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Abstract

We generate spin squeezed ground states in an atomic spin-1 Bose-Einstein condensate tuned near
the quantum critical point between the polar and ferromagnetic quantum phases of the interacting
spin ensemble. In contrast to typical non-equilibrium methods for preparing atomic squeezed states
by quenching through a quantum phase transition, squeezed ground states are time-stationary and
remain squeezed for the lifetime of the condensate. A squeezed ground state with a metrological
improvement up to 6-8 dB and a constant squeezing angle maintained over 2 s is demonstrated.

For quantum-limited metrology with N uncor-
related particles in an atomic clock or optical
interferometer for example, the uncertainty princi-
ple provides the standard quantum limit (SQL) of
relative measurement precision, 1/ VN. An impor-
tant frontier of research in metrology is the devel-
opment of techniques to surpass this limit using
quantum squeezed states or other entangled states
[1, 2]. These techniques are expected to play an
important role in the next generation of quantum
sensors [3-5]. Atomic Bose-Einstein condensates
(BECs) with internal spin degrees of freedom are a
promising platform for creating and characterizing
atomic spin squeezed and other entangled states
[6, 7]. These systems feature strong collisional spin
interactions, tunable Hamiltonians with quantum
phase transitions (QPT) and low-noise tomo-
graphic quantum spin state measurement capa-
bilities that allow exploration of a wide range of
interesting phenomena including squeezing [8-10],
dynamical stabilization [11], parametric excitation
[12], and studies of the quantum phase transi-
tion [13-15] including Kibble-Zurek universality
[16]. Experimental demonstrations of collisionally-
induced spin squeezing in condensates have mainly
utilized non-equilibrium many-body dynamical

evolution in one-axis twisting or similar Hamilto-
nians [9, 17-19] following a deep quench across the
QPT from an initially uncorrelated state; recently
spin squeezed states have also been generated
using parametric/Floquet excitation [12, 20].

In contrast to entanglement and squeez-
ing in excited states, there is much interest
in studying similar phenomenon in the ground
states. Entangled ground states are central to
adiabatic quantum computing and understand-
ing strong-correlated many-body systems, and
there are also compelling applications to quan-
tum enhanced metrology [21]. To this last point,
there have been experiments using adiabatic [13]
or quasi-adiabatic [15, 22] evolution across the
symmetry-breaking phase transition to create
highly-entangled states such as Dicke states and
twin-Fock states [23].

The focus of this paper is the creation and
investigation of Gaussian squeezed ground states.
These states arise naturally as the Hamilto-
nian is tuned near the symmetry-breaking QPT
and offer the advantage that the squeezed state
properties are determined by the properties of
the final Hamiltonian rather than the details of
the non-equilibrium evolution and are thus eas-
ier to characterize and control. In particular,
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the minimum squeezed quadrature angle for the
ground state has a fixed orientation independent
of the Hamiltonian parameters such as density
and magnetic field. In contrast, the minimum
squeezing quadrature angle in non-equilibrium
methods is both time and atom number depen-
dent [9], which poses serious challenges for highly
squeezed states. Finally, spin squeezed ground
states provide opportunities to more carefully
investigate long-term evolution of entanglement in
spin ensembles because the squeezing is now in a
stationary state. A distinguishing feature of the
investigation described in this letter is the use of a
double-quench shortcut [24] to approach the QPT
that significantly shortens the state preparation
time compared to adiabatic methods. Decreasing
the preparation time improves both the fidelity
of the target state and the detection limit due to
uncorrelated atom losses.

The spin dynamics of a small spin-1 conden-
sate in a magnetic field oriented along the z
direction are described by the Hamiltonian [9]:

7= S ¢ 45
=51, (1)

where $ is the collective spin operator, and Qz
is a collective nematic/quadrupole operator. The
coefficient ¢/2N is the collisional spin interaction
energy per particle, and ¢ < B? is the quadratic
Zeeman energy per particle. For the 8’Rb F =
1 hyperfine state, ¢ < 0 meaning the conden-
sate has a ferromagnetic (FM) phase and a polar
phase, separated by a QCP at ¢ = 2|c| = ¢. (see
Supplementary Section I).

