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Interferometric measurement of local spin
fluctuations in a quantum gas
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Ultracold gases provide a controlled environment that is
ideal for studying many intriguing phenomena associated with
quantum correlated systems1. Current efforts are directed
towards the identification of magnetic properties2–4, as well as
the creation and detection of exotic quantum phases5–7. In this
context, a mapping of the spin polarization of the atoms to the
state of a single-mode light beam has been proposed8. Here
we introduce a quantum-limited interferometer that realizes
such an atom–light interface9 with high spatial resolution.
We measure the probability distribution of the local spin
polarization in a trapped Fermi gas, showing a reduction of
spin fluctuations by up to 4.6(3) dB below shot noise in
weakly interacting Fermi gases, and by 9.4(8) dB for strong
interactions. We deduce the magnetic susceptibility as a
function of temperature and discuss our measurements in
terms of an entanglement witness.

Quantum mechanics manifests itself in the correlations
between the constituent parts of a physical system. These
correlations quantify the probability of joint measurements, and
are experimentally observable in the statistical distribution of the
outcomes of repeatedmeasurements. Experiments studying density
fluctuations have successfully demonstrated the potential of these
techniques as a tool to study local thermodynamic properties
of quantum gases10–13. In another context, interferometric
methods have been used to study spin fluctuations in atomic
vapours, leading to the observation of entanglement and spin
squeezing9,14,15. More recently, several authors have proposed
applying similar techniques to map quantum fluctuations,
generated by the many-body dynamics in a quantum gas6–8, on
to the optical field of a single-mode probe beam. In a different
approach, speckle noise originating from out-of-focus regions
in off-resonant imaging was related to the spin fluctuations
of a Fermi gas16. In this Letter, we use a shot-noise-limited
interferometer to directly measure the probability distribution
of the local spin fluctuations in a two-component quantum
degenerate Fermi gas.

Our interferometer is analogous to a Young’s double slit
experiment. Two tightly focused beams, the probe and the local
oscillator, are focused to separate points, as shown in Fig. 1a, and
overlap in the far-field. The position and visibility of the resulting
interference pattern are determined by changes in the phase and
amplitude of the probe beam,which passes through an atomic cloud
whereas the local oscillator does not. The analysis of the interference
pattern thus allows the reconstruction of both quadratures of the
probe beam, phase and amplitude, which carry information about
the local properties of the atomic cloud.
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A probe beam passing through a mixture of 6Li atoms in the
lowest two hyperfine states |1〉 and |2〉 acquires a phase shift
given by

φ= σ0

(
n1δ1

1+ s+4δ21
+

n2δ2
1+ s+4δ22

)
(1)

with σ0 the resonant scattering cross-section, s the saturation
parameter, and ni and δi the line-of-sight integrated density and the
frequency detuning in atomic linewidths for state |i〉, respectively.
By choosing the detuning exactly in between the two resonances,
δ1 = −δ2 = 6.4, the phase shift φ is proportional to the line-of-
sight integrated spin polarization density m = n1 − n2. A single
measurement of the phase shift yields the spin polarization of the
given experimental realization. Consequently, the full probability
distribution of the spin polarization can be reconstructed from
repeated measurements.

To validate our procedure we first show that equation (1) holds
in the parameter regime of the experiment and, second, that the
phase measurement is only limited by photon shot noise of the
probe beam. Then, each additionally detected photon leads to a
projection of the atomic state into a smaller subspace. To verify
the first point, we measure the frequency-dependent phase shift
and optical density for a Fermi gas comprised of atoms in state |2〉
only, see Methods for preparation and data-processing. Figure 2a
shows the characteristic asymmetric profile of the phase whereas
the optical density is described well by a Lorentzian. The solid lines
result from fitting the phase data to equation (1) with n1 = 0 and
agree with the measurement provided the probe duration is ∼1 µs
and the saturation is less than ∼10. The use of stronger (longer)
pulses leads to a systematic shift ofmeasured phases to larger values,
owing to the light forces resulting from the strong focusing of the
probe beam and scattering of photons. To verify the second point,
we measure the phase variance as a function of the photon number,
as shown in Fig. 2b. From the power-law behaviour of the phase
variance we deduce that photon shot noise limits the sensitivity of
the phase measurement. Indeed, the phase noise is expected to be
given by δφ2

= 1/ηN (ref. 17), where N is the number of photons
and η = 0.6 the quantum efficiency, which is determined in an
independent measurement.

