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Magnetic Sensitivity Beyond the Projection Noise Limit by Spin Squeezing
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We report the generation of spin squeezing and entanglement in a magnetically sensitive atomic
ensemble, and entanglement-enhanced field measurements with this system. A maximal m, = =1 Raman
coherence is prepared in an ensemble of 8.5 X 10° laser-cooled 8’Rb atoms in the f = 1 hyperfine ground
state, and the collective spin is squeezed by synthesized optical quantum nondemolition measurement.
This prepares a state with large spin alignment and noise below the projection-noise level in a mixed
alignment-orientation variable. 3.2 dB of noise reduction is observed and 2.0 dB of squeezing by the
Wineland criterion, implying both entanglement and metrological advantage. Enhanced sensitivity is
demonstrated in field measurements using alignment-to-orientation conversion.
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Spin squeezing of atomic ensembles [1,2] via quantum
nondemolition (QND) measurement [3] is of both funda-
mental and practical interest. Through spin-squeezing
inequalities, collective (and thus macroscopic) observables
imply underlying microscopic entanglement [4,5], the basic
resource for applications in quantum information [6] and
quantum simulation [7]. In quantum metrology [8], spin
squeezing promises to improve atomic sensors [9—12],
including in the spin-exchange-limited regime [13]. In par-
ticular, in optical magnetometers QND measurement has
been experimentally demonstrated to increase bandwidth
[14] and improve sensitivity [13] in state-of-the-art devices.

While measurement-induced squeezing of real [15] and
effective [16] spin-1/2 systems has been demonstrated, it
has proven challenging in the large-spin (f > 1/2) systems
used in atomic magnetometry [17]. Here we generate
squeezing in a spin-1 ensemble using synthesized QND
measurements [18], a technique applicable also to larger
spin. The observed squeezing implies both entanglement
among the spin-1 atoms [4] and metrological advantage
by the Wineland criterion [1]. As we demonstrate, it
measurably improves sensitivity in field measurements
by alignment-to-orientation conversion (AOC) [19,20].

In contrast to work based on precession of spin orienta-
tion f [17], our QND and magnetometry strategies employ
spin alignment t, i.e., Raman or Am = 2 coherence, which
naturally arises in optical interaction with large spins [19].
We prepare a large alignment by optically pumping the 3’Rb
ensemble into a superposition of the |f =1, m = *1)
states. The alignment precesses in response to magnetic
fields and can be measured optically. Projection-noise-level
measurements, however, require probing strong enough
to convert alignment to orientation via stimulated Raman
transitions [21]. This AOC during probing results in
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measurement of a mixed alignment-orientation variable
K, defined below. More serious, unchecked AOC couples
measurement backaction into the signal of both f- and
t-based strategies [18], destroying quantum enhancement.
To achieve squeezing and quantum enhancement in this
scenario, we measure K, with pulse pairs, polarized such
that the second pulse “unwinds” the AOC produced by the
first. This allows us to squeeze Ky, evade measurement
backaction, and observe enhanced sensitivity.

Atomic and optical systems and their interaction.—We
work with an ensemble of f = 1 atoms interacting with
pulses of near-resonant light propagating along the z axis.
If £ is the total spin of the ith atom, then the operators
F.=Y"f9/2 and T, = 3™ i, describe the collec-
tive atomic spin orientation and alignment, respectively.

The operators 7, = (2 — f2)/2 and f, = (fxfy + f,f0)/2
describe single-atom Raman coherences, i.e., coherences
between states with m different by 2. For f = 1, these obey
commutation relations [T, f'y] = iF . and cyclic permuta-
tions. The light is described by the time-varying Stokes
operators S(f) defined as S; = %(S(H, (Z;(j))a'i((z:(:), ENT,
where the o; are the Pauli matrices and E’(;)(t) are the
positive frequency parts of quantized fields for the
circular plus or minus polarizations. We write pulse-
integrated Stokes operators as §; = [ dtS;(t). In the experi-
ments §y is detected.