We begin by describing the basic idea behind
the experiment. The starting point is a spin-1 con-
densate prepared in the mp = 0 Zeeman state
at a high magnetic field such that ¢ = g9 > q.
and the spin interaction term of the Hamiltonian
can be ignored. This is an uncorrelated ground
state with Heisenberg uncertainty for the compli-
mentary observables AS;AQ,. = N, where S,
is the collective spin operator in = direction, and
Qyz is the collective nematic operator between y
and z direction. Throughout the text, operators
are indicated by carets, while the corresponding
symbol without the caret indicated their expecta-
tion value. The phase space of the system can be
visualized on a Bloch sphere of {S,, Qy., Q.} (see
Fig. 1) where the ground state is located at the

Q. = 1 pole with symmetric uncertainties in S,
and @Q)y.. In earlier demonstrations of spin-nematic
squeezing [9, 25], the squeezing was generated by
non-equilibrium evolution from an unstable fixed
point following a deep quench across the QCP to
the FM phase as shown in Fig. 1(i). In this work,
we are interested in creating squeezing in the polar
phase in the neighborhood of the QCP and, in
particular, creating squeezing in the ground state
of the system with ¢ 2 ¢.. We again begin with
a sudden quench from ¢y, but now to a final field
above the QCP, ¢; = q.. At this field, the ground
state remains polar in character, but the spin
interactions are no longer negligible and distort
the semi-classical orbits of the system into ellipses.
Subsequent evolution of the initially symmetric
uncertainties gives rise to periodic squeezing and
unsqueezing with a frequency w; = 1/q:(q; — qc) as
shown in Fig. 1(b)-(f) from the energy gap [12]. Of
course, this is an excited state of the system with
dynamically evolving observables, in this case the
uncertainties AS; and AQ,.. Although this state
is not a ground state of the Hamiltonian H(g;), it
is the ground state of another Hamiltonian H (qy)
where ¢; > g5 > ¢.. To end with the condensate
in a ground state, we perform a second quench
with a timing and final field value chosen to match
the evolving state with the shape of the ground
state of the final Hamiltonian. This second quench
results in the system in the ground state of H (gy)
as shown in Fig. 1(g)-(h).

The ground state of H (qr) exhibits squeezing
in the variance of Q,, by an amount [24]:

& = AQL/N =1/n, (2)

where 1/n = /1 —q./qy, and anti-squeezing by
an amount 7 in the complimentary observable S,.
In order to end in the ground state, the second
quench needs to occur at a time T/4 = 7/(2w;)
and gy needs to satisfy the relation (¢; — g.)/¢; =
1/n. Of course, it is also possible to adiabatically
ramp the Hamiltonian directly from qo — ¢y, but
the double quench shortcut method is at least
/1 faster than the shortest adiabatic ramp time
Tadiab > 270/ qy (see [24] for details).

We now turn to the experimental measure-
ments. We first investigate the single quench
non-equilibrium periodic squeezing following Fig.
1(b)-(f). A condensate of 50k atoms is prepared
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Fig. 1 The spin-1 states in the S, =0 subspace and their evolution can be visualized on a {S;,Qyz,Q:}
Bloch sphere. (a) The initial state is an uncorrelated ground state at ¢ > ¢. with symmetric uncertainties in S; and
Qyz. (b)-(f) following a sudden quench to g; 2 gc at ¢ = 0, the ground state remains polar, but the fluctuations evolve
periodically along elliptical orbits with a frequency w; = 2m/T. (g)-(h) A second quench at T'/4 to a suitably chosen ¢
will de-excite the condensate into a stationary squeezed ground state. (i) Standard non-equilibrium method of generating
spin-1 squeezing following a sudden deep quench across the QCP to the FM phase [9, 25].
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Fig. 2 Time-stationary squeezing and periodic squeezing. (a) Measurement of time-stationary squeezing in the
AQy: observable following the double quench sequence qo — q; — ¢y designed to create a squeezed ground state at gy
(blue triangles). These data are compared to a single quench gqo — ¢; (red circles), which exhibit periodic squeezing and
unsqueezing in AQy.. Simulation results with ¢ = —8.2 + 0.1 Hz (blue shaded area) are compared with the data. (b)
Tomographic measurements of the fluctuations at t = T'/4 (red circles) and at a much later time (¢ ~ 37'/4) after the second
quench (blue triangles). The error bars indicate the standard deviation of measured variance determined from 100 repeated
measurements per data point.

