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Spin squeezing can improve atomic precision measurements beyond the standard quantum limit (SQL),
and unitary spin squeezing is essential for improving atomic clocks. We report substantial and nearly
unitary spin squeezing in 171Yb, an optical lattice clock atom. The collective nuclear spin of ∼103 atoms is
squeezed by cavity feedback, using light detuned from the system’s resonances to attain unitarity. The
observed precision gain over the SQL is limited by state readout to 6.5(4) dB, while the generated states
offer a gain of 12.9(6) dB, limited by the curvature of the Bloch sphere. Using a squeezed state within 30%
of unitarity, we demonstrate an interferometer that improves the averaging time over the SQL by a factor of
3.7(2). In the future, the squeezing can be simply transferred onto the optical-clock transition of 171Yb.
DOI: 10.1103/PhysRevLett.122.223203

Optical lattice clocks (OLCs) employ ensembles of cold
trapped atoms to reach unprecedented fractional accuracy
at the level of 10−18 [1–5]. Such clocks now operate near
the standard quantum limit (SQL) set by quantum projecpﬃﬃﬃﬃ
tion noise, where the precision of a sensor improves as N
with the number of atoms N. Spin squeezed states (SSSs)
[6–22] are many-body entangled states that can overcome
the SQL [8,23]. They have simple Gaussian quasiprobability distributions with reduced (squeezed) and enhanced
(antisqueezed) quantum noise, respectively, along two
orthogonal directions of the collective atomic spin.
While for fixed-bandwidth applications the precision
depends on the squeezing alone, André, Sørensen, and
Lukin [24] have shown that for optimized clocks the
antisqueezed direction eventually leaks into the measurement, reducing the gain in precision. In practice, the
amount of antisqueezing typically far exceeds the squeezing, and this mechanism can dramatically reduce the
precision gain to the point where, e.g., the state with the
highest inferred squeezing of 20 dB (and an antisqueezing
of 39 dB) [20] would improve the precision of a clock by a
mere 2 dB [25]. Thus, nearly unitary (area-preserving)
squeezing is of high importance for future clock applications. Furthermore, of the most common OLC atoms,
spin squeezing in Sr, Ca, Mg, or Hg has not been
demonstrated so far, and Yb has only been weakly
squeezed by ∼2 dB [10].
0031-9007=19=122(22)=223203(6)