We first measure the distribution of the spin polarization for
weakly interacting Fermi gases at three different temperatures given
byT1=8.5(5) µK,T2=2.0(2) µK andT3=0.58(5) µK, seeMethods
for preparation. Figure 3a shows that the probability distributions
of the spin polarization have a narrowerwidth the lower the temper-
ature of the gas. The distributions exhibit no significant asymmetry
and are well described by Gaussian functions, as expected from
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Figure 1 | Interferometer set-up. a, Interferometer beams in the vicinity of the atomic cloud. The probe passes through the cloud shown in grey, whereas
the local oscillator passes by the side of it. The beams (minimum 1/e2-radius 1.2 µm) overlap in the far-field, giving rise to an interference pattern as shown.
See Methods for creation of the interferometer beams. b, Optical set-up to obtain two interference patterns, only one of which is affected by the atoms.
Using a quarter-wave retardation plate (λ/4) and two polarizing beam splitters (PBS), the σ−-component of the polarization, which interacts with the
atoms, is separated from the σ+-component. This yields two far-field interference patterns on one image, as shown in the lower part of the figure (see
Methods). The lens adjusts the size of the patterns on the camera. c, Level-scheme illustrating that only σ− light interacts with the atoms. σ+ light is
detuned far from resonance. Transitions from both states to their respective excited states are nearly closed cycling transitions.

the large number of atoms in the probe beam, ∼500 in each state.
For weakly interacting Fermi gases, number fluctuations in each
hyperfine state are independent, so that fluctuations of the spin
polarization are given by δm2

= δn21 + δn
2
2. Consequently, with

the onset of quantum degeneracy, spin fluctuations are reduced,
as in each state only atoms at the Fermi edge contribute to the
fluctuations, which is amanifestation of antibunching due to Pauli’s
principle12,13. The measured variances of the spin polarization,
in order of decreasing temperature, are δm2

T1
= 35(6) µm−4,

δm2
T2
= 27(3) µm−4 and δm2

T3
= 15(3) µm−4. Here, the background

corresponding to a standard deviation of ±13(2) atoms in the
probed volume has been subtracted (see Methods). The column
density in the probed region was n1= n2= ncol/2= 110 µm−2 for
the gases at T2 and T3 and 20% lower for the gas at T1. From our
measurement we determine a reduction of the spin fluctuations
as compared with a thermal gas prepared with the same column
density by 2.1(2) dB for the gas at T2 and 4.6(3) dB for the gas at T3,
as shown in Fig. 3b, which is in quantitative agreement with theory
for a non-interacting Fermi gas (seeMethods).

We now turn to the study of a gas with strong repulsive
interactions, prepared close to a Feshbach resonance at temperature
Tmol = 0.36(10) µK (see Methods). The resulting histogram is
displayed in Fig. 3a and shows a distribution of the spin polarization
that is significantly narrower than for the weakly interacting gases.
This reflects the fact that, for interacting gases, correlations are
present between the different spin states. In particular, for strong
repulsive interactions close to a Feshbach resonance, weakly bound
molecules form1 and the number of atoms in the two states will
always be equal. Spin fluctuations in the atom number difference
are created at the cost of breaking molecules and are consequently
suppressed. We measure δm2

mol = 5(2) µm−4 at ncol/2= 110 µm−2,
with the background subtracted as before. This corresponds to
a reduction by 9.4(8) dB as compared with a non-interacting
thermal gas. A reduction by ∼18 dB is expected from ref. 8 for a

molecular BEC at zero temperature. The observation of a lower
value could be caused by pair-breaking or fluctuations of the probe
frequency (see Methods).