in the mp = 0 state in an optical dipole cross Fig. 2(b), tomographic measurements of the fluc-
trap at a high field, ¢y = 5¢.. Following a sudden tuations at the point of maximum Q. squeezing
quench to ¢; = 1.16¢., the condensate is allowed (t = T'/4) are shown. Each data point corresponds
to freely evolve. The mean spin populations do to a measurement at a different quadrature phase
not significantly change as the condensate is still 0 = 05/2, where 6, is the relative phase between
in the polar phase, however the spin fluctuations mp = 0 and mp = £1 spin components:

do evolve. In Fig. 2(a), measurements of the time

evolution of AQ,. are shown that exhibit peri- € = A(Sy cosf + Q. sin)?/N. (3)
odic squeezing and unsqueezing; measurements of

AS, show complimentary behavior of periodic The data show up to —6 dB of squeezing and

anti-squeezing (see Supplementary Section II). In symmetric anti-squeezing. The data are compared
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with simulations that show good qualitative agree-
ment; however, it is necessary to scale the simu-
lations by £2 = (£2,,)%7 to quantitatively match
the observed squeezing — possible explanations
are discussed in the Supplementary Section I. In
the figures throughout, the simulations are scaled
to account for this discrepancy.

Also shown in Fig. 2 are data taken follow-
ing the double quench sequence ¢ — ¢; — ¢y
designed to achieve the squeezed ground state of
H(qy). In Fig. 2(a), the data show that following
the second quench to ¢y = 1.04¢., the time evo-
lution of AQ,. remains constant at the level of
the maximum squeezing previously observed, as
expected for the ground state. The data are com-
pared with a simulation result including a +0.1 Hz
uncertainty in ¢ (see Methods). The precise values
of T'and gy are determined from the single quench
data. Tomographic measurements of the fluctua-
tions of the ground state shown in Fig. 2(b) taken
at a much later time (¢ ~ 37/4), are indistin-
guishable from measurements made of the periodic
squeezing at (t = T'/4), as expected. Furthermore,
in addition to a constant squeezing amplitude, the
maximum squeezing angle (the minimum quadra-
ture angle) 05 i, = min{€3|0s} = —m remains
constant following the second quench. This is
in stark contrast to the deep quench method
(Fig. 1(i)) for which 05 iy is a function of ¢, ¢ and
evolves dynamically (see Supplementary Section
I). The experimental data is corrected for the pho-
ton shot noise and the background imaging noise
and the detection limit of the squeezing is —7 dB
(Methods). From the measurement of —6 dB of
squeezing, it is possible to determine the entan-
glement breadth of the spin ensemble [10, 22, 26].
From this, we can conclude that a non-separable
(entangled) subset of 600 particles is detected in
the squeezed ground state (Supplementary Section
IT). For comparison, we have also used an adia-
batic ramp method to create the squeezed ground
state (see Supplementary Section IT). It is clear
that the double quench method is superior, offer-
ing > /7 faster preparation and higher squeezing
by minimizing atomic losses.