As described in Ref. [21], the light pulses and atoms
interact by the effective Hamiltonian

ﬁeff = Klgzﬁz + KZ(SxTx + SyTy), (1)
where k| , are coupling constants that depend on the beam

geometry, excited-state linewidth, laser detuning, and the
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hyperfine structure of the atom. The resulting evolution is
described by
S0 = 8 + 1, SV, — 1, ST )

where the superscripts (in), (out) indicate operators at the
input and the output of the ensemble, and by

J Tx 0 _KlgZ Kzgy Tx
E ’fy - Klgi 0~ _K2§x 7A—‘y . (3)
F, —K8,  KyS, 0 E,

In all scenarios of interest [(T )| = N/2 > I(fy>|, IKE ).

The k; term in Eq. (1) describes paramagnetic Faraday
rotation: it rotates the light polarization in the ﬁx, S y plane
by an angle x F' .. Acting alone, this describes a QND
measurement of F ., 1.e., with no backaction on F .. The
K, term, in contrast, contributes an S L S’y optical rota-
tion « T, with backaction described by Eq. (3). We use the
dynamics of Egs. (2) and (3), in three ways: (1) We make a
direct dispersive measurement of the Raman coherence T,
i.e., the collective alignment, by probing with an
§,-polarized pulse <.§‘§“)> = N/2. This measurement is
made using an auxiliary probe beam, with coupling con-

(aux)

, ("ux) . Integrating Eq. (2) and dropping the
S.F. term gives

stants K

tiny K(laux)

S0 — Gl a0 Gl i, )
(2) We make an alignment-to-orientation conversion mea-
surement using a single, S,-polarized pulse. Integrating
Egs. (2) and (3), and keeping terms to second order in
S, we find

A . s K1K2 ¢ Al G
S&out) _ Sgn) + Klsgcln)F(zln) + T[S“(‘}H)JZTgn)

K1 (S,)

= i 2D
cosd

(i — K. (5)
This describes a measurement, with optical readout noise
S‘;in), of a mixed alignment-orientation variable K,=
F,cosf+ ]A"y sind, where tanf = k,(S,)/2 and (S,)=N, /2.
During the measurement the atomic variables experience a
rotation in the f"y—ﬁ . plane due to the k, term in Eq. (1).
(3) We synthesize a QND measurement free of «,-induced
rotations using pulses of alternating polarization, as
described in Ref. [18]. Two successive pulses, polarized
(8inDy= —(§@n2y=p, /2, give signals S’F;’“Ll) and S’gf’m'z),
respectively. The atomic evolution during the second pulse is
the time reverse of the evolution during the first. As a result,
there is no net fy:’F . rotation, protecting the measured
variable from probe-induced decoherence. Furthermore,
the differential signal, found again by integration of
Egs. (2) and (3), is

Slout) — &lout2) _ G(out 1)
5 SyOu = SyOu Sy()u

KI<S > (m)

glin1) 4 o Z12A7
cosH

= §in? — (6)

This measures the same variable K, as in the single-pulse
case. Because of this, we can use the synthesized QND
measurement to prepare a squeezed state with reduced
noise in the same atomic variable detected by the AOC
measurement.

Experiments.—We work with an ensemble of up to
8.5 X 10° laser cooled ®’Rb atoms in the f = 1 ground
state, held in a weakly focused (52 wm beam waist) single
beam optical dipole trap, as illustrated in Fig. 1(a) and
described in detail in Ref. [22]. The fitted size of the cloud
is 3 mm by 20 um full width at half maximum, indicating
an atomic density at the center of approximately 5 X
10'" atoms/cm?. We probe the atoms with s pulses of
near-resonant light on the D, line, detected by a shot-noise-
limited polarimeter. The linearly polarized probe is
focused to a waist of 20 wm, matched to the width of the
atomic cloud. The circularly polarized probe is focused to a
waist of 50 um to ensure a more uniform illumination of
the atomic sample. This trap geometry produces a large
atom-light interaction for light propagating along the trap
axis with an effective on-resonance optical depth dy =
43.5. The experiment achieves projection-noise-limited
sensitivity, calibrated against a thermal spin state, with a

£ PDs
probe O 87Rb atoms O PBS
Y ! - V\B
I_> image / pumpT, PD: >
z fmage /pump fx polarimeter
(i) x20
reduce Ny