The measured values for the spin fluctuations can be used to
determine the magnetic susceptibility χ through the fluctuation-
dissipation theorem (FDT; ref. 18,19), provided the probed system
is in grand-canonical equilibrium with its surroundings. Because of
column integration, the FDT here reads kT

∫
χ = kTχcol = Aδm2,

where χcol is the column-integrated magnetic susceptibility, k
Boltzmann’s constant andA the effective area of the probed column.
For small volumes and at low temperatures corrections to the
FDT are expected, because correlations between the probed system
and its surroundings cannot be neglected20,21. Using ref. 20 and
including column integration, we estimate the corrections to be
less than 10%, even for our coldest samples. Figure 3c shows the
column-integrated magnetic susceptibility per particle, χcol/ncol,
as a function of temperature. It relates the spin imbalance to the
energy needed to create it. For high temperatures, the susceptibility
is inversely proportional to the temperature, as expected. For
low temperatures and with the onset of quantum degeneracy, the
susceptibility saturates to a value depending on the trap details:
the stiffer the trap, the lower the susceptibility. The solid line
shows theory for non-interacting fermions calculated for the trap
parameters of the gas at T3. The susceptibility for the strongly
interacting gas of molecules is lower than for the weakly interacting
gas atT3, despite its lower temperature andweaker trap.

The link between the magnetic susceptibility and spin fluctua-
tions has been proposed as a macroscopic entanglement witness in
solid state systems22. We now apply this concept to our measure-
ment of the spin fluctuations. For this purpose we describe each
particle as a two-level system, which together form an effective spin
M (refs 22,23), where 〈Mz 〉 is proportional to the atom number
difference and δM 2

z = A2δm2. For all separable states, the ratio of
the spin fluctuations to the total atom number is bounded from
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Figure 2 | Interferometer performance. a, Measured phase (grey filled
circle) and optical density (open circle) as a function of detuning.
Maximum saturation of the probe beam s= 1.2, duration of the probe
pulses 1.2 µs. Solid lines result from a fit to the phase data using the model
described in the text, yielding n2σ0= 3.2, effective saturation 0.6 and an
effective linewidth that is 20% broader than the natural linewidth of
5.9 MHz, which we attribute to the probe laser. Error bars show standard
deviations. b, Measured phase variance (without atoms) δφ2 (blue filled
circle) as a function of photon number in the probe beam determined from
100 measurements for each point. The empty circle (red open circle)
indicates the phase variance for the intensity at which the spin polarization
measurements were made. Error bars are an uncorrelated sum of statistical
and systematic uncertainties. Expected phase noise (indicated by the
orange band) for quantum efficiency η=0.6. The width of the line
corresponds to 20% errors estimated from the uncertainty of our
determination of η. The dashed lines indicate the square of the phase shift
expected for a single atom fixed in space at a detuning of half the atomic
linewidth for the indicated 1/e2-waists of the probe beam32.

below. For a system in grand-canonical equilibrium described by a
Hamiltonian that is invariant under rotations of the spin state, this
bound is expressed by the inequality

Aδm2

ncol
≥

2
3

(see Methods and Supplementary Information for details).
Figure 3d shows the spin fluctuations Aδm2 as a function of the
column density ncol. The gas at T3 violates the above inequality,
which is expected because the Pauli principle leads to non-separable
states at low temperatures24. The notion of entanglement applied to
indistinguishable particles is the subject of current investigations25.

For the case of the strongly interacting gas, we find
Aδm2/ncol= 0.11(4), violating the bound bymore than 10 standard
deviations. The fluctuations are 2.4 dB lower than expected for a
non-interacting gas at the same temperature (bold line in Fig. 3d).
This corresponds to 2.4 dBof spin squeezing, following ref. 26.

Our analysis uses the following assumptions. (1) We create a gas
with equal atom number in the two states, which leads to 〈Mz 〉= 0.
(2)We probe the system in thermal equilibrium. As a consequence,
the transverse components have dephased to the amount permitted
by Pauli’s principle and we have 〈Mx〉 = 〈My〉 = 0. (3) The
time evolution is described by a Hamiltonian that is invariant
under rotations of the spin27. It is therefore sufficient to measure
only the z-component.