The degree of squeezing in the ground state
increases as gy approaches g. according to Eq.
2 because the semi-classical orbits near the pole
become more elliptical (Fig. 1). In Fig. 3, noise
measurements are made for three different final
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Fig. 3 Measurement of §S versus t following the
double quench sequence for different qs- The solid
lines are simulation results and the shaded regions reflect
the sensitivity of the simulations to the uncertainty in ¢ =
—8.5 £ 0.1 Hz. For the ¢; = 1.003¢. data (green squares),
the uncertainty of ¢ may lead to crossing over to the FM
phase. Inset: the fidelity of the ground state F' determined
from the residual oscillation of £2 5. after the second quench.

The maximum fidelity that can be detected (dashed line)
is limited by the detection noise.

gy values to show this dependency. We measure
the anti-squeezed quadrature {%x instead of the
squeezing in AQ,. to avoid limitations due to
the detection noise limit. The sensitivity of the
final state on the uncertainty in ¢ (and hence g.)
increases at higher anti-squeezing amplitudes as
shown by the shaded envelopes on the simulation
curves. Tomographic measurements shown in Sup-
plementary Section II confirm that the maximum
squeezing angle ; = — is independent of ¢ .

Following the second quench, any residual
oscillation of the measured fluctuations A =
(max(¢% ) —min(¢% )) /2 is an indication of
imperfect transfer into the ground state. Using
a simple harmonic oscillator model [24], and
defining FF = [(¥(¢)|Q)|? as the fidelity of the
targeted ground state |Q) of H(qy), the fidelity
can be determined from the oscillation amplitude
through:

F=~1-(A/2n). 4)
Using this result, we determine that F > 98% for
squeezed ground states as shown in Fig. 3 inset.
The tolerance to the oscillation is high because a
small amount of excitation can lead to significant
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Fig. 4 Measurement of the long-term evolution of
5%35 and §%y2 in the squeezed ground state. The

simulations (solid lines) include the effects of atom loss
c(t) = (—8.7 £ 0.1) exp(—2¢/57) Hz. Here g = 2|c(0)]
is the critical point in the beginning of dynamics. The
detection limit is dominated by the uncorrelated atom loss

2 (black dashed line) after 600 ms. The blue and red

o
loss

dashed lines are the maximum and minimum variance of

the deep-quench squeezed state [9]. The inset shows AS2

(red circles), AQ%Z (blue squares) and N (green triangles)

versus t.

noise fluctuation. F' is lower at bigger §§z because
the sensitivity to ¢ robustness increases. The max-
imum fidelity that can be detected is limited by
the noise detection uncertainty.

In Fig. 4, the long-term evolution of the
squeezed ground state is measured. Atom loss due
to the finite lifetime of the condensate leads to
a decrease in peak density ng, with ng o« N2/°
in the Thomas-Fermi model [27] (see Methods).
This in turn affects the spinor dynamical rate
and the QCP because g. o ¢ « ng. Hence, as
the condensate decays, one expects that ¢r/q.
will increase, leading to a decrease in the squeez-
ing. The data in the figure show this trend and
compare well with simulations that include expo-
nential atom loss with a time constant 7 = 3.2 s
thus leading to the attenuation of the squeezing
amplitude. The ground state maintains squeezing
for over 2 s, and spin-noise tomography shows that
the minimum squeezing quadrature angle remains
fixed at 65 min = —7 throughout the entire evo-
lution (see Supplementary Section II). The atom
loss also degrades the squeezing due to uncorre-
lated atom loss [28]. This limit to the squeezing is
also included in Fig. 4 as ,Ufoss. The uncorrelated

T T T T
0 500 1000 1500 2000

loss becomes more important at longer timescales
comparable to the condensate lifetime. The inset
shows directly the time evolution of the variances
AS? and AQ%Z together with the exponentially
decaying total atom number, N.