FIG. 1 (color online). (a) Experimental geometry. PD: photo-
diode; L: lens; WP: wave plate; BS: beam splitter; PBS: polar-
izing beam splitter. (b) Measurement pulse sequence for
(i) dispersive measurement of Raman coherence and (ii) QND
measurement and  alignment-to-orientation  conversion.
(c) Entanglement-enhanced field measurement: (i) a two-pulse
QN measurement prepares a T, -aligned state with reduced
uncertainty in an alignment-orientation variable with a mixing
angle 6 that (ii) rotates into T, due to Zeeman shifts and (iii) is
then read out by a single pulse, giving an integrated signal
proportional to the Zeeman shift. See text for details.
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demonstrated spin readout noise of var(F,) = (515 spins)?
[23]. We actively cancel homogeneous magnetic fields and
field gradients along the length of the trap, leaving a
residual bias field B, = 100 nT and gradient field compo-
nents 9B;/9z <200 nT/cm, which limit the spin coher-
ence time to 7, = 290 us.

#5 (10° spins)
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The measurement sequence is illustrated in Fig. 1(b).
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For each measurement we prepare a coherent spin state
(CSS) with 7, = N, /2 via optical pumping and measure
the Raman coherence with a train of wus pulses of circularly
polarized light with 10° photons/pulse at a detuning of
190 MHz to the red of the f = 1 — f’ = 0 transition. We
then reprepare T, and probe the atoms with a train of 2 us
long pulses of light every 5 s with 2 X 10® photons/pulse
and alternating v and % polarization at a detuning of
600 MHz. These pulses are used in pairs to synthesise
the QND measurement, or singly for the alignment-to-
orientation conversion measurement. We vary the number
of atoms, N,, used in the experiment from 3.9 X 10* to
8.5 X 10° by switching off the optical dipole trap for
100 ws after each measurement, which reduces the atom
number by ~15%, and repeating the sequence 20 times per
trap loading cycle. At the end of each cycle the measurement
is repeated without atoms in the trap. To collect statistics, the
entire cycle is repeated 1090 times.

The dispersive probing of the collective alignment is
calibrated against a measurement of the atom number
made by absorption imaging, as described in Ref. [23]. For
the circularly polarized probe we measure K(zaux) =0.9 X
1077 radians per spin. To account for the spatial variation in
the coupling between the probe beam and the trapped atoms,
we follow Ref. [16] and define an effective atom number
such that the parametric Faraday rotation signal is propor-
tional to the total number of atoms, and the expected variance
of the measurement variable is var(K,) = T,/2. For our
trap and probe geometry N§T = 0.9N,. For the linearly
polarized probe we measure x; = 1.47 X 1077 radians per
spin, from which we calculate k, = 7.54 X 10~ radians per
spin.

Conditional noise reduction.—To study spin squeezing,
we synthesize two successive QND measurements of the
input coherent spin state, each containing one vertically-
polarized and one horizontally-polarized optical pulse.
For convenience, we define a normalized measurement
variable ¢ = (cos/ KISS}“))§§°“‘>, corresponding to the
scaled rotation angle of the input light polarization, so
that q’; = ¢pro t I?fgm), where the readout noise ¢rq con-
tains the electronic and light noise contributions to the
measurement, quantified by repeating the measurement
with no atoms in the trap. If ¢ is the scaled rotation
of the nth pulse, the two QND measurements are then
b= &m — $(2) and ¢, = $(3) - (5(4). The measurement-
induced noise reduction is quantified by the conditional
variance var(K,|¢,) =var(¢, — yé,) — var(¢ro), where

FIG. 2 (color online). Joint probability distribution of succes-
sive QND measurements with (a) no atoms in the trap, i.e.,
readout noise, (b) independent CSS preparations, and (c) a single
CSS preparation. Solid curves indicate 20 radii for Gaussian fits.
Dashed blue circle in (c) reproduces solid circle in (b) indicating
the standard quantum limit for the input CSS. Note: For pre-
sentation purposes, a small mean offset has been subtracted from
the data.

x = cov(g, ¢,)/var(¢;) >0 describes the correlation
between ¢; and ¢, [16].

