitates side-of-fringe operation, GPS
measures phase and exhibits maximal sensitivity on resonance—an
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optical qubit state along the closed trajectory (yellow curve) on the unit-radius
Blochsphere, encoding ageometric Aharonov-Anandan phase, which equals
halfofthe enclosed area, A/2, after asingle cyclic evolution. The areaA depends
onthe clock LO detuning, providing amethod to measure LO frequency

while operating nominally on atomicresonance.d, lllustration of quantum
amplification based ontimereversal. Theinitial CSSissqueezed by agreen
laser pulse and rotated by /2 by an RF pulse before the clock LO pulse is
applied toinduce ashift of A/2 thatis mapped back onto the S, axis by another
/2 RF pulse. Unsqueezing —xS2 subsequently amplifies the signal to M x A/2
alongthe S, axis (with M constantand independent of Ainthe vicinity of A= 0
and A =2m). The blue shading on the generalized Bloch spheresillustrates the
Wigner quasi-probability distributionsin the ground-state manifold, {| 1), |V }®V.

optimal condition for feedback. This fact allows us to also integrate
GPSwitharesonantrotary echo®, which refocuses the inhomogeneities
inlight-atom coupling® and facilitates implementation of composite
pulse sequences.

To characterize the metrological gain available to stabilize a noisy
LOlaser, we leverage the multi-level structure of 7'Yb by performing a
differential measurement ontwo clock transitions inasingle ensemble.
The differential phase imprinted on a squeezed probe state is ampli-
fied by atime-reversal protocol®***, leading to ametrological gain of
2.4(7) dBbelow the SQL (4.0(8) dBwhen subtracting the residual laser
noise), one of the first such demonstrationsin ascalable neutral-atom
system with global entangling interactions.

Our experiments are performed with anensemble of N=2.2(4) x 10?
laser-cooled ™ Yb atoms that are trapped in a two-dimensional optical
lattice inside a high-finesse optical cavity (Fig. 1a). We initialize the
atomsinthe|t)=|'S,, m,=+ %) state and rotate them into a coherent
superposition of |[*) and |V )= IISO ,my=- %) states with a resonant
radiofrequency (RF) driving field. Optical phase encoding involves
back-and-forth transfer of the |1) state or |V) state to one of the
flcay =Py, m =+ %), le,y =Py, my=- %)} clock states (Fig. 1b) and is
achieved with aclocklaser referenced toacommercial rack-mounted
ultralow-expansion (ULE) cavity. In this process, anear-resonant Rabi
pulsedrives the optical qubit state around the (Q, 0, 4) axis to traverse
aclosed trajectory on the Bloch sphere (Fig. 1c), in which Qand 4 are
the resonant Rabi frequency and the laser detuning, respectively. The
state of an atom evolves according to
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Fig.2|Opticalglobal phase encoding and readout. a, Ageometric phaseis
imprinted onto the |*) state using strings of m pairs of clock m-pulses with
alternating phases, 0 and &, and is mapped onto the normalized collective spin
§,/S.Thegrey and red pointsshow §,/S as afunction of a for resonantand
off-resonantoptical driving, respectively. Here, Q/(2m) = 4.5 kHz for all the
datasets,aswellas4/(2m) =1kHzform=1and 4/(2m)=1.2kHzform=2.

b, Dependence of the phase shift, Ag, on the clock laser detuning for different
Rabifrequencies and numbers m of pulse pairs. The lines represent the
theoretical predictionA¢ = tmA/Qfor 4/Q «1. Throughout this study, the
labels above the pulsesin the pulse diagrams, of the form (0),,, specify the pulse
amplitude (in terms of the resonant rotation angle, 6, expressedin radians) and
phase (¢, expressed in radians). Inset, trajectories traversed on the Bloch
spheres for off-resonant Rabi pulses for a = 0and a = . Error bars indicate 1s.d.
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and by the end of asingle cyclic evolution (t x </ Q2 + A = 2m), the cou-
pledgroundstate|t) recoversitsinitial population (a., = 0),acquiring
adetuning-dependent geometric phase