The double quench method can be easily
adapted to (pseudo) spin-1/2 systems such as
bosonic Josephson junctions (BJJs) governed by a

Hamiltonian of the form H = ajZQ + J, . It can
also be employed for spin-1 condensates with ¢ > 0
[29-33] such as for sodium condensates. These sys-
tems have a QCP at ¢ = 0 but lack a continuous
quantum phase transition. The result in this paper
can be also extended to other systems similar to
ours, such as bosonic Josephson junction systems
[34] and the Lipkin-Meshkov-Glick model [35].

In summary, this is the first realization of
spin squeezed ground states in a spin-1 BEC
within the proximity of the quantum phase tran-
sition point and provides a solid foundation for
the application of our protocol. The result shows
metrology improvements at a lifetime scale and
the maintenance of the maximum squeezing angle
in good agreement with theoretical predictions.
Our method, implemented here near a second-
order quantum phase transition, can also be used
as a tool to measure the quantum phase tran-
sition precisely. This is exceptionally useful in
condensed matter systems [36], for example, it
can help answer the relationship between high-
temperature superconductivity and the QCP in
copper-oxide [37-39].
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Methods

Initial state preparation. For the experiment,
we prepare a condensate of N = 5x 10% atoms in a
cross optical dipole trap formed by a A = 850 nm
laser and a COs laser (A = 10.6 pm) as illustrated
in Fig. M1(a). The initial spin state is initialized
in |[F =1, mp = 0) by applying a strong magnetic
gradient during evaporative cooling, and the con-
densate is created in a By = 1.1 G magnetic bias
field.

Calibration of collisional spin interaction.
The collisional spin interaction energy c is deter-
mined by careful measurement of the QCP using a
quench technique [16]. Quenching the condensate
to fields close to the QCP and measuring the rela-
tive spin populations following 165 ms of evolution
at the final field, it is possible to determine ¢, with
a precision of 0.1 Hz (see Fig. M2(a)). This same
method is used to verify the relationship ¢ oc N2/°
by studying ¢. as a function of atom number (see
Fig. M2(b)). For the experiments, ¢ ranged from
[—7.5,—8.7] Hz due to day-to-day variations of the
experimental conditions.

Phase encoding. Measurements of AS? are
performed by first doing a radio-frequency (RF)
pulse of exp(—iS,7/2) in the spin-1 manifold (Fig.
M1(b)). The Q. direction measurement is done
with a microwave (pwave) pulse exp(—iQ..7/4)
detuned from the clock transition to first shift the
spinor phase by Af; = —mx followed by the RF
rotation [9, 11]. To be able to shift the spinor phase
05 precisely, the quadratic Zeeman effect needs to
be accounted for. The hyperfine splitting is cal-
culated using the Breit-Rabi formula [40]. The
clock transition between |F = 1,mp = 0) and
|F =2, mp = 0) has the energy difference

1(gspB)? o
Agp=Fy —FEio~ Ep¢s + —-———""B
20 10 ! 2" Enps 5)

= 6834682610.9 Hz + 572.8 Hz/G” - B2,

The resonance of the clock transition needs to be
adjusted depending on the magnetic field B.

SQL measurement. The atom detection is cal-
ibrated using a coherent RF rotation to measure
the standard quantum limit (SQL) [28]. The cal-
ibration is performed at the same final magnetic
field as the squeezing measurements 4 ms after a

fast quench to minimize spin evolution [9]. The
quantum projection noise U2QPN =AM?*—0hgy—
ngg is extracted by subtracting the photon shot
noise ohgy and the background imaging noise
crgkg from the measured magnetization variance
AM? [28]. The uncertainty of ogpy is given

by std(cdpn) = 0ppny/ 5=7, Where Ny is the

number of measurements.

