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Concurrent Spin Squeezing and Light Squeezing in an Atomic Ensemble
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Squeezed spin states and squeezed light are both key resources for quantum metrology and quantum
information science, but have been separately investigated in experiments so far. Simultaneous generation
of these two types of quantum states in one experiment setup is intriguing but remains a challenging goal.
Here, we propose a novel protocol based on judiciously engineered symmetric atom-light interaction, and
report proof-of-principle experimental results of concurrent spin squeezing of 0.61 + 0.09 dB and light
squeezing of 0.657/} dB in a hot atomic ensemble. The squeezing process is deterministic, yielding fixed
squeezing directions for both the light field and the collective atomic spin. Furthermore, the squeezed light
modes lie in the multiple frequency sidebands of a single spatial mode. This new type of dual squeezed state
is applicable for quantum enhanced metrology and quantum networks. Our method can be extended to

other quantum platforms such as optomechanics, cold atoms, and trapped ions.
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Entanglement states such as squeezed spin states (SSSs)
and squeezed light [1-3] have been under active inves-
tigations due to their relevance for precision measurements
[4-6], such as light interferometers [7] and spin sensors
[8-14]. However, the generation and utilization of light
squeezing and spin squeezing have largely been separate in
different setups. The flying spin (light) and stationary spin
(atoms) often involve distinct schemes [6] for squeezing,
although their squeezed states both involve pairs of
correlated excitations [15-18]. Studying the analogies
and differences between atoms and light in the context
of quantum squeezing is an intriguing topic, with other
studies in view of wave-particle duality and mathematical
description of their coherent states [19]. Practically, con-
current squeezing of the two can save resources and have
applications in quantum metrology and quantum informa-
tion science.

Despite a few theory proposals [20,21], concurrent light
squeezing and atomic spin squeezing remain an experi-
mental challenge because the two squeezings require
different physics processes in general. Light squeezing is
usually based on nonlinear atom-light interactions (such as
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wave mixing [22] or parametric processes [23]) and leaves
atomic states nearly intact, whereas in light-mediated spin
squeezing, light serves as the agent in correlating the spin
while the spin often does not provide the necessary
feedback mechanism for light squeezing [24-26]. A
generic form of Hamiltonian A = p_b'a’" + u b'a + H.c.
[27-31] has been studied, where light (@) and spin (lA7) act as
quantum bus for one another and in principle allow
concurrent squeezing. In practice though, the spin oscillator
often has finite frequency €2 and the additional term Qb'h
induces quantum backaction noise by rotating and mixing
the two orthogonal quantum quadratures, which can spoil
spin squeezing. Up to now, Hamiltonians of such type in
atomic and optomechanical systems have led to either
entangled spin [32], or entangled (or squeezed) light
[27,33], but not both.

Here, we propose a novel protocol enabling squeezing of
both light and a collective spin oscillator, and report proof-
of-principle experiments. By using stroboscopic atom-light
interaction with periodic short optical pulses of coherent
states, the frequency mismatch between light and atoms is
compensated as in Floquet engineering [34,35]. This allows
generation of a comblike squeezed vacuum light state
that then transfers to atoms producing spin squeezing.
Previously, stroboscopy was employed in backaction

© 2024 American Physical Society
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(a) Experimental schematics. The paraffin-coated rubidium vapor cell is located in a four-layer magnetic shield, with a Zeeman