A A
¢:—TT—2T:—T[[1+W], (2)

known as the Aharonov-Anandan phase®, the value of which corre-
spondsto halfthe areaenclosed by the trajectory (Methods). The global
phase of the optical qubit {| ), |c,)} thus translates to the relative phase
betweenthe|t)and|V)statesandis mapped with anRF rotationintoa
population difference between | 1) and |V), which is measured via the
cavity (Methods). Overall, the clock laser detuning from the atomic
transition 4 is thus measured by the accumulated global phase ¢.
The above sequence can be performed with unentangled coherent
spinstates (CSSs) or with spin-squeezed states. To generate spin squeez-
ing, we adopt the cavity feedback method®. In essence, we tune the
cavitymodetoresonancewiththe|t) > |e)= |3P1 ,mp=+ %)transition
and send an off-resonant entangling light pulse through the cavity.
Theatomsinthe|*) state dispersively shift the cavity resonance, which
in turn alters the intra-cavity photon number. This leads to a spin-
imbalance-dependent light shift captured by the OAT Hamiltonian*’:
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Fig.3|Rabiandrotary echosequencesonthe clock transition.a, Thegrey
andred points show the |*) population oscillation under the resonant Rabi
(a=0)and rotary echo (a =) sequences, respectively, with Q/(2m) =1.8 kHz.
Thesolidlines represent the models of population dynamics factoring the
finite temperature effects and slight beam misalignmentin agreement with
ref. 52, as well as the exponential decay of the clock state over the lifetime of
0.25(2) s. The grey shading highlights the change of the time-axis scale from
linear tologarithmic.b, The ground-state contrast measured after mcycles

of resonant, symmetric phase encoding with Q/(2m) =3.8 kHz. Thered and grey
points correspond to the rotary echosequence and Rabisequence, respectively.
Thesolidlinesrepresentlinear fits. The rotary echo sequence (a = ) retains
high contrast despiteinhomogeneously broadened atom-light coupling.
Faster contrast decay of the Rabi sequence (grey points), compared witha,
islikely due toanincreasein misalignment angle (from 3.5 mrad to 7 mrad).
Errorbarsindicatels.d.

Here, S, is a collective spin operator, summed over the spins of all the
atoms and y denotes the squeezing strength. This all-to-allinteraction
shears the noise distribution of the initial CSS into that of a spin-
squeezed state, as shown by the Wigner quasi-probability distributions
in Fig. 1d. To realize a process that is tolerant to detection noise and
canwork with oversqueezed states, weimplement effective time rever-
sal (unsqueezing) by flipping the sign of the entangling light detuning
and of the Hamiltonian from equation (3) (ref. 47). The squeezing-
unsqueezing sequence converts a small optical phase shift Aginto a
shift along S, that is amplified into a larger shift along the orthogonal
quadrature (S,), thereby achieving phase sensitivity below the SQL.
We start by benchmarking our GPS method on the optical clock tran-
sition. To this end, we initialize the atoms ina CSS polarized along the
S, axis of the ground-state Bloch sphere, {| 1), [V)}, and drive a cyclic
evolution between | 1) and |c,) using two consecutive T-rotations
with relative phase a. In the near-resonant case (4 < Q), the | ) state
acquires ageometric phase A¢ givenby A¢p =a + (1+4/Q).ForA=0
and a =0, this is just the minus sign that a spin-14 consisting of states
{I™), Ic,)} acquires after a 2m Rabi rotation. The phase 4¢ is reflected
inthe measured normalized spin operator S,/S, which oscillates as aris
varied from O to 2m. The top two datasets in Fig. 2a show the depend-
enceofS,/Sonaforboth resonant (grey points) and off-resonant (red
points) driving, which are related by a phase offset Ag, from which
the laser detuning can be inferred. As we vary the laser detuning, we
observe alinearrelationship of the fitted phase shifts shownin Fig. 2b,
ingood agreement with the theoretical expectation (solid lines). This
linear frequency discriminant is a fundamental ingredient of locking
the clock laser to the atoms and can be made steeper by extending
theinterrogation time either through lowering the Rabi frequency or
driving arepeated cyclic evolution with m > 1. Extending the sequence
to m cycles multiplies the resulting phase and detuning sensitivity by
afactor m, as shown by the bottom two datasets in Fig. 2a (for m=2).
Our theoretical analysis presented in the Supplementary Information
shows thatasingle-cycle sequenceis preferred for d.c. measurements,
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Fig.4|Quantum amplification measurement of the optically encoded
phase. a, A pair of entangling pulses with durations 7 generates the squeezing-
unsqueezing dynamicsinthe ground-state manifold. The red data points show
normalized S,-variances as afunction of the pulse duration ratio /7, with 7
fixed to 8.5 ms, in good agreement with the microscopic modelindicated by the
blackline (Supplementary Information). b, The red and grey points represent
theaverage valuesof S /SandS,/Sas afunction of the final clock pulse phase
intime-reversal and CSS reference differential measurements, respectively.
Theredandgreylines representthelinear fits of the slope ata = 0. The solid
blacklineisanumerical simulation of the data, extending beyond the linear