Magnetic field gradient cancellation.
Empirically, we have found that in order to
observe well-characterized spin dynamical evo-
lution, it is necessary to zero the magnetic field
gradient along the z axis (CO2 laser axis), as
shown in Fig. M4(c). To measure the gradient,
we perform magnetic field measurements using
the condensate careful translated to different z
position. We use a motorized translation stage
to precisely control the spatial location of the
condensate by changing the CO4 laser trap focus
point. The range of translation is measured via
absorption imaging to be 150 pm. At each loca-
tion, RF spectroscopy is performed to measure
the local magnetic field (see Fig. M4(a) for a
typical measurement). A linear fit to the data is
used to determine the magnetic gradient. We use
auxiliary anti-Helmholtz coils near the chamber
to cancel this gradient. Fig. M4(b) shows that we
can cancel the gradient to < 10 mG/cm.

The squeezing detection limit of —7 dB is
determined from measurement of spin-mixing
number squeezing based on [28]. Spin-mixing (Fig.
M4(c)) generates correlated pairs of atoms in
mp = £1 that exhibit number squeezing in the
magnetization M = Ny; — N_1, similar to opti-
cal four-wave mixing. The magnetization variance
is measured by counting the spin populations fol-
lowing Stern-Gerlach separation to determine the
maximum detectable squeezing.
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reasonable request.
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a)
A =850 nm

CO, laser

mp=—1
is formed by a COgz laser (A = 10.6 pm) in horizontal

Fig. M1 (a) An illustration of our apparatus. The optical trap
state tomography is performed using the RF pulses and

direction and a A = 850 nm laser in vertical direction. (b) The spin
the detuned pwave pulses as shown in the figure.
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Fig. M2 (a) The critical point detection using sudden quench B scans at t = 165 ms. po is measured as a function of B..
1% pollution from A = 850 nm laser is presented compared to the simulation result as discussed in Fig. ?7?. The black solid
line ¢ = —8.5 Hz, dashed lines +0.1 Hz, and dotted lines 0.2 Hz are attached to the figure. By using the simulation, ¢ can
be decided with precision about £0.1 Hz. (b) Different atom number N generated by a finite life-time decay of BECs versus
¢ is studied using the method in (a). The measured c agrees well with the analytic relationship ¢ o N 2/5 (inset green line).
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Fig. M3 The atom detection is calibrated to measure the SQL. The calibration is performed ¢t = 4 ms after a fast quench
to minimize spin evolution at the same final magnetic field. Theoretical prediction gives 0.87 dB(+1 dB) anti-squeezing.

The count per atom with 200 ps exposure time is 157.9 counts/atom.
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Fig. M4 (a) Local B; is measured for the condensate carefully translated to different z position, and 0B /9z is determined
through a linear fit to the data. Estimated error of the magnetic field from RF spectroscopy is smaller than the size of
markers. (b) Measurement of B /0z versus the current I in auxiliary anti-Helmholtz coils. We use those coils to cancel the
ambient gradient to < 10 mG/cm. (c¢) Spin dynamical evolution (spin-mixing) at B, = 250 mG, 10 shots for each point.
Correlated pairs of mp = £1 are generated, similar to the optical four-wave mixing. The data agrees with the mean-field

simulation prediction only with a precisely canceled 0B, /0z (red circles).
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I. THEORETICAL DETAILS

- S g(gz, (S1)

The Hamiltonian in Eq. is written in terms of many-
body operators, defined as follows. The operator in the
two-body s-wave collision term is the square of the col-
lective spin operator, S? = S2 + Sg + S2. The v com-
ponent is S, = Zi\;l 8, and §! is the corresponding
single body spin-1 operator for the i*? particle. The op-
erator Q. = —N/3 — Q.. is simply related to a col-
lective nematic (quadrupole) tensor QUH = Zfil cjfju,
where §,, = §,5, + 5,8, — (4/3)d,,, is the single par-
ticle symmetric and traceless tensor. ¢ = ¢.B? is the
quadratic Zeeman energy per particle in an applied mag-
netic field B with ¢,/h ~ 71.6 Hz/G? (hereafter, we set
Planck’s constant h = 1). The quantum spin states and
their evolution within the S, = 0 subspace can be vi-
sualized with the unit spheres of the {S;, Qy.,Q.} and
{Sy, Qu, Q. } variables. Since the two unit spheres share
the same dynamics up to the irrelevant Larmor phase,
we focus only on the {Sg,Qy-,Q.} sphere for the fig-
ures. The QCP between the polar and the FM phases
occurs at ¢. = 2|c|. This is a second-order (continuous)
quantum phase transition according to Ehrenfest’s clas-
sification, which is akin to the phase transition in the
Landau-Ginzburg model ﬂ] The corresponding polar
phase (¢ > qc) energy gap A(q) = w(q) = v/q(q - qc)
between the ground state and the first excited state van-
ishes at the QCP in N — +oo case.

