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Spin fluctuations and density fluctuations are studied for a two-component gas of strongly inter-
acting fermions along the BEC-BCS crossover. This is done by in-situ imaging of dispersive speckle
patterns. Compressibility and magnetic susceptibility are determined from the measured fluctua-
tions. This new sensitive method easily resolves a tenfold suppression of spin fluctuations below
shot noise due to pairing, and can be applied to novel magnetic phases in optical lattices.

PACS numbers: 03.75.Ss, 05.30.Fk, 67.85.Lm

One frontier in the field of ultracold atoms is the real-
ization of quantum systems with strong interactions and
strong correlations. Many properties of strongly corre-
lated systems cannot be deduced from mean density dis-
tributions. This has drawn interest toward novel ways
of probing cold atoms, e.g. via RF spectroscopy [1, 2],
Bragg and Raman scattering [3], interferometric methods
[4, 5] and by recording density correlations [6–8]. Further
insight into quantum systems is obtained by looking not
only at expectation values, but also at fluctuations. Sev-
eral recent studies looked at density fluctuations, either
of bosons around the Mott insulator transition [9–11], or
of a gas of non-interacting fermions [12, 13].

In this paper, we extend the study of fluctuations of
ultracold gases in several ways. First, we introduce the
technique of speckle imaging as a simple and highly sen-
sitive method to characterize fluctuations. Second, we
apply it to a two-component Fermi gas across the BEC-
BCS crossover. Third, we directly measure fluctuations
in the magnetization, i.e. the difference of the densities
in the two different spin components, bypassing the need
to measure the individual densities separately.

Our work is motivated by the prospect of realizing
wide classes of spin Hamiltonians using a two-component
gas of ultracold atoms in an optical lattice [14, 15]. An
important thermodynamic quantity to characterize two-
component systems is the spin susceptibility, which pro-
vides a clear signature of phase transitions or crossovers
involving the onset of pairing or magnetic order [16–19].
At a ferromagnetic phase transition the susceptibility di-
verges, whereas in a transition to a paired or antiferro-
magnetic phase the susceptibility becomes exponentially
small in the ratio of the pair binding energy (or antifer-
romagnetic gap) to the temperature. The fluctuation-
dissipation theorem relates response functions to fluctu-
ations, consequently the spin susceptibility can be de-
termined by measuring the fluctuations in the relative
density of the two spin components.

In our experiment we image the atom clouds using
light detuned from resonance so that each atom’s real po-
larizability, which contributes to the refractive index, is
much larger than its imaginary polarizability, which con-

tributes to absorption. Since the detunings for the two
spin states are different, spin fluctuations lead to fluc-
tuations in the local refractive index, resulting in phase
shifts of the imaging light that vary randomly in space.
We measure these phase shifts by imaging the resulting
speckle patterns.
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FIG. 1: Simulation of propagation effects after light has
passed through a Poissonian phase noise object. Shown are
the variance measured in the amplitude or in-phase quadra-
ture (black line) and the out-of-phase quadrature (gray line)
as a function of defocus distance, for an imaging system with
a numerical aperture of 0.14. Within a distance less than 5
percent of our cloud size, noise becomes equally distributed
between the two quadratures and the variances in transmis-
sion and phase-contrast images become the same. (Top inset)
For small phase fluctuations, an in-focus phase noise object
gives no amplitude contrast, but when it is out of focus it
does. (Bottom inset) Sample intensity patterns for a defo-
cused phase object.

These speckle patterns are created by propagation,
which converts the spatially varying phase shifts of the
imaging light into an intensity pattern on our detector
without the use of a phase plate. Spin and density fluctu-
ations occur on all spatial scales down to the interatomic
separation; the smallest observable fluctuations have a
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wavelength equal to the imaging system’s maximum res-
olution. In our system that length has a Rayleigh range,
and hence a depth of field, smaller then the cloud size,
so the recorded image is necessarily modified by prop-
agation effects. Propagation mixes up amplitude and
phase signals (Fig. 1). This can be easily seen in the
case of a phase grating, which creates an interference pat-
tern further downstream; after propagating for a distance
equal to the Rayleigh range of the grating spacing, the
imprinted phase is converted into an amplitude pattern.
This feature of speckle makes our imaging technique both
simple and robust. It is insensitive against defocusing,
and allows us to image fluctuations of the real part of
the refractive index (i.e. a phase signal) without a phase
plate or other Fourier optics.