whereas a multi-cycle sequence can enhance the a.c. signal sensitivity
at particular frequencies.

Single-shot estimation of laser frequency requires maximizing
the slope |dS,/d4| around 4 =0, which is reached at a € {0, i} and
a€{0,m/2,m,3m/2} for sequences withm=1and m =2, respectively.
The a = 0 case is simply a Rabi oscillation, whereas the a = t case real-
izesarotary echo®, conventionally applied in solid-state spin systems
for extending the coherence time of the drive. In our system, rotary
echoensuresabetter|t) state populationrecovery in the presence of
inhomogeneous broadening in the atomic cloud, maintaining high
signal contrast and enabling near-perfect time reversal.

The effectiveness of the rotary echo sequence in our setup isshown
in Fig. 3. We first obtain a simple resonant Rabi sequence benchmark
byinitializing the systeminthe|*) state and driving the atoms through
the|™) > |c,) > |*) transition. The grey pointsin Fig. 3a show the optical
Rabioscillationat Q/(2m) =1.8 kHz, decaying over the timescale of a few
milliseconds. This damping canbe attributed to the finite temperature
of the atomic ensemble, which populates multiple motional states of
thetransverse lattice, leading toinhomogeneous coupling to the clock
laser®. The dephasing is remarkably suppressed when using rotary
echo. Asshownin Fig. 3a (red points), we observe arobust refocusing
over hundreds of milliseconds, constrained by the lifetime of the clock
state of T=0.25(2)s due to photon scattering from the trapping light.

We now turnto a measurement of the atomic clock phase using GPS.
To measure the intrinsic atomic phase stability without being over-
whelmed by LO laser noise, we apply our GPS method sequentially on
boththe|™) > |c,)and|V) > |c,) transitions, starting froma CSSinthe
{I™), ¥} manifold polarized along the S, axis (see the pulse sequence
above Fig. 3b). We repeat this over multiple cycles for both the Rabi
(a=0) and the rotary echo (a = ) sequences and map the resulting
ground-state Bloch vector lengths, |(S)|, to display contrast loss. As
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amplification regime. The dashed black line with anegative unity slope
represents the signal expected of a perfect CSSreference sequence withno
contrastloss. For the equivalent scenario of the clock detuning measurement,
awould map toTt x 4/Q (Fig. 2b). ¢, Spinnoise measured atS,/S = O after atime-
reversalsequence.d, The CSSreference counterpart of the dataset fromc.

The probability density function (PDF) is estimated based on more than100
measurement outcomes summarized by the histograms. The colour codingin
the pulse diagrams is consistent with Fig.1a,b (green, entangling light; blue, RF;
and yellow/orange, clock laser). Error barsindicatels.d.

shown in Fig. 3b, the rotary echo maintains the contrast at the level
of about 81% for at least m = 5 cycles (red points), proving negligible
propagation of the inhomogeneities in light-atom coupling to the
geometric phases. Instark comparison, the Rabi sequence features fast
contrast decay (grey points). These results indicate that rotary echo
GPS canbe extended to multi-cycle composite sequences of long total
probingtimes eveninthe presence ofinhomogeneous broadening of
the atom-LO coupling.