We numerically solve the full quantum spin-1 dynamics
in the single-mode approximation ﬂj],

ihoy| W (1)) = H|W(t)
using the S. = 0 Fock state basis Ny, No, N_1) = |k, N—

2k, k) =: |k), 0 < k < . In this basis, the non-zero
matrix elements of the Hamiltonian matrix are

(K'|82|k) = 2 [(2(N — 2k)k + (N — k))ak/,ﬁ

(k+1)VN —2kV'N — 2k — 10k jo1+

(k)V'N — 2k + 2V N — 2k + 15;@/,“} ,

(K'|Q.|k) = 4k .,

(dB)
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FIG. 1. Spin-noise tomography measurement for the deep
quench method at B, = 400 mG, ¢t = 30 ms. The simulations
(blue solid line) match well without any adjustments. The
maximum squeezing does not have a fixed 0s min because it
is an asymptotic function of parameters ¢/|c| and ¢.

and the initial condition is |¥ (¢ = 0)) = |0, N,0). In the
N = 400 limit, the dynamics can be described by the
mean-field equations [3):

) 2c .
po = =P (1= po)? — m?sin(s)
. 29 2c
=41 212
3 + h( o)
2¢ (1 = po)(1 = 2pg) — m”

P )

where pg = Ny/N is the relative population of |mp = 0),
m = (Ny1 — N_1)/Ny is the relative magnetization,
and 05 = 041 + 0_1 — 26 is the relative spinor phase
defined in terms of the phases of the Zeeman compo-
nents. The initial ensemble is defined to satisfy the
quantum uncertainty relationships AS,AQ,. = N and
AS,AQ,. = N. The simulations agree with the ex-
perimental data qualitatively but require a correction of
€2 = (€2, )7 to match quantitatively. Interestingly, this
correction is only required to match the squeezing mea-
surements in the neighborhood of the QCP. For squeezed
state generation using the deep quench method, the sim-
ulations match well without any adjustments, as shown
in Fig. [l We do not currently understand this discrep-
ancy; perhaps normally negligible effects such as mag-
netic anisotropy |4] or dipolar interactions ﬂﬂ] become
significant near the critical point where the energy scale
goes to zero. We hope to further investigate this in the
future.
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FIG. 2. The periodic quadrature variance data of (a) Sy and (b) Q.. The insets show the relative distance from the QCP. As
q; approaches g, |£§vz| and |§éyz| become bigger while w; gets smaller. Solid curves are the simulation result with corrections.
Inset: The measured oscillation frequency from the data is converted into the energy gap A = fw; and it measures the distance

between ¢; and q..

II. SUPPLEMENTARY MEASUREMENTS

In the main context, we studied the periodic squeez-
ing for ¢; = 1.16¢.. We have also studied the periodic
squeezing for different ¢;, as shown in Fig. 2l The tempo-
ral evolution rotates the distribution and creates periodic
squeezing described by

2 = 1+ cos(w;t) 1 — cos(w;t)
Qu= 2 2

(S2)

and & = 1/§éy2. As ¢; approaches qc, [£2 | and |§%y2|
become bigger while w; gets smaller.

