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Detection of spatial correlations in an ultracold gas of fermions
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Spatial correlations are observed in an ultracold gas of fermionic atoms close to a Feshbach
resonance. The correlations are detected by inducing spin-changing rf transitions between pairs
of atoms. We observe the process in the strongly interacting regime for attractive as well as for
repulsive atom-atom interactions and both in the regime of high and low quantum degeneracy. The
observations are compared with a two-particle model that provides theoretical predictions for the

measured rf transition rates.

Close to a Feshbach resonance [1, 12, B] ultracold
fermionic atoms form a strongly interacting quantum
gas. Recently it has become possible to study this exotic
quantum regime with “°K and 6Li atoms. Mean-field in-
teractions [4, I, 6] and hydrodynamic behavior [4, |, [1]
have been observed. However a Feshbach resonance does
more than simply alter the interactions between atoms.
The resonance occurs when the collision energy of two
free atoms coincides with that of a molecular state in
a closed channel. Fermionic atom pairs populating this
closed channel can be described by a composite-boson
field. It has been proposed that this composite-boson
field can lead to fermionic superfluidity at critical tem-
peratures T, comparable to the Fermi temperature T
14, d, [id).

For a magnetic-field detuning on the side of the res-
onance with repulsive atom-atom interactions, coupling
between the open and closed channels gives rise to a new
molecular bound state. By adiabatically scanning over
a magnetic-field Feshbach resonance large numbers of
these extremely weakly bound molecules have been cre-
ated reversibly in a 4°K fermionic quantum gas [11] and
recently also with other fermionic |12, [13] and bosonic
|14, [13] atomic species. Bose-Einstein condensation of
these molecules is being pursued. By inducing radiofre-
quency (rf) transitions, these molecules have been pho-
todissociated into free pairs of atoms, and the corre-
sponding dissociation spectra provided precise informa-
tion about molecular wave functions and binding energies
).

With the opposite sign of the magnetic-field detuning
this new molecular state does not exist. However, cou-
pling to the resonance state in the closed channel still
significantly changes the atom pair wave function. For
example, a well-studied effect of the resonance, for ei-
ther sign of the magnetic-field detuning, is to modify the
scattering phase shift at large internuclear separation R,
and thus change the scattering length. In this Letter we
instead probe the effect of a Feshbach resonance on the
wave function for an interacting atom pair at small in-
ternuclear separation. Thereby we probe the population
of the closed channel or composite-boson field.

Coupling to the resonance state in the closed chan-
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FIG. 1: Two-particle model of spin-changing rf transitions
between interacting pairs of atoms in the my=—5/2 and
my=—9/2 spin state. After the transition the spin state of
the first atom is changed to my=—7/2. In addition the rela-
tive momentum of the atoms at large internuclear separation
can be changed by 26k in this process if the applied radio
frequency vy¢ is detuned with respect to the my;=—5/2 —
myp=—9/2 transition of bare atoms. The total kinetic energy
of the free atoms is changed by an amount equal to the excess
energy of the rf photon.

nel enhances the amplitude of the wave function at very
small internuclear separation. The spatial size of the
closed channel resonance state, which is approximately
50 ag where ag is the Bohr radius, is two orders of mag-
nitude smaller than the average separation between par-
ticles for a typical trapped gas. Thus, the effect of the
resonance is to increase the pair correlation function at
R ~ 0. To demonstrate how large this effect can be, we
calculate that near a Feshbach resonance the fraction of
atom pairs at R < 50 ag is five orders of magnitude larger
than away from the resonance.

We probe these atom pair correlations at R ~ 0 by in-
ducing a class of spin-changing rf transitions that is only
expected to occur for spatially correlated and interacting
pairs of atoms. For bare atoms spin-changing transitions
can be induced by applying an rf field with a frequency vq
corresponding to the Zeeman splitting of the spin states.
The transition probability diminishes if the detuning A
of the rf field is large compared to the Rabi frequency
Q. In contrast, an interacting pair of atoms at small R
can have a significant transition probability for relatively
large detunings. In Fig. 1 we illustrate this process with
a two-particle model. Here an rf transition can occur, in
which not only the spin, but also the relative momentum
of the free atom pair is changed (Fig. 1).



In the following we show that we experimentally ob-
serve rf transitions between correlated pairs of atoms
when a detuned rf field is applied to an ultracold gas of
fermions. This process is only detected close to a Fesh-
bach resonance and thereby directly demonstrates strong
spatial correlations in this exotic quantum regime. Al-
though many-body physics is likely to play a significant
role in this regime, we compare the observations with a
two-particle model as a first step toward understanding
the correlations.

The experimental set-up and procedure are similar to
that in our previous experimental work |4, [L1, [16]. In
brief, we evaporatively cool a spin mixture of “°K atoms
in the lowest hyperfine ground state. The first cooling
step is carried out in a magnetic trap. Then, the atoms
are loaded into an optical dipole trap, where further evap-
orative cooling is performed by lowering the depth of
the trapping potential. Finally we prepare about 10°
atoms at an adjustable temperature, which for these ex-
periments is between T'=0.33TF and 1.0Tr. The final
radial trapping frequency ranges between v, = 200 Hz and
v, =450 Hz, and the axial trapping frequency is given by
the fixed ratio v, /v, =70. In the experiments the Fermi
momentum at temperatures T'=0.33TF is on the order
of kr=(2000ag)"!.