The rigorous application of the entanglement witness22,23
requires equal coupling of all atoms to the probe beam. Here,
we take into account the inhomogeneity of the probe beam by
introducing the effective area A.

In conclusion, we have measured the probability distribution of
the spin fluctuations in a trapped Fermi gas. We have discussed
our measurement in terms of an entanglement witness. Our work
constitutes a first step towards the detection of entanglement in
many-body states in quantum gases. The detection of higher-order
correlations could be achieved by extracting higher moments of the
probability distribution for the spin polarization28.

Methods
Generation of interferometer beams. The interferometer beams are generated
by applying two radio frequencies differing by 20MHz along each of the axes of
a two-axis acousto-optical deflector (AOD), very similar to previous work29. This
results in four beams in the −1/−1 diffraction order of the AOD which, after
passing through a high-resolution microscope objective, are arranged in a square.
Two of these beams, the probe beam and local oscillator, have exactly the same
frequency and form the interference pattern on the camera. The other two beams
are detuned by ±20MHz and their interference patterns average out over the
duration of the probe pulses. The intensities of the beams are controlled by the
power in the individual radio frequencies so that the local oscillator is 20 times
as intense as the probe beam. Phase stability is ensured by deriving each radio
frequency from the same source for both axes. The light beams are elliptically
polarized. Owing to the birefringence of the atomic cloud in a magnetic field, also
used in polarization-contrast imaging30, only the σ−-polarized component of the
light interacts with the atoms, whereas the σ+- component passes undisturbed
(Fig. 1b). The power ratio of σ+- and σ−-component is about 10.

Experimental sequence. An equal mixture of 6Li atoms in the two lowest hyperfine
states, denoted by |1〉 = |mJ =−1/2,mI = 1〉 and |2〉 = |mJ =−1/2,mI = 0〉 is
prepared, similar to previous work12. A second dipole trap with a wavelength of
767 nm and a 1/e2-radius of 10 µm is then switched slowly on over 500ms and
is used to locally increase the total column density. Finally, the magnetic field is
ramped to 475G, where the scattering length is a=−100 a0, with a0 the Bohr
radius. The final trap depths of the large dipole trap are 84 µK for T1, 19 µK for T2

and 10 µK for T3, corresponding to 1,050mW, 235mW and 130mW, respectively.
The trap depths of the second dipole trap are 9 µK, 4.5 µK and 1.5 µK, respectively.
The central region of the cloud is probed interferometrically with a pulse of 1.2 µs
duration at a maximum saturation of 9. Experiments are repeated 400 times.
Images of the whole cloud are taken after the interferometric measurement to
determine the total atom number as well as the temperature from the radial
expansion after 1ms time-of-flight. Experiments that show a larger deviation of the
total atom number than 5% are discarded, amounting to 10–20% of the images.
For the preparation of the strongly interacting gas, we ramp directly to 800G, where
a= 7,000 a0 and the trap depth is lowered to 17mW, followed by recompression
to 30mW, which corresponds to a trap depth of 4.8 µK for the molecules. The
experiment is repeated 200 times. We estimate the final temperature to be one
tenth of the relevant trap depth, leading to Tmol= 0.36(10) µK after recompression.
For the preparation of a gas containing only atoms in state |2〉, we hold the gas
for 100ms close to a p-wave Feshbach resonance at 159G, which leads to the loss
of nearly all particles in state |1〉. Subsequent evaporation of the remaining atoms
leads to a non-degenerate gas of atoms in state |2〉.

Theory. We compare our measurements for the weakly interacting gases with
theory for non-interacting fermions31. We determine the temperature and the
chemical potential from fits to the time-of-flight images, as in previous work12.
We then calculate the density distribution in the combined trap, given the fitted
temperature and atom number, to determine TF in the centre of the combined
trap. This assumes full thermalization in the presence of the second trap, which is
supported by the measured spin fluctuations. The knowledge of T , µ and the trap
shape allows us to calculate the mean and the variance of the atomic density along
the line of sight using column integration.