In this Letter, we demonstrate for the first time
near-unitary optical spin squeezing, as well as the first
substantial squeezing in an OLC atom. The observed
metrological gain of up to 6.5(4) dB is limited by the state
detection, while subtraction of the independently determined measurement noise implies that the generated SSSs
offer 12.9(6) dB of metrological gain and 15.9(6) dB of spin
noise suppression. Under conditions where the squeezing is
unitary within 30%, and nearly optimal for clock applications, we demonstrate an interferometer with a factor of
3.7(2) reduction in averaging time over the SQL. In the
future, the demonstrated squeezing between the two nuclear
sublevels jm ¼  12i of the electronic ground state 1S0 of
171
Yb can be directly used in the OLC by transferring the
population of one of the two sublevels into the 3P0 excited
clock state with an optical π pulse [26].
Optical spin squeezing methods rely on the collective
interaction of the atomic ensemble with a light field, where
for superior performance the atom-light interaction is
enhanced by a cavity [15,19,20]. One method that does
not require the detection of light, which in practice is
always imperfect, is cavity feedback squeezing [14,21,27]:
The spin quantum noise tunes the cavity frequency such
that the amount of light circulating inside the cavity
depends on the Sz component of the collective atomic
spin. The light then acts back onto another component Sy of
the atomic spin through the light shift, creating Sy − Sz
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quantum correlations and atomic entanglement in the process. In cavity feedback squeezing, any information contained
in the light field results in the nonunitary evolution of the
atomic system [28]. Recently, Zhang et al. [29] pointed out
that the process can be made more unitary by detuning the
probe light far from cavity resonance. Although this
decreases the squeezing strength per photon, it also hides
the information about the atomic state in the photon shot
noise, thereby enhancing the squeezing. In the present work,
we are making use of this idea, but in a resonant regime of
vacuum Rabi splitting rather than a dispersive cavity shift
[29], resulting in further improved squeezing and more
resilience to technical noise. In addition, we implement spin
squeezing on an almost closed optical transition, which
removes a squeezing limit due to Raman scattering between
the spin states [19,30] and allows us for the first time to
create SSSs that are limited by the curvature of the Bloch
sphere for the collective atomic spin (see Fig. 1).
Laser-cooled 171Yb atoms are prepared in a magicwavelength optical-lattice trap inside an optical cavity.
The atom-light interaction is characterized by an effective
single-atom cooperativity η ¼ 1.8ð1Þ and collective cooperativity Nη ≈ 1800, where N ≈ 1000 is the effective atom
number (see Ref. [31] and Supplemental Material [32] for
details). The value of the effective cooperativity η is
confirmed in an independent measurement.
We perform squeezing between the nuclear sublevels
j↑i ≡ jmI ¼ 12i and j↓i ≡ jmI ¼ − 12i of the electronic 1S0
ground state of 171Yb. The collective spin state can be
represented on a Bloch sphere with radius S ¼ N=2 [43].
The cavity frequency is tuned to be nearly resonant with
the j↑i → j3P1 ; mF ¼ 32i atomic transition. N ↑ atoms in the
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
state j↑i induce a vacuum Rabi splitting 2g ¼ N ↑ ηκΓ of
the atom-cavity resonance [Fig. 1(c)], where κ and Γ are the
cavity and atomic linewidth, respectively. There is also a
small dispersive effect from the N ↓ atoms in the state j↓i,
suppressed by the Zeeman splitting in the excited 3P1 state,
with Δz ≫ Γ, κ [see Fig. 1(b)]; this effect is included in our
theoretical model (see Supplemental Material [32] for
details).
Since the cavity is primarily coupled to the population
N ↑ of the state j↑i, Sz is determined by detecting N ↑ via a
measurement of the Rabi splitting 2g, swapping the
populations of j↑i and j↓i with a radio frequency π pulse,
and remeasuring the Rabi splitting to give N ↓ . From N ↑
and N ↓ , we determine Sz ¼ ðN ↑ − N ↓ Þ=2, and S ¼ ðN ↑ þ
N ↓ Þ=2 using the two-transition atomic model and the
separately measured cavity parameters (see Supplemental
Material [32]). The primary quantity of interest, denoted
by σ 2 ≡ 2ðΔSz Þ2 =S, is the spin variance ðΔSz Þ2 normalized
to the noise of the coherent spin state (CSS)
ðΔSz Þ2 CSS ¼ S=2. The SQL corresponds to σ 2 ¼ 1.
The measured spin variance σ 2 is the sum of the
variances of the atomic state σ 2st and the measurement

FIG. 1. (a) Experimental setup. A one-dimensional optical
lattice at λt ¼ 759 nm (red) traps the atoms. Light at λ ¼
556 nm (green), whose transmission is detected using a dichroic
mirror (D) and a single-photon counter (SPC), is used for
squeezing and probing. (b) Relevant energy levels of 171Yb with
ground state j1S0 ; I ¼ 12i and excited state j3P1 ; F ¼ 32i. The
Zeeman splitting in j3P1 ; F ¼ 32i is Δz =ð2πÞ ¼ 18.5 MHz for a
magnetic field Bz ¼ 13.6 G along the cavity axis. (c) Cavity
transmission spectrum showing vacuum Rabi splitting for Nη ¼
1800 as well as the two squeezing light pulses ωl1 and ωl2 .
(d) Simplified representation of the squeezing and measurement
sequence. (e) Quasiprobability distributions for a CSS (red) and
SSS (blue).