Similar physics is responsible for laser speckle when a
rough surface scatters light with random phases [21], and
occurs when a Bose-Einstein condensate with phase fluc-
tuations develops density fluctuations during expansion
[22], or when a phase-contrast signal is turned into an
amplitude signal by deliberate defocusing [23].

The experiments were performed with typically 106 6Li
atoms in each of the two lowest hyperfine states |1〉 and
|2〉 confined in an optical dipole trap oriented at 45◦ to
the imaging axis with radial and axial trap frequencies
ωr = 2π × 108.9(6) s−1 and ωz = 2π × 7.75(3) s−1. For
the samples imaged at 527G, the sample preparation was
similar to that described in [13], with a temperature of
0.14(1)TF . The samples imaged at other magnetic fields
were prepared in a similar fashion, except that evapora-
tion was performed at 1000G to a final temperature of
T = 0.13(1)TF before ramping the magnetic field over 1.5
s to its final value. The temperature at 1000G was deter-
mined by fitting a noninteracting Thomas-Fermi distri-
bution in time of flight. The temperatures at other points
in the crossover were related to that value assuming an
isentropic ramp, using calculations presented in [24]. Us-
ing this method we obtain temperatures of 0.13(1)TF at
915G, 0.19(1)TF at 830G, and 0.19(3)TF at 790G where
additional evaporation was performed to achieve a cen-
tral optical density similar to that at the other magnetic
fields. The extent of the cloud along the imaging direc-
tion was 135µm, much larger than the Rayleigh range of
8µm for our imaging system with a NA of 0.14.

The superfluid to normal phase boundary was deter-
mined by measuring condensate fraction (Fig. 2) using
the standard magnetic field sweep technique [25, 26].
For this, the magnetic field was rapidly switched to
570G to transfer atom pairs to more deeply bound pairs
(molecules) which survive ballistic expansion. For reso-
nant imaging of the molecules, the field was ramped back
to 790G over 10 ms. The condensate fraction was deter-
mined by fitting the one-dimensional density profiles with
a bimodal distribution.

As previously described, propagation converts spatial
fluctuations in the refractive index into amplitude fluctu-

ations on the detector. For different choices of the probe
light frequency, the two atomic spin states will have dif-
ferent real polarizabilities and the local refractive index
will be a different linear combination of the (line-of-sight
integrated) column densities n1 and n2. To measure the
susceptibility we choose a probe light frequency exactly
between the resonances for states |1〉 and |2〉, so that the
real polarizabilities are opposite and the refractive index
is proportional to the magnetization (n1 − n2). The in-
tensity fluctuations on the detector after propagation are
consequently proportional to the fluctuations in magneti-
zation. Since a refractive index proportional to (n1 +n2)
occurs only in the limit of infinite detuning, we measure
the fluctuations in the total density by exploiting the fact
that the fluctuations in total density can be inferred from
the fluctuations in two different linear combinations of
n1 and n2. For convenience, we obtain the second linear
combination using a detuning that has the same value,
but opposite sign for state |2〉, and therefore three times
the value for state |1〉. With this detuning, we record
images of the fluctuations in (n1/3 + n2).
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FIG. 2: Measured condensate fraction as a function of di-
mensionless interaction strength 1/(kF a). Insets show typical
images from which the condensate fraction was extracted by
fitting a bimodal distribution. The dashed line is a sigmoidal
fit to guide the eye.