splitting of Q = 27 x 499.60 kHz from a bias magnetic field. The optical pumping light travels along x axis. Both X; and X, probe
lasers propagate along the z axis, and their Stokes components S, and S, will be respectively demodulated at the Larmor frequency and
recorded by a lock-in amplifier. HWP, half-wave plate; QWP, quarter-wave plate; PBS, polarization beam splitter; GLAN, Glan-laser
calcite polarizer. Right: level diagram of the probe X; with stroboscopic driving frequency w,, = 2€2. The red solid arrows are the carrier
(zeroth sideband) of probe X; with frequency @, while the purple solid arrows denote the first sideband with frequency w, — 2€2. The
dashed arrows represent the Stokes and anti-Stokes quantum fields in the y polarization (viewed along z axis). (b) Time-domain
representation of pulse sequence (top) and the corresponding spectrum of the probe pulses (bottom). Before interaction, the optical
pumping pulse prepares the atoms to CSS. Then the stroboscopic probe X pulse creates spin squeezing of the atomic ensemble, while
the output X; pulse itself is squeezed at the same time. An extra stroboscopic probe X, pulse then verifies the generated SSS. All three
pulses have slowly varying rising and falling edges [52] to minimize excess noises. (c) Pictorial representation of the atom-light
interaction. It can be understood as either (left) an atomic mode interacting with a squeezed reservoir or (right) an atom-light beam
splitter (BS) evolution sandwiched between the sideband squeezing evolutions (see text).

evading measurements and conditional spin squeezing
[26,36]. We experimentally demonstrate deterministic
and unconditional spin squeezing, with fixed squeezing
directions for both light and spin.

The principle of our scheme for concurrent squeezing
is illustrated in Fig. 1. A ¥Rb atomic ensemble with
N, > 10'!" atoms is prepared in the ground state sublevel
1) =58 )5|F = 2,mp = —2) to produce a coherent spin
state (CSS) along a bias magnetic field [37] in the x
direction, which can be treated as a two-level system with
the neighboring sublevel ||) = |F =2,mp = —1). The
creation of the atomic excitation can be described by the

L) i (11/ /Ny, satisfying the

commutation relation [b, 5'] = 1. A train of ultrashort and
relatively strong linearly x-polarized light pulse with
central frequency @, is sent through the sample to expe-
rience a near-resonant interaction, producing Raman scat-
tered and collectively enhanced quantum field & in the y
polarization. These square-wave pulses have a width 7, and
are T; = x/Q away from each other in the time domain to
ensure that each pulse enters the ensemble encountering
exactly either the +z or the —z component of the atomic
angular momentum (which undergoes Larmor precession
around the B field), as shown in Fig. 1(b). With such

collective operator b’ = Z

setting, the periodically changing temporal profile function
of the incident light in the frequency domain is ¢(z) =
S o Ae?™ ) with the Fourier coefficients A, =
dsinc(znd) and the duty cycle d = 7y/T;. Obviously, this
spectral distribution is a frequency comb [38] with central
frequency w,, overall width « 1/d, and comb-tooth sep-
aration 2Q [Fig. 1(b)]. The system can be described by
canonical variables under the Holstein-Primakoff approxi-

mation 1391, &4 =-J,/\/ [Vl =(b+b")/V2, pa=
J./\/ I, ==i(b—-b")/v/2 for the collective spin
and § = 8,//IS. = (@+a")/V2. pr=5//1S] =

—i(a—a")/v2 for hght, where J; are collective angular
momenta of the atomic ensemble and S',- are Stokes
operators for light with i = Xx, y, z, and the minus sign
before J  comes from the atomic polarization direction (see
Sec. 1 of the Supplemental Material [40]).

In the weak excitation limit, one may adiabatically
eliminate the atomic excited states and obtain the effective
interaction Hamiltonian (Sec. 1 of [40]) of the type

Hip < b' Z Ry (agcoshry, —apsinhry) +He., (1)