Equipped with a robust optical phase encoding and detection
scheme, we proceed to demonstrate entanglement-enhanced opera-
tion of the GPS protocol below the SQL. We set the entangling pulse
detunings to 4 /(2m) =8.33 MHz and 4$/(2m) = - 7.28 MHz res-
pectively, for the squeezing and unsqueezing dynamics within the
ground-state manifold, {|1), [V)} (ref. 47). These parameters were cho-
sen to mitigate the effect of fluctuations in the total atom number,
considering the contribution of the|J ) > |3P1 , M=+ %) transition to
the OAT dynamics (Supplementary Information).

Weprepareasqueezedstatewhose S, varianceisenlarged by afactor of
23(4) compared withthe quantum projection noise of the CSS (Fig. 4a).
During the effective time-reversed dynamics, this variance is reduced
as we increase the duration 7 of the second (unsqueezing) pulse.
We obtain a minimal normalized variance of 3.5(7) for 7 = 0.29 x 19,
This variance exceeds theideal value of 1, mainly because of the deleteri-
ous effect of the residual entanglement between the atomic spin and
the light leaving the cavity* (Supplementary Information).

Having completed the time-reversal calibration step, we lower the
entanglinglightintensity by 40% to the level for which the metrologi-
calgainisexpected to peak. Toreduce the impact of clock laser noise,
we resort to a sequential differential phase measurement**’%"5 by
implementing two identical rotary echo GPS sequences on | 1) > |c,)
and|V) > |c,) transitions (Methods). These two transitions are separated



by a frequency difference of 4,, = 21 x 25.3 kHz, allowing us to work
with Rabi frequency of Q = 2 x 4.55 kHz with no transition cross-talk
(Methods). To minimize the interval between the pulses on the two
transitions, we adopt an interleaved interrogation (see the pulse dia-
gram above Fig. 4b-d).

We next characterize the signal enhancement due to entanglement.
Thered points in Fig. 4b compare the signal 5,/S of the time-reversal
sequence with entangled states to the reference signal for the unen-
tangled CSS (grey points) as we sweep the relative optical phase a. We
observe an increased slope of —2.5(1) near a = 0 in the time-reversal
sequence, resulting in an 8.0(3) dB increase in the signal power, com-
pared with the perfect unentangled sequence. We also note that time
reversal amplifies the signal power by 10.2(4) dB compared with the
CSSreference sequence without squeezing, which features areduced
slope of 0.77(1).

To verify that the observed quantum amplification offers phase sensi-
tivity below the SQL, we also evaluate the spinnoise in S at the end of the
sequence. Figure 4c shows the histogram of S /S measured in the pres-
ence of squeezing-unsqueezing dynamicsaroundS,/S = 0,and Fig. 4d
shows the histogram of S,/S measured in the absence of squeezing-
unsqueezing dynamics around S,/S = 0. The CSS noise features a
normalized variance of 1.1(2), consistent with the SQL (Methods). By
contrast, the normalized variance measured after the quantum ampli-
fication of 3.6(5) visibly exceeds its benchmark counterpart of 2.5(4).
Thisis explained by the amplification of the residual laser noise in the
sequence at the level of 10% of the SQL.

Finally, based on the measured slope and spin noise, we infer a
directly measured metrological gain of G = (9,5,)*/[25(45)*] = 2.4(7) dB
below the SQL and 4.0(8) dB with the laser noise subtracted. We stress
that because our measurement realizes a comparison of two optical
frequencies, the characterized level of performance of 4.0(8) dB
directly translates to the improved measurement precision of the fre-
quency of the clock LOlaser relative to asingle clock transition (Fig.2).
Our experiment constitutes another direct measurement of sub-SQL
phase sensitivity onan optical clock transition, following the previous
demonstrations using spinsqueezingmapping® and Rydberg-generated
GHZ states of four atoms'>. However, we highlight that the method
demonstrated here offers superior scalability to much larger systems,
owingto theintrinsically all-to-all character of the entangling interac-
tion. For the current experimental cycle time of 5 s, we infer afrequency
instability of 2.0 x 1073/.JT for the differential phase measurement.
Promisingroutes to furtherimprovementincludeimplementinga GPS
sequence with lower Rabi frequency to extend the phase interrogation
time, reducing the dead time through reusing the atoms multiple times
after cavity non-destructive measurement and improving the LO per-
formance itself.