In principle this information can be obtained by tak-
ing separate absorption images on resonance for states
|1〉 and |2〉. However, the images would have to be taken
on a timescale much faster than that of atomic motion
and there would be increased technical noise from the
subtraction of large numbers. The use of dispersive imag-
ing has the additional advantage over absorption in that
the number of scattered photons in the forward direc-
tion is enhanced by superradiance. As a result, for the
same amount of heating, a larger number of signal pho-
tons can be collected [20]. This is crucial for measuring
atomic noise, which requires the collection of several sig-
nal photons per atom. The choice of detuning between
the transitions of the two states has the important fea-
ture that the index of refraction for an equal mixture
fluctuates around zero, avoiding any lensing and other
distortions of the probe beam. This is not the case for
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other choices of detuning, and indeed, we observe some
excess noise in those images (see below). At the detun-
ings chosen, 10 percent residual attenuation is observed,
some due to off-resonant absorption, some due to disper-
sive scattering of light out of the imaging system by small
scale density fluctuations. The contribution to the vari-
ance of the absorption signal relative to the dispersive
signal scales as (2Γ)2/δ2 ≈ 0.006 and can be neglected in
the interpretation of the data.

The noise analysis procedure was nearly identical to
that performed in [13]. A high-pass filter with a cutoff
wavelength of 13µm was applied to each image of the
cloud to minimize the effect of fluctuations in total atom
number. Then, for each pixel position, the variance of the
optical densities at that position in the different images
was computed. After the subtraction of the contribution
of photon shot noise, the resulting variance image reflects
the noise contribution from the atoms.
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FIG. 3: (Color online) (Top) Example speckle noise im-
age, with white box indicating analysis region. (Bottom)
Noise data for noninteracting (left) and resonantly interacting
(right) cold clouds, showing ∆2

−
(black dots) and ∆2

+ (gray
dots). Solid lines are Gaussian fits to the data, and dot-
ted lines illustrate the expected full Poissonian noise for the
corresponding quantities based on density determined from
off-resonant absorption.

The goal of our noise measurements is to determine
at various interaction strengths the normalized suscep-
tibility χ̃ = χ/χ0 and compressibility κ̃ = κ/κ0, where
χ0 = 3n/2EF and κ0 = 3/2nEF are the susceptibility
and compressibility of a zero-temperature non interact-
ing Fermi gas with the same total density n and Fermi
energy EF . Before studying spin fluctuations through
the BEC-BCS crossover, we therefore calibrate our mea-
surement by measuring the spin fluctuations in a nonin-
teracting mixture, realized at 527G where the scattering
length between the two states vanishes. Fig. 3 shows
raw profiles of the variances ∆2

−
and ∆2

+ measured at
the two detunings. These fluctuations in the speckle
pattern are proportional to number fluctuations in the
specified probe volume V : ∆2

−
= (c ∆(N1 − N2))

2 and
∆2

+ = (c′ ∆(N1/3 + N2))
2. In these relations c and c′

are factors which have to be calibrated. Without inter-
actions, N1 and N2 are uncorrelated, and one predicts
(∆(N1−N2))

2/(∆(N1/3+N2))
2 = 2/(1+(1/3)2) = 1.8.

The observed ratio of ∆2
−

/∆2
+ = 1.56(14) reflects ex-

cess noise contributing to ∆2
+ due to residual system-

atic dispersive effects and is accounted for by setting
c′/c =

√
1.8/1.56. For high temperatures, the atomic

noise of the non-interacting gas approaches shot noise;
for lower temperatures we observe a reduction in noise
due to Pauli blocking as in our previous work [13]. With
our new method, we easily discern spin fluctuations with
a variance of less than 10 percent of atom shot noise.
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FIG. 4: (a) The ratio χ/κ, (b) the normalized susceptibil-
ity χ/χ0, and (c) the normalized compressibility κ/κ0 in the
BEC-BCS crossover. The variances derived from sequences
of images are converted into thermodynamic variables using
the measured temperatures and a calibration factor deter-
mined from the noninteracting gas. The vertical line indicates
the onset region of superfluidity, as determined via conden-
sate fraction measurements. The curves show theoretical zero
temperature estimates based on 1st (dotted) and 2nd order
(solid) perturbative formulas obtained from Landau’s Fermi-
liquid theory integrated along the line of sight, and results
from a Monte Carlo calculation (dashed) for the compress-
ibility in a homogeneous system [27].