k=—00
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where the integer |k| is odd and &; denotes creation
operator of the sideband mode with frequency @y + k.
The sideband-dependent coupling constant R; = /C,C_
and the parameter r;, = In(C, /C_) with C.. = Asonpr £
Ay, where py = k(1 £ ¢?)/2V/L describes Stokes
and anti-Stokes scattering rates, with total interaction
length L, coupling strength x (proportional to the square
root of N, times the incident photon number), and &>
proportional to the ratio of the coefficients of the vector and
tensor parts of the atomic polarizability. This interaction
has a simple and interesting form. It describes a beam
splitter (BS) type interaction between the atomic mode b
and the photonic Bogoliubov mode I (ESZ&kSk =
aicoshr, — &z sinhr;), where the squeeze operator
S = exp[ry(a2 — a}?)/2]. The Bogoliubov modes {I’;}
bear close analogy to the “squeezed vacuum reservoir”
[53,54], passing squeezing to atoms as in Eq. (1) and
illustrated in Fig. 1(c). More specifically, the evolution of
such interaction is equivalent to S‘ZIA?T&,{S,C + H.c., i.e., an
atom-light BS evolution sandwiched between the sideband
squeezing evolutions {8, } and {$]}, as shown in Fig. 1(c).
The vacuum sideband modes are first squeezed by S,
(along % ) and then the squeezing properties are transferred
from light to atoms via the BS evolution, which returns
light to coherent state but yields spin squeezing along py,
and finally the light modes are squeezed via S‘,L along p;.
This explains why both light and spin are squeezed in the p
quadrature, i.e., along S, and J_, respectively.

The propagation and evolution equations of the canoni-
cal variables can be derived (Sec. 1 of [40]) as follows:

x

oxy, K x 00Xy x K

L — " _pp.. — =Qpy+—=¢p;. 2a
01 \/l_,¢pA ot PA \/Zd)pL ( )
op, 0ba oz Gk

L= 2 Ry, —Qk, —>—=¢i,. (2b
0z \/Z¢XA o A \/Z¢XL (2b)

Here, &, and p, denote the quadratures for an atomic slice
around a given z. These equations describe the information
exchange between light and atoms. One can clearly see that
the flying photons evolve along the propagation distance,
while the residing atoms evolve with time, showing the
difference between light and spins. The motivation for
stroboscopy can be also seen here: squeezing in p, is
mediated by X;, but the Q rotation term brings antisqueez-
ing noise in X4, which must be eliminated by stroboscopy
in ¢ as defined before. In the frequency domain, frequency
sidebands due to stroboscopy enable the excitation of
correlated spin pairs responsible for spin squeezing, as
illustrated in Fig. I(a), via the two Raman processes
containing the generated quantum light (two violet wavy
arrows), the input light’s carrier (red straight arrow) and
first order sideband (violet straight arrow).
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FIG. 2. (a) Light squeezing vs squeezing time 7', with mean
power 1.18 mW and duty cycle d = 0.08. Inset: exemplary
squeezed light spectrum of the light X; around w = Q. The
red solid curve denotes the power spectrum of the homodyne
signal p;, while the blue dash-dotted line represents the mea-
sured shot noise reference. The noise spectrum is averaged from
10 000 runs of the pulse sequence as shown in Fig. 1(b). (b) Light
squeezing at different frequencies. For each data point, the
demodulation frequency of the lock-in is set to the corresponding
x-axis value. In the inset and (b), 7 = 10 ms. In (a) and (b), the
triangle with error bar is the experimental data with 1 standard
deviation from five identical experiments (each with 10 000 runs
of the pulse sequence), and the solid curves are the model fits
(Sec. 1 of [40]). The shot noise limit is 1.0.

Our experiment [Fig. 1(a)] utilizes a hot atomic vapor
cell with paraffin coating [55]. The atoms are first optically
pumped to |1), with a measured degree of polarization
about 97.9%, which has 6% extra noise in spin variance
compared to an ideal CSS of 100% polarization. Then, a
stroboscopic laser pulse X; is sent through the atoms to
induce squeezing for both the spin and the light. Light
squeezing is verified by measuring X;’s Stokes component
S, (pp quadrature). To verify spin squeezing, another
stroboscopic and far-detuned laser pulse X, is applied to
create a standard backaction evading quantum non-demo-
lition interaction « p; p4 [36], where p, can be read out by
detecting X,’s S, (%) component (Sec. 2 of [40]).