In conclusion, we have demonstrated the first, to our knowledge,
quantum amplification of the phase encoded on an optical clock transi-
tionand directly observed sensitivity below the SQL. We have achieved
this while developing a spectroscopic method that uses the concepts
of holonomic quantum gates’®, measuring the frequency-dependent
global phase of the two-level clock system with reference to athird level.
Importantly, this has allowed us to extend entanglement-enhanced
metrology to Rabi-type spectroscopy (entanglement-enhanced
measurement of the Rabi drive amplitude has been demonstrated in
ref. 34). We have also identified the rotary echo in Rabi spectroscopy
as a practical tool to suppress inhomogeneous broadening, enabling
composite precision spectroscopy. Inthe future, we anticipate achiev-
ing further increased metrological gain by using non-Gaussian probe
statesinvolving more atoms. Based on our previous work*, theimprove-
ments should follow the Heisenberg scaling. The phase amplification
technique on the clock transition can also be extended to multiple
ensembles, opening avenues for quantum-enhanced multiplexed opti-
cal lattice clocks’, optical clock networks, multi-parameter estima-
tion¥, distributed sensing techniques®® and protocols balancing the

gain-bandwidth trade-off?. We also expect our method of differential
measurement to be readily applicable to the search for new physics,
such as Lorentz symmetry violation®.
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Methods

State dynamics during interrogation
Working in the rotating frame of reference, in which the Hamiltonian
of the clock laser drive takes the following form:

H=ale)e) + 5 (e )]+ 1)), @

we find the evolution of the initial L(N) +|1)) state to follow equa-

tion (1), with 2
a (r)=cos[ﬂj+isin(gjé
g 2 2 )0 )
a (r)——isin(gjg
i 2 /0’

where Q=0%+A? represents the generalized Rabi frequency. At
7=2m/w, when the optical qubit undergoes a cyclic evolution, a, =0
anda, =-1,andtheinformation about the detuning, 4, is fully contained
inthe global phase of the optical qubit (equation (2)).

Notethat the phaseis defined modulo 21, which removes the ambigu-
ityinchoosingthe encircled areaonthe Bloch sphere thatisidentified
with twice the global phase. Also, for nonzero a (that is, the relative
phase of successive mti-pulses, asin Fig. 2), the encoded geometric phase
equals halfthe areaenclosed by the unclosed trajectory and the short-
est geodesic connecting the initial and final points®°.

Inthe experiment, weset 7= 21/Q, and for A # 0, the evolutionis only
approximately cyclic. However, the resulting corrections scale as (4/Q)>
and affect the ground-state superposition along the population axis
(S,), whereas the accessed signal isimprinted along the phase axis (S,).

Plots of the Wigner quasi-probability distributions
The plots in Fig. 1were prepared for illustrative purposes using the
toolsinref. 61.

Cavity measurement of the ground-state populations

We extract the |1) population from the vacuum Rabi splitting of the
cavitymode, asinref. 47. Repeating this measurement four times, with
RF t-rotationsin between, gives access toboth the |*) and [V) popula-
tions and allows for the parameter-agnostic readout of S,, insensitive
to the atom loss*. The measurement resolution is limited by Raman
scattering on the |V )~ |3P1 ,mp=+ %) transition, which introduces
noise in S, during cavity transmission probing®. This sets the limit of
8-9 dB for the maximal amount of resolvable spin squeezing. The
quantum amplification protocol can reach higher metrological gains,
regardless of this limit'**’.