We can widely vary the interaction between atoms us-
ing an s-wave Feshbach resonance, which is located at a
magnetic field of B =224.21 + 0.05G and has a width
of 9.7 £ 0.6G |4]. Feshbach resonances have been ex-
ploited for quantum degenerate Bose and Fermi gases
W, B, 6, @ [, 04, 04, 04, 08, bd, 0, 09, [d, Bd).
The s-wave resonance used in this experiment affects
collisions between atoms in the |f=9/2,m;=-5/2) and
|f=9/2,m;=-9/2) spin states. Here f denotes the to-
tal angular momentum and m; the magnetic quantum
number. The effective scattering length of the atoms can
then be varied by tuning the strength of a homogenous
magnetic field around the Feshbach resonance value.

Initially the atoms are prepared in the f=9/2 hyper-
fine state in an incoherent spin mixture of the m=—7/2
and the my=—9/2 states. In these states, the atoms
are not affected by the Feshbach resonance. Then, after
ramping to the final magnetic-field value B, the atoms in
the my=—7/2 state are transferred into the mz=—5/2
state by applying an rf m-pulse between the Zeeman sub-
levels. In these states the atoms are strongly interacting
if the magnetic field is chosen close to resonance. This
sequence, which may result in a nonequilibrium sample,
was chosen to suppress the population of the molecular
bound state close to threshold that exists on the repulsive
side of the resonance. This is in contrast to our previous
work, where large numbers of molecules were reversibly
created by ramping the magnetic field across the Fesh-
bach resonance.

The basic idea of the experiment is to use the rf spec-
troscopy method described above to look for an enhance-
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FIG. 2: Atom pair signal for different magnetic-field values
B near the Feshbach resonance. The fraction of atoms trans-
ferred from the my=—5/2 into the my=—7/2 spin state is
measured by spin-selective time-of-flight absorption imaging
after an rf pulse with a Rabi frequency of Q=27 - 32kHz is
applied for 100 ps. For each B, v, is chosen so that the rf field
is kept at a constant large detuning A=—27 - 100 kHz with
respect to the bare atom transition. A calculated 6.3% of off-
resonantly transferred bare atoms has been subtracted. The
solid line is a Lorenzian fit with an amplitude of 0.41 + 0.03
and a width of 1.2+ 0.2 G. It is shifted to the repulsive side of
the resonance (dotted line) by 0.13+0.04 G. The temperature
of the atoms in this measurement was T'=0.33 & 0.06 T and
the peak density was n, = (1.2 £ 0.6) x 10" cm™ per spin
state. The dashed line shows a theoretical plot for a two-
body multi channel scattering theory including the rf field.
The calculated maximum fraction of atoms is 0.25 and the
width is 0.79 G.

ment in the R ~ 0 pair correlation function near a Fes-
hbach resonance. We apply an rf field pulse to induce
transitions from the my=-5/2 to the my=—7/2 state.
The rf field is far detuned with respect to the bare atom
transition, with a detuning larger than the resonant Rabi
frequency A > . Therefore, only a small fraction of
bare atoms undergo an off-resonant rf transition. The
detuning is also large compared to mean-field shifts [4].
Nevertheless we find a significant, magnetic-field depen-
dent transition rate that peaks in the strongly interacting
regime close to the Feshbach resonance.

In Fig. 2 the fraction of atoms transferred into the
my=—17/2 state is plotted as a function of magnetic field
B. We observe pair transitions on both the repulsive
(low B) and attractive (high B) sides of the resonance.
Figure 3 demonstrates that for longer pulses the fraction
of transferred atoms saturates at a finite value.

For comparison to the observed process, we have con-
structed a complete two-body multichannel scattering
theory that includes the rf interaction |21, 22]. Here
nearby atoms perturb each other’s internal structure so
that a pair can absorb an rf photon that is not resonant
with either atom separately. Furthermore the rf photon
contributes a quantum of angular momentum, introduc-
ing a coupling between atom pairs with ms,; = —7 and
Mot = —8, where my¢ is the sum of the spin projections
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FIG. 3: Fraction of atoms transferred from the my=—>5/2 into
the my=—7/2 spin state versus the duration of the applied rf
pulse. This measurement is performed on the attractive side
of the resonance at a magnetic field of B=224.30 G, with an
rf detuning of A=—2x - 100 kHz. The solid line is a fit to an
exponentially saturating growth curve. The curve saturates
at a fraction of 0.49 £ 0.03 with a time constant of 61 £ 8 us.

of the two atoms. This two-body theory provides tran-
sition rates for a given density, momentum distribution,
magnetic field B, and rf detuning A.