resolution σ 2d . To independently quantify the latter, we
prepare a CSS on the equator, measure Sz twice, and set
σ 2d ≡ varðSz1 − Sz2 Þ=2. We achieve a detection variance
σ 2d ¼ −9.4ð4Þ dB, i.e., a factor of 9 below the SQL. The
measurement quality is limited by a small residual Raman
scattering that randomly transfers atoms between the states
j↑i and j↓i [19,20,27,30,44], in combination with the
collective cooperativity Nη and photon detection efficiency
ϵ ¼ 15% (see Supplemental Material [32]).
The spin squeezing sequence is shown in Fig. 1(d). First,
we create a CSS along the x axis by optically pumping
all atoms into j↑i and then applying a π=2 pulse. The
squeezing is generated by pulses of light [14,15], whose
frequency ωl is chosen to balance two competing effects:
Increased detuning from the vacuum Rabi peaks makes the
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squeezing process more unitary with respect to the transmitted light but also reduces the squeezing per photon and
the interferometer contrast [see Fig. 4(b)]. Furthermore,
fluctuations in the trapped atom number result in fluctuations of the squeezing strength, since the vacuum Rabi
splitting depends on N ↑ rather than Sz . We cancel this effect
by squeezing with bichromatic light inside and outside the
Rabi peaks [see Fig. 1(c)], so that the combined squeezing
is independent of the total atom number. Besides the
squeezing, the intracavity light also shifts the phase of
the state, which we cancel by a spin echo sequence with
two bichromatic pulses (see Supplemental Material [32] for
a detailed description).
The generated SSS is reconstructed by rotating it by an
angle α about its average spin vector and then detecting the
spin projection Sz ðαÞ along the z axis [see Fig. 1(d)]. The
measurement is repeated more than 100 times for each α.
The normalized spin variance σ 2 ðαÞ ¼ 2½ΔSz ðαÞ2 =S along
the direction α is displayed in Fig. 2 for several different
powers of the squeezing light. As a given SSS is rotated, the
projected variance dips below the CSS noise until
the rotation angle α reaches α− , where the short axis of
the uncertainty ellipse lies along the z axis. Beyond α− , the
variance grows until the antisqueezing quadrature is oriented along z for α ¼ α− þ π=2.
To compare the data to a theoretical model, we first
consider
pﬃﬃﬃﬃﬃﬃthe polar angle of the spin vector, defined as
τα ≡ 2S arcsin½Sz ðαÞ=S. Its variance ðΔτα Þ2 , normalized
to the variance ðΔθÞ2CSS ¼ ð2SÞ−1 of the CSS, is given by
ðΔτα Þ2
¼ 1 − Q sin 2α þ ðF þ Q2 Þsin2 α:
ðΔθCSS Þ2

ð1Þ

Here, Q is the dimensionless shearing strength [see
Fig. 1(e)], defined as the normalized light-induced phase
shift ϕ=ΔθCSS experienced by a spin displaced by one
standard deviation of the CSS from the equator, Sz ¼
pﬃﬃﬃﬃﬃﬃﬃﬃ
 S=2 [14]. The other dimensionless parameter F quantifies the excess broadening (in variance units) compared to
a pure SSS or CSS, which have F ¼ 0. (For an explicit
expression for Q and F, see Supplemental Material [32].)
From Eq. (1), we find the minimum (ξ2− ) and maximum
2
(ξþ ) variances of the normalized spin angle τα ,