Phase control of the clock laser

Controlling the relative phase of subsequent optical m-rotations, a,
involves phase shifts of the RF control signal sent to a double-pass
acousto-optic modulator (AOM) and introduces technical dead times of
10 psover which the optical qubit evolves freely. This is negligibly short
compared with the timescales of the t-rotations (around 100-400 ps).

Clock drift cancellation

The clock laser frequency drifts together with the length of the
ultralow-expansion reference cavity ataconstant rate of 0.1 Hz s . We
remove this drift with adouble-pass AOM fed with the control RF signal
thatis mixed with aslow ramp at the -0.1 Hz s rate. We restart the ramp
and reset the clock frequency to the atomic transition every 30 min.

Calibration of cavity cooperativity
We calibrate the cavity cooperativity onthe| 1) - |e) transition, i, using
the method from refs. 47,49. This entails measuring the variances in

1S, for different N, with = constant and N—the atom number—
varied through the use of different atom loading times. The red points
inExtended DataFig.1represent the variances of binned datasets, cor-
rected for the measurement resolution effects. The slope of the fitted
line, n/4, shows n=3.2(2).

Differential phase measurement

To characterize the metrological gainin the quantum-amplified GPS,
we use a differential phase measurement that relies on driving cyclic
evolutiononboththe|?) - |c,)and|V) - |c,) clock transitions. Imme-
diately after this double interrogation, the atomic state takes the fol-
lowing form:

_ 1 e i1
> ﬁ[e [V)+e'9rM]. (6)

The imprinted phases, ¢, and ¢, follow equation (2) with transition-
specific laser detunings, 4,,. and 4, , respectively. Between the
twointerrogations, the clock laser frequency is stepped by a precisely
calibrated transition frequency difference, 4,, = 21 x 25.33 kHz, such
that the phases ¢, and ¢, are mostly dictated by the nearly-common-
mode clock laser noise. As the temporal separation between the two
interrogationstepsis keptto the shortest allowed by the Rabi frequency
of Q=2mnx4.2kHz, the phases ¢, and ¢, are strongly correlated, and
therelative phase, ¢, — ¢,, becomes insensitive to the shot-to-shot
clock laser noise. Nevertheless, it retains sensitivity to the residual
laser noise arising from non-simultaneity of the pulses on distinct tran-
sitions, as well as all the effects that would alter the |[*) > |c,) and
[¥) > |c,) transition frequencies differently.

Relation between differential measurement and the laser-atom
comparison

An actual clock operation entails a readout of the laser frequency
relative to the (more stable) atomic frequency at a sufficiently long
atom-laser interrogation time to precisely measure the laser fre-
quency, as also done in this study (Fig. 2). However, this measure-
ment cannot directly prove operation below the SQL (short of having
asecond, more stable clock system to compare to, or reverting to
near-zero interrogation time) because in the comparison of atomic
and laser phases we simply observe shot-to-shot laser frequency
fluctuations.

Thisistrue of any sub-SQL clock. The atom-laser clock system uses
the atoms to measure the laser frequency, or phase, with aresolution
beyond the SQL, but the directly observed noise is not the atomic
sub-SQL noise, but the laser frequency deviation relative to the atoms
that one attempts to correct. The entangled state of the atoms then
allows oneto correct the laser phase or frequency with a higher resolu-
tion than obtainable with an atomic coherent state.

Our differential measurement constitutes a direct comparison of two
stable optical frequencies and provides aworkaround to experimentally
demonstrate sub-SQL performance of the atomic ensembles, remov-
ingthelaser frequency noise. The multi-shot statistics from Fig. 4 thus
reliably characterize the metrological performance of a single-shot
laser-atom frequency comparison.

Clock transition cross-talk under the laser drive

We assess the level of cross-talk between the [t) > [c,) and [V) > |c,)
transitions under the laser drive resonant with the former, and condi-
tions close to those of Fig. 4. For the measured transition frequency
difference, 4,, =21 x 25.33 kHz and Rabi frequency of Q =2t x 4.2 kHz,
the cross-talk is expected to be negligibly low.