We first characterize the multimode light squeezing. The
balanced homodyne S, measurement on X, yields the p;
signal, with a typical power spectrum shown in the inset of
Fig. 2(a). From the noise spectrum, one can see that there
exists an apparent dip at the Larmor frequency w = Q,
indicating light squeezing. A careful calibration from the
spectrum normalized to that of the photon shot noise gives
the degree of squeezing in Fig. 2(a), showing that squeez-
ing increases first with the length of the X; pulse because of
larger coupling strength, and then slowly degrades due to
the decay of the atomic macroscopic spin (Sec. 2 of [40]).
The optimal light squeezing is —10log;o(&2) = 1.514+
0.07 dB with squeezing pulse duration 7 = 10 ms. By
using different demodulation frequencies, we can ob-
tain squeezing at frequencies mQ (m =1,3,5,7,...)
[Fig. 2(b)], showing that the amount of squeezing decreases
for higher frequencies, following a trend consistent
with our theoretical prediction (Sec. 1 of [40]). The
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FIG. 3. (a) Spin squeezing vs squeezing time 7', with mean

power 1.18 mW and duty cycle 0.08. The circle with error bar is
the experimental data extracted from the pulse X, detection with
decaying time mode f(T’) = ¢, y~! = 1.3 ms, mean power
1.24 mW, and duty cycle 0.1. The line is fixed to 1.06 at T =0
(shown by the black dashed line) because of the 97.9% spin
polarization. The first data point deviates from the fitted curve
due to excess technical noise originating from an overly short and
sharp pulse violating the adiabaticity condition [52]. (b) Spin
squeezing for different spin quadrature directions in the y-z plane,
with 7 = 1.0 ms, mean power 1.18 mW, and duty cycle 0.08.
The rotation angle «a is the angle relative to p4. In (a) and (b), the
solid lines are the model fits (Sec. 1 of [40]), and the error bars (1
standard deviation) are derived from five identical experiments,
each including 10000 repetitions of the pulse sequence shown in
Fig. 1(b). The black line at 1.0 is the PNL.

multisideband squeezing here is closely related to a
multipartite entanglement state [56] applicable for quantum
information processing [57].

Then we proceed to spin squeezing evaluated by Wine-
land criterion [58] &y, = ¢*/T1Var(p4)sss/Var(pa)pnr-
where Var(p) = (p?) — (p)?> and the prefactor 27/
denotes the effect of the macroscopic-spin decay with
relaxation time 7| = 18 ms. The projection noise limit
(PNL) Var(p4)pnr s equal to 4/5 times the measured noise
of the thermal state [26,36]. Figure 3(a) presents the
measured time evolution of spin squeezing, which agrees
well with the theoretical result, as shown by the solid line
fit. The competition between the coherent interaction
and decoherence leads to an optimal spin squeezing
—10log;¢(&3 ) = 0.63 £0.08 dB at T = 0.8 ms, which
has suffered a degradation of about 0.39 dB due to the main
spin vector shortening induced by spontaneous emission
and other decoherences during squeezing.

To examine the spin squeezing direction, we measure the
spin quadrature along a direction a: g, = p, cos(a/2)+
X4 sin(a/2), where a is varied by tuning the time interval
between the X; and X, pulse. During this interval, the
transverse spin ellipse undergoes Larmor precession for a
fraction of a Larmor period and the spin decoherence is
negligible. The spin direction is experimentally calibrated
by radio frequency signal excitation. Figure 3(b) plots the
amount of squeezing in different directions, indicating that
the squeezing direction is along p, even for different
interaction strength. This proves that our method produces
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FIG. 4. (a) Spin squeezing and (b) light squeezing (measured at
w = Q) vs duty cycle. Red circles, purple triangles, and green
squares are experimental data. The curves are the model fits
(Sec. 1 of [40]) with function b; + b,sinc(zd) for (a) and
function ¢; + ¢,sinc?(zd) for (b). The mean power of X is
kept at 1.18 mW in (a) and (b), while X, has a mean power
1.24 mW with duty cycle 0.1 in (a). T = 1.0 ms in (a). The error
bars (1 standard deviation) are derived from five identical
experiments, each including 10000 repetitions of the pulse
sequence shown in Fig. 1(b). The black line at 1.0 indicates
the PNL in (a) and shot noise limit (not shown) in (b).