The extra spin-noise tomography data for the stabi-
lized squeezing in the main context is plotted in Fig.
It is evident that the squeezed ground state has a fixed
0s,min = —m that is independent of gy and ¢. One of the
attractive features of our method is that no searching is
needed to align the minimum squeezing direction to the
detection variables.

A high fidelity —3 dB squeezing generated by the adi-
abatic passage is measured in Fig. @l The assumption of
constant atom number is no longer valid at timescale >
100 ms due to the finite lifetime (7 = 3.2 s) of our conden-
sates. The simulation with c(t) = —7.5exp ( — 2t/(57))
Hz is plotted in Fig. @ As the time increases, the spin
correlations loss o7, = p(1 — p)N° [d] due to the life-
time leads to smaller detecable squeezing, where N? is
the number of atoms without loss and p = 1 —exp(—t/7)
is the probability of atom loss. A two-step linear ramp
is used to realize the adiabatic passage. The adiabatic
passage ramp takes 30 ms to ramp from By to 600 mG
and then takes 200 ms to ramp to By.

We measure the entanglement of squeezed ground
states through the entanglement breadth as shown in Fig.
The entanglement breadth in the basis of the spin-
nematic operators can be calculated in analogy with the
Bloch sphere operators ﬂj, ] The boundary labeled by

a) 8-
[ |
: /:/L\—\ ‘
% N /'/Q
~o =246
d . ® {£100ms

S0 +
S m t=37ms
w ® t=115ms
A t=1015ms
-5 ¢ t=2015ms

T T T T T T 1
30 25 20 15 10 05 00
95 (1)

FIG. 3. (a) Spin-noise tomography for stabilized squeezing
with ¢y = 19.1 Hz, ¢ = 100 ms and gy = 17.05 Hz, t = 246
ms. (b) Spin-noise tomography for states held inside the trap
for 37,115,1015,2015 ms shows that s min = —m is fixed
during the entire evolution.

the number k is given by the state

W) = |1) " @ [tp) (S3)

which is a product of n (= [N/k], integer part of N/k)
copies of state |¢y) containing k nonseparable spin-1
particles and state |t),) composed of the remaining p
(= N — nk) particles. The state |¢,) (@ = k,p) rep-
resents the ground state of the p particles Hamiltonian

Hy = (S19)? = MNQ% — Q))/2 (84)
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FIG. 4. A squeezed ground state is generated with an adia-
batic ramp. The adiabatic passage is more robust but slower
compared to the shortcut protocol. The inset shows the spin-
noise tomography measured at ¢t = 355 ms. The simulations
take the lifetime of the BEC into consideration with 7 = 3.2
S.
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FIG. 5. A non-separable subset of 150 particles (red dot) is
detected in the squeezed ground state based on the entangle-
ment breadth measurement. The corrected spin length based
on A = 850 nm laser pollution (black dot) shows a 600 par-
ticles entanglement. Inset: Measurement of the spin length
under different experimental conditions. Green bars are the
measurement in the CO2 trap which sets the detection limit
for the maximum spin length. Blue bars are the data inside
the cross trap at the condition ¢ > ¢.. The red bars are the
measurements for a —6 dB squeezed ground state.

The boundary points are obtained as

((Qz2 = Quy)/2) = n((QY — QU)/2) 1w
+((QY — Q) /21wy

(AS,)* = n(ASH)7y,, + (ASP)E, (S6)

The spin length here is different from the Dicke state’s
case because the spin vector is well-pointed in the (Q,, —
Qyy)/2 direction.

In the inset of Fig. [0 the spin length |(Q..—Qyy)/2| =
2Ny — N is measured and studied for different experimen-
tal conditions. The A = 850 nm laser contamination at
the condition g > ¢. leads to a 1% fraction of atoms in
mp = +1 compared to the ideal case in the sole CO5
laser trap. The squeezed ground state at g¢ 2 g. further

reduces the spin length by 1%. A non-separable subset
of 150 (600 with correction) particles is detected in the
squeezed ground state in Fig.
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