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
ξ2 ¼ 2 þ F þ Q2  4Q2 þ ðF þ Q2 Þ2 ; ð2Þ
2
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
obtained at angles α− ¼ arctanf½ 4Q2 þ ðF þ Q2 Þ2 −
ðF þ Q2 Þ=ð2QÞg and αþ ¼ α− þ π=2, respectively. The
normalized uncertainty
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ area of the SSS ellipse is given by
A ¼ ξþ ξ− ¼ 1 þ F. The relation between ðΔτα Þ2 and the
normalized spin variance σ 2 ðαÞ of Sz ðαÞ is given by
σ 2 ðαÞ ¼ S½1 − expð−Δτα =SÞ. For the CSS and the SSS
quadrature ξ2− , the approximation σ 2 ðαÞ ≈ ðΔτα Þ2 holds,

FIG. 2. Measured normalized spin noise σ 2 ðαÞ, as a function of
the state rotation angle α, for shearing strengths Q ¼ 0.3 (blue
circles), Q ¼ 2.2 (green squares), Q ¼ 4.5 (yellow triangles), and
Q ¼ 6.3 (red diamonds). For visualization, the data measured at
α ¼ 0 are displayed at α ¼ 0.02 rad. The solid lines are theoretical fits. States in the violet region below the dashed line at
σ 2 ¼ σ 2d ¼ 0.11 (detection limit) cannot be directly observed.
Inset: σ 2st of SSS after subtracting measurement noise σ 2d for the
same parameters.

while the antisqueezed quadrature ξ2þ is reduced by the
curvature of the Bloch sphere.
The solid lines in Fig. 2 are obtained by fitting the data to
σ 2 ðαÞ þ σ 2d with Q and F as the only fitting parameters,
while σ 2d is the previously measured detection limit. We
find good agreement between the model and the data,
allowing us to extract both the shearing strength Q and the
excess broadening F. In Fig. 3, we plot Q and F versus the
number pt of transmitted photons during the optical
squeezing. For negligible technical noise, we expect both
Q and F to be proportional to pt (see Supplemental
Material [32]). The solid lines in Fig. 3 represent the
predicted linear behavior of Q and F obtained from an
analytical model of the system without any free parameters
(see Supplemental Material [32]); the dotted line includes
the effect of finite measurement quality σ 2d ¼ −9.4 dB,
which affects the measurement of the squeezed quadrature
ξ2− < 1, and hence F, but not Q. The model without any
free parameters agrees remarkably well with the measured
Q and F, indicating the absence of major technical
limitations other than the finite state detection quality σ 2d.
The attainable metrological gain depends not only on the
⃗
reduced spin noise ξ2− , but also on the signal hjSji
[8],
which determines the contrast C of an interferometric
measurement. The dominant loss of contrast is due to
the scattering of photons into free space during squeezing,
which projects atoms into j↑i or j↓i. The measured Ramsey
contrast as a function of Q is shown in Fig. 4, together with
the a priori prediction C ¼ C0 exp ð−ðQ=Q̃ þ Q2 =2Þ=NÞ
with the initial contrast C0 ¼ 0.97 in the absence
of squeezing as the only fitting parameter. Here, Q̃ ¼
0.050ð3Þ is the independently measured shearing strength
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FIG. 3. Shearing strength Q (filled blue squares) and excess
broadening factor F (red circles) plotted versus the number pt of
transmitted photons. The open red circles correspond to the
directly measured data with the theoretical model without free
parameters (dotted red line), and the solid circles are after
subtraction of measurement noise σ 2d with the parameter-free
model without (solid red line) and with (dashed red line) Blochsphere-curvature-induced broadening. The theoretical predictions
are given by Eqs. (S7) and (S8) of Supplemental Material [32].