We perform the Rabiand rotary echo sequences following initializa-
tionto the|t™)and |V) states and monitor their subsequent population
dynamics (Extended Data Fig.2). We observe no |V ) population change
inboth sequences across a single resonant oscillation period.
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In hypothetical scenarios with larger Rabi frequencies or smaller
transition splittings, preventing |¥) population errors can be achieved
by tuning the Rabi frequency to satisfy the condition

A
0= )
n-1

forevenn.

Ground-state benchmarks of metrological gain

For benchmarking purposes, we study the amplification and spin noise
inthe absence of the optical phase encoding. The effect of the optically
encoded phase, a, is mimicked with the composite RF rotation, asshown
inthe pulse diagram above Extended Data Fig. 3a.

Using the same parameters of the entangling light as in the experi-
ments behind the Fig. 4b-d, that is, the same detunings and detected
entangling photon numbers (55(7) squeezing and 21(5) unsqueezing
photons, transmitted through the cavity and collected with about 8%
efficiency), we observe a slope of —=3.1(2) in the phase amplification
measurement (Extended Data Fig. 3a, red points). The signal power is
amplified by 11.0(6) dB compared with the CSS reference (Extended
DataFig.3a, grey points), consistent with the value from the main text
within error bars.

Extended DataFig.3b,c presents the spin noise measuredin the time
reversal and CSS reference sequences under the same conditions. The
normalized varianceinthe time-reversal sequence equals 2.5(4), and,
notably, it is lower than that from Fig. 4c as the probe state is not
exposed to the laser noise. This dataset allows us to benchmark the
metrological gain with the laser noise subtracted. The metrological
gain in the ground-state manifold is found as G=5.8(9) dB.

Contrast loss

Tofurther verify the coherence preservationinthe ground-state man-
ifold after quantum-amplified GPS, we perform RF m-rotations
around the S,cosf - S,sinf axis, and measure S,/S as a function of the
angle 6. The scan shown in Extended Data Fig. 4a corresponds to
the CSS reference sequence in Fig. 4, whereas the one in Extended
Data Fig. 4b to the quantum-amplified sequence in Fig. 4. The

squeezing-unsqueezing dynamics during the quantum-amplified
sequence lowers the contrast from 88(1)% to 69(2)% due to
single-particle dephasing from Rayleigh scattering of the entangling
photonsinto free space (Supplementary Information).
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Extended DataFig.1| Calibration of the effective single-atom cavity
cooperativity. Thered pointsillustrate the measured variances of S, for binned
datasetsasafunctionofthe average nN. Theblacklineisalinear fit with slope
ofn/4,yielding n=3.2(2). Numbers of data points per bin (from left toright):
42,104,153,142,163 and 36. The size of the error bar of the last point results
fromalower number of binned data points, and intrinsically larger var(S,) of
the CSSforanincreased atomnumber, N. Error barsindicatels.d.
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Extended DataFig.2|Evaluation of the transition cross talk. The grey points
represent resonant Rabi oscillations onan optical clock transition following
initializationto the|+)state. The red and yellow points correspond to Rabiand
rotary echosequences, respectively, following initialization to the|y ) state.
Inallthree sequences, the laser frequency was resonant with the|+) > |c,)
transition.
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Extended DataFig. 3 |Metrological gainin the RF phase encoding scheme.
a, Thered (grey) pointsrepresent the measured S,/S (5,/S) asafunctionof the
composite rotation phase, , in the time-reversal (CSS reference) sequence.

b, The spin noise statistics in the time-reversal sequence. ¢, The spin noise
statisticsin the CSSreference sequence. The ‘PDF’in panels b and c stands for
probability density function, estimated based on more than100 measurement
outcomes summarized by the histograms. The color codingin the pulse diagrams
is consistent with Fig.1a-b (Green: entangling light, blue: RF). Error bars
indicatels.d.
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Extended DataFig. 4 |Contrastloss from Rayleighscattering during
entangling dynamics. a, The contrast measured after the CSSreference
sequence fromFig. 4.b, The contrast measured after the quantum-amplified

sequence fromFig. 4.
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