Figure 2 shows ¢, and ¢, correlation plots for 7, =
3.4 X 10°. The readout noise [Fig. 2(a)] is dominated by
light shot noise: we estimate the technical noise contribu-
tion to the readout at —19 dB compared to the light shot
noise with the number of photons, N, = 4 X 108, used in
the QND measurement. Measurements of independently
prepared T -states [Fig. 2(b)] are uncorrelated, whereas
two measurements of the same state [Fig. 2(c)] are strongly
correlated, so that the first measurement can be used to
predict the second with an optimal estimator y¢; and an
uncertainty below the standard quantum limit.

Spin squeezing and entanglement.—Figure 3 shows the
individual variances of the two QND measurements, ¢»; and
¢, (blue circles and black triangles), as a function of T,.

x10°

® ¢4

4x10°
T, (spins)

FIG. 3 (color online). Noise scaling of the QND measurement
of the CSS and spin-squeezed state. Shaded area represents
region of increased metrological sensitivity due to spin squeez-
ing. Curves are plotted from independently measured experi-
mental parameters unless noted; see text for details. Horizontal
and vertical error bars represent = 1o statistical errors. Read-out
noise has been subtracted from each data set.
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The collective alignment has an expected variance
var(K,) = T./2 (solid black line) that scales linearly with
T,. A quadratic fit, var(Ky) = a,T, + a,T? (blue dotted
line), to the measured data for ¢, yields a; = 0.53(3) and
a, = 0.02(1), consistent with projection-noise-limited
QND measurement. The atomic technical noise contribution
is 7 dB below the projection noise at T, = 3.7 X 10°.
Accounting for loss and decoherence [24], the expected
variance for the second measurement is var(K,) =
T\ /2 = 0.46T, (black dashed line). A quadratic fit to the
measured data for ¢, yields a; = 0.44(2) and a; = 0.01(1).

The measured conditional variance var(K olé1) (orange
diamonds in Fig. 3), is up to 3.2 dB below the projection
noise, in agreement with the predicted value (orange
dot-dashed line), which is given by var(K,)©W =
var(K,)™ /(1 + ) [25], where the signal-to-noise ratio ¢ =
k2N, T, is calculated from independent measurements.

We quantify metrological advantage by the Wineland
criterion [1], which accounts for both the noise and
the coherence of the postmeasurement state: if &2, =
var(K ) i) / 272 then &2 < 1indicates metrological
advantage. The postmeasurement spin alignment is TOW —

(1 - 77@0)(1 - ndep)T)((m)’ where MNse = 0.093 and Ndep =
0.034 are independently-measured depolarizations due to
probe scattering and field inhomogeneities, respectively.
The contribution from 74, could be recovered by spin-
echo techniques. |7°"?|? is indicated by a gray line in
Fig. 3; a conditional variance below this line (shaded region)
gives metrological advantage. For T, = 3.7 X 10° we find
&2 = 0.63, or 2.0 dB of metrologically useful spin squeez-
ing. We note that for large-spin atoms, it is possible to squeeze
the internal state of individual atoms without squeezing the
collective state [26]. In our experiment, the observed noise
reduction of 3.2 dB and alignment of 7w — (g8
are sufficient to imply entanglement among the spin-1
atoms [4].

Squeezing-enhanced field measurement.—We use the spin
squeezed state to enhance the sensitivity of a field measure-
ment using alignment-to-orientation conversion. We employ
a Ramsey sequence [illustrated in Fig. 1(c)]: First, two pulses
are used as above to synthesize a QND measurement with
result ¢,. This prepares a T',-aligned, K,-squeezed state.
Next, the state is allowed to evolve for a time 7T =5 us,
giving a measurement bandwidth of 7~! = 200 kHz, during
which time residual Zeeman shifts (magnetic or optical) cause
a state rotation 7', — fy. Finally, a third, single vertically-
polarized pulse is used for an alignment-to-orientation mea-
surement, giving an optical rotation & aoc. As described in
Eq. (5), this measurement gives a signal {(Paoc) =
%K2<§Sn)><fy> and noise var(¢aoc) = var(édaocro) T
var(K,). The metrological advantage is quantified by the

conditional variance var(éaocld;) = var(daoc — xb1),
x = cov(e, Paoc)/var(¢,). We observe an average signal

<Ty) = 0.033(2)T,, corresponding to an energy shift of
2.9 kHz between the m = *=1 Zeeman states.