per scattered photon. The term Q=Q̃ arises from photon
scattering into free space, while the second, smaller term
accounts for the SSS wrapping around the Bloch sphere.
The metrological gain of a squeezed state is then given
by the Wineland parameter ξ2W ¼ ξ2− =C2 [8]. Figure 4(a)
shows ξ2W , the measured spin noise reduction ξ2− , and the
inferred squeezing ξ2st ¼ ξ2− − σ 2d of the state after subtraction of the measurement resolution σ 2d . For Q ≳ 6, the
measured squeezing ξ2− saturates at σ 2d ; Q ¼ 6.3 also
optimizes the Wineland parameter at ξ2W ¼ −6.5ð4Þ dB.
The inferred squeezing ξ2st is consistent with the prediction
from the model with no free parameters (solid red line),
which is limited by the Bloch sphere curvature to
ξ2st ¼ −15.9ð6Þ dB. To our knowledge, this is the first
time that the limitation of spin squeezing due to the
curvature of the Bloch sphere [6] has been observed.
The inferred metrological gain without readout noise
is ξ2W ¼ −12.9ð6Þ dB.
Finally, we directly demonstrate an interferometric
measurement with a precision beyond the SQL by implementing a Ramsey sequence with a squeezed, nearly
uncertainty-limited
input state (Q ¼ 3.8, area A ¼
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 þ F ¼ 1.3). The state is chosen to provide a nearly
optimum precision gain in the interferometer and in a future
OLC [25]; see Fig. 4(a). We rotate the squeezed state by
α ¼ π=2 − α− to align the minimal uncertainty along the
phase axis, allow the state to evolve for a Ramsey time
τR ¼ 1.5 ms, and apply a final π=2 rotation to map the
accumulated phase onto Sz . In Fig. 4(c), we compare the

FIG. 4. (a) Wineland metrological gain ξ2W (blue), measured
spin noise reduction ξ2− (green), and inferred SSS noise ξ2st (red)
as a function of shearing strength Q. ξ2− is limited by the
measurement resolution and ξ2st by the curvature of the Bloch
sphere. (b) Ramsey contrast as a function of Q with initial
contrast as the only fitting parameter (solid line). (c) Allan
deviation of a phase measurement for a CSS (black squares) with
SQL (dashed line) and for an SSS with Q ¼ 3.8ðpt ¼ 130Þ,
F ¼ 0.8 (red data). The red solid line is fit to the first three data
points. The reduction in the measurement time over the SQL is a
factor of 3.7(2), represented by the orange star in (a).

phase Allan deviation of the SSS (red squares) with that of
the CSS (black circles). The Allan deviation for both CSS
and SSS Ramsey sequences is derived from 90 sequential
measurements. The precision of the CSS interferometer is
accurately described by the SQL (black dashed line). The
SSS reaches a given precision 4 times faster than a system
at the SQL. The main limitation to longer integration times
is magnetic field noise (see Supplemental Material [32]).
In conclusion, we have demonstrated near-unitary cavity
feedback squeezing. Our measurements agree with a model
without free parameters that predicts both the area and
shape of the squeezed state. The results presented here can
be further improved upon in several ways: State detection
with a larger applied magnetic field will reduce the Raman
scattering and improve the measured spin noise and
metrological gain. Alternatively, one can use a squeezing-unsqueezing method [21,45] that is not limited by the
detection quality and that is also insensitive to the curvature
of the Bloch sphere. The intrinsic squeezing of ξ2st ¼
−16 dB is already more than halfway (on a logarithmic
scale) between the SQL and the ultimate Heisenberg limit

223203-4

PHYSICAL REVIEW LETTERS 122, 223203 (2019)
at ξ2H ¼ −30 dB for N ¼ 103 atoms. The squeezing performance depends only on the collective cooperativity Nη,
and, by placing the ensemble at a location in the cavity with
higher single-atom cooperativity at constant Nη, i.e., for a
small atom number, the demonstrated performance could
already be quite close to the Heisenberg limit. Furthermore,
the absolute squeezing will improve with increased collective cooperativity in proportion to Nη. We expect that the
spin squeezing can be transferred from the nuclear spin
directly to the j1S0 i → j3P0 i clock transition through an
optical π pulse, thus enabling optical-clock operation
beyond the SQL. Finally, unitary squeezing can also be
used to enable quantum information processing with
Gaussian states [46,47].
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