The fluctuation dissipation theorem connects the vari-
ances (∆(N1 − N2))

2 and (∆(N1 + N2))
2 to the suscep-

tibility χ̃ and the compressibility κ̃ via (∆(N1 −N2))
2 =

3N/2 (T/TF ) χ̃ and (∆(N1 + N2))
2 = 3N/2 (T/TF ) κ̃

with N = N1+N2 and T/TF being the temperature mea-
sured in units of the Fermi temperature TF . Recompos-
ing the variances from the two experimentally accessible
linear combinations these relations become ∆2

−
/Nc2 =

3/2 (T/TF ) χ̃ and 9/4 ∆2
+/Nc′2 − 1/4 ∆2

−
/Nc2 =

3/2 (T/TF ) κ̃. The constants c and c′ are determined
using the noise measurements at 527G for a noninteract-

ing Fermi gas for which χ̃ = κ̃ = 1 + O
(
(T/TF )2

)
. This

analysis ignores line-of-sight integration corrections.
Fig. 4 shows the spin susceptibility, the compressibility,

and the ratio between the two quantities for the interact-
ing mixtures as the interaction strength is varied through
the BEC-BCS crossover. The susceptibility and com-
pressibility reproduce the expected qualitative behavior:
for the sample at unitarity, where the transition tem-
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perature is sufficiently high that a sizable portion of the
sample is superfluid, and for the sample on the BEC side,
the spin susceptibility is strongly suppressed relative to
the compressibility. This reflects the fact that the atoms
form bound molecules or generalized Cooper pairs; the
spin susceptibility should be exponentially small in the
binding energy, while the enhanced compressibility re-
flects the bosonic character of the molecular condensate.
At 915G and 1000G, where the sample is above the su-
perfluid critical temperature, the susceptibility is larger
but still below its value for the noninteracting gas, re-
flecting the persistence of pair correlations even in the
normal phase of the gas.

Above the Feshbach resonance, for attractive interac-
tions, we compare our results to first and second order
perturbation theory in the small parameter kF a. This
ignores the instability to the superfluid BCS state at ex-
ponentially small temperatures. The perturbation theory
is formulated for the Landau parameters for a Fermi liq-
uid [16, 28]. The susceptibility and compressibility are
given by χ0/χ = (1 + F a

0 )m/m∗, κ0/κ = (1 + F s
0 )m/m∗,

where m∗ = m(1 + F s
1 /3) is the effective mass, and F s

l ,
F a

l are the l-th angular momentum symmetric and an-
tisymmetric Landau parameters, respectively. Although
the experimental data are taken for relatively strong in-
teractions outside the range of validity for a perturba-
tive description, the predictions still capture the trends
observed in the normal phase above the Feshbach res-
onance. This shows that more accurate measurements
of the susceptibility, and a careful study of its tempera-
ture dependence, are required to reveal the presence of a
possible pseudogap phase.

In our analysis we have neglected quantum fluctuations
which are present even at zero temperature [16, 29]. They
are related to the large-q static structure factor S(q) mea-
sured in [30] and proportional to the surface of the probe
volume, scaling with N2/3 log (N). For fluctuations of
the total density, their relative contribution is roughly
N−1/3/(T/TF ), and at most 40 percent for our experi-
mental parameters. Attractive interactions and pairing
suppress both the thermal and quantum spin fluctua-
tions, but it is not known at what temperature quantum
fluctuations become essential.

Spin susceptibilities can also be obtained from the
equation of state which can be determined by analyz-
ing the average density profiles of imbalanced mixtures
[31]. Our method has the advantage of being applicable
without imbalance, and requires only local thermal equi-
librium. Moreover fluctuations can be compared with
susceptibilities determined from the equation of state to
perform absolute, model-independent thermometry for
strongly interacting systems [32].

In conclusion, we have demonstrated a new technique
to determine spin susceptibilities of ultracold atomic
gases using speckle imaging. We have validated and
calibrated this technique using an ideal Fermi gas and

applied it to a strongly interacting Fermi gas in the
BEC-BCS crossover. This technique is directly appli-
cable to studying pairing and magnetic ordering of two-
component gases in optical lattices.
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