In Fig. 4 we plot the measurement sensitivity SE/h =
AK,/(ky(SXT )\/T) as a function of T, for an input
coherent spin state (blue circles) and spin-squeezed state
(red diamonds). We emphasise that readout noise has not
been subtracted from these data. As expected, the sensi-
tivity advantage due to spin squeezing increases with 7',
both because the degree of squeezing increases and
because atomic projection noise is a larger fraction of the
measurement noise. We observe up to 5o gain in measure-
ment sensitivity at large 7, due to the spin-squeezing, with
a maximum of 11 * 2% improvement.

Spin squeezing is expected to improve short-term sensi-
tivity, and thus the measurement bandwidth, when the spin
coherence time exceeds the measurement time [9,10,14],
as demonstrated here. In addition, long-term sensitivity can
also be improved in high-density, highly polarized ensem-
bles due to the suppression of spin-relaxation noise
[11,12]. It is therefore interesting to compare our results
to the best reported optical magnetometers. Our energy

sensitivity corresponds to a field sensitivity of 6B =

105 fTvcm? Hz in a single-shot measurement with a band-
width of 200 kHz and a measurement volume V = 3.7 X
107% cm?. For comparison, the best chip-scale vapor cell
magnetometers report B ~ 10 fT+/cm?® Hz with volumes
~1073 cm?® and measurement bandwidths of 1 kHz or less
[27,28]. Improving 7. from 290 us to 5 ms, e.g., by active
[29] or passive [30] field gradient control, would allow us
to extend inter-measurement precession time from 5 to

T T T T
4r @ coherent spin state

~ 3F @ spin—squeezed state -
T
E 2 T:Din~p:~ 4
> SO T~ a
s quee?e ~~~~~~~~~
g b o TSl |
O ~<C
%} ... ~ _

—— 50pT/VHz IEREINS

0.5 L - L .

0.5 1 2 3 Ax1 05
T, (spins)

FIG. 4 (color online). Log-log plot of alignment-to-orientation
measurement sensitivity with an input coherent spin state (blue
circles) and spin-squeezed state (red diamonds). Curves are
plotted from independently measured experimental parameters.
Solid curves are the predicted measurement sensitivity with an
input CSS (blue), and spin-squeezed state (red) with atomic
projection noise reduced by a factor 1/(1 + ¢). Broken curves
represent the light shot noise (dotted line), atomic projection-
noise (dashed line), and spin-squeezed projection-noise (dot-
dashed line) contributions to the sensitivity. Horizontal and
vertical error bars represent = 1¢ statistical errors.
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500 ws and thereby boost projection-noise-limited sensi-
tivity to B =~ 10 fT+vcm?Hz with 2 kHz bandwidth.

In summary, we have demonstrated squeezing of spin
orientation by quantum nondemolition measurement in a
spin-aligned atomic ensemble with up to 8.5 X 10° laser-
cooled ¥Rb atoms in the f = 1 hyperfine ground state. We
observe 3.2 dB of quantum noise reduction and 2.0 dB of
metrologically relevant spin squeezing, implying entangle-
ment among the spin-1 atoms, consistent with theory and
limited by the optical depth and dephasing due to residual
magnetic field inhomogeneity. We use the spin-squeezed
state to make an entanglement-enhanced alignment-to-
orientation conversion measurement of the Zeeman shift
of the my = %1 sublevels, with a direct gain in measure-
ment sensitivity of 11% without noise subtraction. The
techniques used here: stroboscopic probing and quantum
nondemolition measurement, may also enable sub-
projection-noise sensitivity in magnetometry with dense,
spin-exchange-limited atomic vapors [13], as well as appli-
cations in quantum state manipulation [31], quantum in-
formation [6], and quantum simulation [7].
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Fundacio Cellex Barcelona, and the European Research
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