The dashed line in Fig. 2 shows the results of such a
calculation. The relative momentum of the particles has
been modeled by a T'=0.34 uK Boltzmann distribution
that approximates the measured momentum distribution
of the atoms. All other parameters are identical to the
measurement shown in Fig. 2. A comparison with the
calculation suggests that the experimentally observed ef-
fect can at least in part be explained by the two-particle
model. However, the theory prediction is nearly sym-
metric with respect to the resonance position whereas
we measure a larger effect that is slightly shifted to the
repulsive side of the resonance and broader. One source
of this deviation may be due to a small number of resid-
ual bound molecules that only exist on the repulsive side
and are photodissociated by the rf field. In addition, we
expect that there may be significant many-body effects
in the experiments.

An intriguing result of the calculation is that the rf
pair process occurs deep within the interatomic potential
where the spacing of the atom pair is about 22 ag. At this
distance an rf-mediated spin exchange avoided crossing
appears in the coupled channel Hamiltonian. The process
therefore measures spatial correlations between atoms on
a very short length scale. Close to a Feshbach resonance
these correlations are strongly enhanced by the popula-
tion of the closed channel state. Therefore the rf process
predominantly probes the composite-boson field of the
closed channel.

The rf transitions reported here are reminiscent of
the recently observed rf photodissociation of bound
molecules created at a Feshbach resonance [11l]. The
measurements, however, differ from each other in several
ways. In this experiment we did not deliberately popu-
late the molecule state. In addition, in order to maximize
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FIG. 4: Increase of the kinetic energy § Ex.n of the transferred
atoms versus the frequency v,y of the applied 100 us rf pulse,
on the attractive side of the resonance. The solid line is a
linear fit to the data yielding a slope of —0.59 £ 0.05. This
result is close to the expected value for an atom pair process.
The vertical line indicates the expected resonant rf transi-
tion frequency for bare atoms at vo =50.882 MHz, neglecting
mean-field shifts that are on the order of -1 kHz. The mea-
sured zero crossing at vy = 50.893 £ 0.005 MHz agrees fairly
well with this value.

the signal here we used an rf pulse duration that is an or-
der of magnitude longer than in the molecule dissociation
experiment. Also, within the precision of these experi-
ments we do not observe a frequency shift corresponding
to a binding energy. Finally the rf transitions between
interacting atom pairs are observed on both the attrac-
tive and the repulsive sides of the Feshbach resonance.
Bound molecules, on the other hand, only exist on the
repulsive side of the resonance.

In order to study the observed rf process in more detail
we have measured the kinetic energy of the transferred
atoms. If the observed rf transitions for large rf detun-
ings can be attributed to pairs of atoms as illustrated in
Fig. 1, the kinetic energy of each transferred atom should
increase by half the excess energy of the rf photon as [[11]

0FEkin=—-0.5- (hVTf — huy ) (1)

Here vy is the rf transition frequency for bare atoms in-
cluding mean-field shifts and v,¢ is the frequency of the
rf field. The prefactor is negative since we observe an
rf transition to a lower lying Zeeman state, where an rf
photon is emitted in a stimulated process. Therefore, we
expect that the atoms gain kinetic energy when the rf is
detuned to lower frequencies.

Experimentally the energy of the transferred atoms is
determined by fitting time-of-flight expansion images of
atoms in the m;=—7/2 spin state to a Gaussian model
[23]. Figure 4 shows a plot of the measured increase in
kinetic energy of the atoms transferred versus the rf fre-
quency, at B =224.40 G on the attractive side of the Fes-
hbach resonance. For rf frequencies lower than the reso-
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FIG. 5: Fraction of atoms transferred by an 100 us rf pulse
with a detuning of A=—27-100 kHz for various temperatures
T on the attractive side of the resonance (B=224.37 G). No
explicit temperature or degeneracy dependence is observed.
The data points at low temperature show a density depen-
dence, where n, = 5.0 x 10*? cm™3 (triangle), 1.2 x 10** cm ™3
(square) and 2.8 x 10" cm ™ (open circle).

nant frequency vy, the kinetic energy indeed increases lin-
early with a slope § Ejp/ (hvyy —hvg) = —0.59+£0.05. The
same measurement on the repulsive side of the Feshbach
resonance at B =223.84 G yields a slope of —0.51 £ 0.06.
This result is in reasonable agreement with the expected
value in eq. 1 and demonstrates that the excess energy of
the applied rf photon corresponds to the increase in ki-
netic energy of the atoms. Due to energy and momentum
conservation, this is only possible in a process involving
an interacting pair of atoms.

We find that the observed process does not strongly de-
pend upon quantum degeneracy. In Fig. 5 the fraction of
transferred atoms on the attractive side of the resonance
is plotted for temperatures between 0.337F and 1.0Tp.
We observe similar rates for all of these temperatures and
an increase of the rate for higher densities.

In conclusion, we have observed rf transitions between
strongly interacting pairs of atoms close to a Feshbach
resonance. The rf transitions probe spatial correlations
between atoms on a short length scale. These results
demonstrate that a Feshbach resonance not only in-
creases the strength of atom-atom interactions, but also
introduces strong pair correlations between atoms for
both positive and negative magnetic-field detunings from
the resonance. It will be interesting to study how the
pairs evolve as resonance superfluidity occurs.
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