deterministic SSSs with fixed squeezing direction. In fact,
The interaction (1) always squeezes the spin component
parallel to the propagation direction of the light and
broadens the orthogonal component at the same time. In
contrast to SSSs produced by quantum non-demolition
schemes [59,60] that depend on the measurement results
and SSS via one-axis twisting [17] whose squeezing
direction varies with the interaction strength, SSSs with
fixed squeezing direction may be convenient for use in
quantum metrology and quantum information applications
[14,57,61,62].

Next, we present the result of concurrent spin and light
squeezing and discuss their different behaviors. As shown
in Fig. 4, with the same parameter 7 = 1.0 ms, concurrent
squeezing can be observed for d smaller than 0.4, and when
d = 0.08 we obtain concurrent spin squeezing of 0.61 +
0.09 dB and light squeezing of 0.65"({3 dB. The measured
squeezing for both the spin and light follows a similar
trend. However, for large d, spin squeezing disappears,
while light squeezing still exists even when d = 1.
Therefore, stroboscopy is necessary for spin squeezing
here but is only slightly beneficial for light squeezing. We
note that, although the squeezing process for light mode a
and spin mode b is similar as indicated by the Hamiltonian
x ,u_l;TElT + ,u+lAJT& + H.c., their major difference is that, as
shown by the propagation and evolution equations [Eq. (2a)
and (2b)], atoms reside in the vapor cell and the atom-light
interaction effects accumulate with time, rendering them
more sensitive to noises, especially the residual quantum
backaction noises, whereas the light field always enters the
atomic medium fresh as a coherent state. Another dis-
tinction is that the collective atomic spin here is a single
frequency harmonic oscillator, while the light pulse in free
space is strictly speaking multimode in frequency [63].
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Consequently, for light, it is possible to use the atomic
mode as a mediator to establish entanglement between
different light modes (for instance the two first order
sidebands), which is the origin of light squeezing in
absence of stroboscopy (d = 1); for atoms, there is only
single-mode squeezing where stroboscopy of light is
indispensable for frequency match in spin pair excitations.

Finally, we note that the moderate squeezing in our
experiment is mostly due to the relatively small optical
depth «, large spin decoherence rate and light losses.
For a given «p, the optimal spin squeezing follows
& w x2(/T+ag—1)/ay, predicting higher squeezing
for larger optical depth (Sec. 2 of [40]), while light
squeezing follows a similar trend. Thus, improved squeez-
ing in both atoms and light is expected by applying optical
cavities [26], longer vapor cells [64], multipass schemes
[24,65], or by enhanced quality in the antireflection coating
as well as in the wall coatings [66], including those
enduring higher temperatures [67].

Our protocol can be applied in other quantum systems
such as optomechanical systems [27,28], cold atoms
[29,30], trapped ions [68], and superconducting circuits
[31], etc., where similar Hamiltonians can be engineered.
Compared to separately prepared independent spin squeez-
ing and light squeezing, concurrent squeezing is beneficial
for various applications thanks to the spectral and bandwidth
matching between the atoms and the squeezed light. For
example, as we propose (detailed in Sec. 3 of [40]), in
quantum metrology, one could first use the squeezed spin for
sensing [61] and then use the concurrently produced
squeezed light for efficient readout of the atomic state
[69,70], which enhances the overall sensitivity; in quantum
state preparation, reflecting the squeezed light back into the
squeezed atoms again could further increase spin squeezing;
in quantum networks [71], spin squeezed atomic ensembles
can serve as low noise quantum nodes [72], while the
simultaneously squeezed light can be utilized to connect and
entangle these nodes [73,74], where spin squeezing can
boost the entanglement generation efficiency.
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