Data processing. Three images are obtained in each experiment, one with atoms
in the interferometer and two without. The images are averaged along the direction
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Figure 3 | Spin fluctuations in ultracold Fermi gases. a, Normalized histograms for the measured spin polarization for weakly interacting gases at
T1= 1.02(2) TF (light blue line), T2=0.44(5) TF (blue line) and T3=0.18(2) TF (dark blue line) as well as for a strongly interacting gas of molecules at
Tmol=0.16(7) TF (red line), where TF is the Fermi temperature. b, Reduction of spin fluctuations compared with a thermal gas of equal column density as a
function of T/TF. Data points are coloured identical to a. The solid line shows theory for a non-interacting Fermi gas. c, Spin susceptibility per atom χcol/ncol

as a function of temperature for the weakly interacting gas (blue points) and the strongly interacting gas (red open circle). Also shown is the susceptibility
for a classical gas (grey dashed line), which varies as 1/T, and the theoretical expectation (light blue line) for the trap parameters of the gas at T3.
d, Spin-fluctuation density Aδm2

= kTχcol as a function of column-density ncol. The prediction for a thermal gas (grey dashes) is shown along with the
boundary separating the separable from the non-separable region. The blue line shows theory for a non-interacting Fermi gas at temperature
Tmol=0.36 µK. Error bars are an uncorrelated sum of statistical and systematic uncertainties.

parallel to the fringe pattern and a Fourier filter is applied to suppress the low spatial
frequencies. For the determination of the mean phase, a simultaneous sinusoidal fit
to the σ−-pattern on images with and without atoms is used. The free parameters
are the amplitude and wavelength of the fringe pattern, as well as a common phase
for both patterns and a phase-difference for the picture with atoms. Residual
mechanical motion, for example due to the microscopes, is compensated for by
using the same simultaneous fit applied to the σ+-pattern. For determination of
the phase fluctuations we find it advantageous to analyse the correlations between
the σ+-pattern and the σ−-pattern on each image. This allows us to exploit the
similarity of the two patterns and use the σ+-pattern to noiselessly amplify the
signal contained in the σ−-pattern, analogous to homodyne techniques. The phase
shift due to the atoms causes a displacement of the zero-crossings of the correlation
function in the image with atoms as compared with the image without atoms. See
Supplementary Informations for further details on data processing.

Determination of effective area. The effective area A relates the spin fluctuations
to the mean atomic density and corresponds to the area of a beam with uniform
intensity giving the same result. For the nearly non-degenerate gas at T1 = 1.02TF,
the spin fluctuations are described well by Poissonian statistics because the atoms
are uncorrelated. The fluctuations are thus proportional to the average atom
number in the probe volume. This allows the determination of the effective area
A= 0.97ncol/δm2

T1
= 4.9(8) µm2, corresponding to an effective waist of the probe

beam of 1.8(3) µm. The factor 0.97 accounts for the residual suppression of the
spin fluctuations at T1= 1.02TF.

Background. The contribution to the phase variance originating from photon shot
noise is determined from the two images without atoms using the above described
procedure. This yields δm2

bgr = 6.7(1.0) µm−4 and a standard deviation of the
atom number difference in the probed volume of

√
A2δm2

bgr = 13(2). Frequency
fluctuations of the probe can cause fluctuations in the measured phase. A variance
of the probe frequency of 2MHz2 would correspond to apparent spin fluctuations
of 5 µm−4 at the column density in our experiment and could contribute to the
difference of our results compared with the theory in ref. 8.

Entanglement witness. Each atom realizes a two-level system represented by
Pauli matrices σx,y,z . We define the spin-polarization or magnetization of the
probed region as Mx,y,z =

∑
iσ

i
x,y,z , where the sum extends over all atoms in the

probe volume. For all separable states the inequality δM 2
x +δM

2
y +δM

2
z ≥ 2〈N 〉 is

fulfilled, where 〈N 〉 is the average number of atoms probed22. Using the invariance
of the Hamiltonian under spin rotations and that we measure expectation
values in the grand-canonical ensemble, which show the same symmetry as the
Hamiltonian, this reduces to δM 2

z /N = Aδm2/ncol ≥ 2/3. See Supplementary
Information for more details.
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