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Measurement of the zero crossing in a Feshbach resonance of fermionic6Li
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We measure a zero crossing in the scattering length of a mixture of the two lowest hyperfine states of6Li.
To locate the zero crossing, we monitor the decrease in temperature and atom number arising from evaporation
in a CO2 laser trap as a function of magnetic fieldB. The temperature decrease and atom loss are minimized
for B552.860.4 mT, consistent with no evaporation. We also present preliminary calculations using poten-
tials that have been constrained by the measured zero crossing and locate a broad Feshbach resonance at
'86 mT, in agreement with previous theoretical predictions. In addition, our theoretical model predicts a
second and much narrower Feshbach resonance near 55 mT.
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Recently, three groups have predicted the possibility
high-temperature superfluid transitions arising from
strong pairing of a two-component Fermi gas in the vicin
of a Feshbach resonance@1–3#. Transition temperatures a
large as half the Fermi temperature are expected@1–4#. This
is a much larger fraction than in the standard Barde
Cooper-Schriefer theory. One promising atomic system
40K, for which a Feshbach resonance has been observe@5#
and degeneracy has been achieved@6,7#. Another promising
candidate is6Li, which is predicted to exhibit magneticall
tunable Feshbach resonances in mixtures of the two low
hyperfine states. Such transition temperatures are within
reach of current experiments involving degenerate6Li Fermi
gases@8–11#. Hence, locating the resonance is of importan
for studies of atomic gas analogs of high-temperature su
conductivity.

As is well known, a Feshbach resonance arises in a
liding two-atom system when the energy of the incomi
open elastic channel is magnetically tuned into resona
with a bound molecular state of an energetically closed ch
nel. The tuning dependence arises from the difference in
magnetic moments of the open and closed channels@12#. In
the vicinity of a Feshbach resonance, thes-wave scattering
lengtha(B) is described approximately by@4#

a~B!5abgS 12
DB

B2B0
D , ~1!

whereB is the applied field,abg is the background scatterin
length,B0 is the field at which the resonance occurs, andDB
is proportional to the strength of the coupling between
open and closed channels.

For an ultracold gas which is a mixture of the two lowe
hyperfine states,u1& andu2&, of 6Li ~the u1/2,61/2& states in
the low-field, total angular-momentumu f ,M f& basis!, s-wave
collisions only occur between atoms in these two differ
spin states. Hence, at sufficiently low temperatures, the s
tering length of the mixture is the scattering length of th
collision. The incoming channel of the Feshbach resona
in this mixture is predominantly triplet in character@13#.
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Thus near the resonance,abg is nearly equal to the triple
a 3Su

1 scattering length which is large and negative@14#. The
vibrational level that gives rise to the resonance is due to
most weakly bound vibrational level (v538) of the singlet
X 1Sg

1 potential. The zero-field binding energy of thev
538 vibrational level has not been directly measured, a
the uncertainty in the binding energy can lead to signific
theoretical uncertainty in the location of the Feshbach re
nance and the associated zero crossing.

Figure 1 shows an analytic model@15# of the scattering
length as a function of magnetic field between 0 and 150
~1 mT510 G!, and is based on adjusting model parameter
fit the results of previous multichannel calculations@4,13#.
The scattering length is predicted to cross zero between
mT and 60 mT for a mixture of statesu1& andu2& in 6Li, and
in Fig. 1 is shown to cross the horizontal axis near 54 m

Previously, we have shown@10,16# that the scattering
length for a mixture of theu1& andu2& states is very small a
zero magnetic field in agreement with predictions@13#. This
was accomplished by confining the mixture in an ultrasta
CO2 laser trap for several hundred seconds at.100 mK
with negligible evaporation. At magnetic fields of 10–30 m
we have observed large evaporation rates suitable for ach
ing degeneracy@10#. Further, we observed scattering cro
sections corresponding to a scattering length with a ma
tude of 540a0 at a magnetic field of 0.8 mT in a mixture o
the u1& and u3&5u f 53/2,M f523/2& hyperfine states. The
measured scattering cross section is consistent with a ca
lation based on the predicted@14# singlet (45.5a0) and triplet
(22160a0) scattering lengths@17#.

In this paper, we observe the vanishing of the elas
scattering cross section, and hence the vanishing of
elastic-scattering length, for a mixture of theu1& and u2&
hyperfine states of6Li in a magnetic field. This provides a
first step in determining the location of a Feshbach resona
in this system. To determine the location of the zero cross
we monitor the temperature drop and atom loss after 40
free evaporation in a stable CO2 laser trap as a function o
the applied magnetic field.
©2002 The American Physical Society01-1
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FIG. 1. Analytic model of the scattering
length for a mixture of the two lowest hyperfin
states of 6Li as a function of magnetic field
showing the zero crossing~inset!. (1a0

50.052 917 7 nm.)
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Our 6Li experiments employ a stable CO2 laser trap with
a single focused and retroreflected beam@10#. The atoms
evaporate from the trap, which has a fixed depth
.0.75 mK and a geometric mean trap frequency
.2.5 kHz. Since the scattering length for the6Li u1& and
u2& mixture is extremely small at zero magnetic field, evap
ration is turned on and off simply by applying or not appl
ing a magnetic field.

The CO2 laser trap is continuously loaded from a6Li
magneto-optical trap~MOT! @10#. Typically, 23106 atoms in
a nominally 50:50 mixture of theu1& and u2& states are ini-
tially contained in the trap at a temperature of 140mK, as
determined by the time-of-flight absorption imaging. Hol
ing the atoms at zero magnetic field for an additional 4
does not produce a measurable temperature change in
time-of-flight images, consistent with the prediction of
small scattering length atB50 T. In free evaporation, the
number of atoms decreases rapidly to'1/3 of the initial
value as the hottest atoms are lost@10#.

To measure the magnetic-field dependence of the ev
ration rate, a pair of high field magnets with currents
0–240 A are used to generate a uniform field of 0–110 mT
the trap region. The magnets have a diameter of.20 cm and
are located.12.5 cm from the trap, producing negligib
field curvature. The MOT gradient field is generated by
versing the current in one magnet for the trap loading sta
Each of the magnets is powered by a pair of curre
regulated supplies which dissipate up to 10 kW per mag

In the experiments, the trap is initially loaded at ze
magnetic field. Then a uniform magnetic field is applied
40 s, during which time the atoms evaporate from the tr
Finally, the field is returned to 0 T and the temperature a
number are measured by time-of-flight absorption imag
@10#. The final temperature obtained as a function of
magnetic field between 40 mT and 61 mT is shown in Fig

For magnetic fields far from the peak at 53 mT, the fin
temperature of the atoms is 35mK, well below the Doppler
cooling limit of 140mK observed when the magnetic field
held at 0 T for 40 s. As the magnetic field approaches
peak, the observed temperature increases to 87mK, which is
below the loading temperature, but well above the minim
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temperature observed far from the zero crossing. The dro
the maximum temperature from 140mK to 87 mK arises
from 0.3 s during which the current-regulated suppl
change current. Since the field is switched from 0 to 53
and back to 0 T, the atoms evaporate for an extra period
0.6 s. By switching the magnetic field from 0 to 53 mT a
back to 0 T without the 40-s holding time, we find that th
final temperature is 90mK. Hence, the observed reduction
temperature at the zero crossing is consistent with ra
evaporation during the switching process.

To confirm that the peak in temperature arises from
reduced cooling rate and not from heating, we also extrac
the number of remaining atoms from the time-of-flight da
Fig. 3. Consistent with a reduced evaporation rate, we
serve a peak in the number at 52.6 mT, nearly overlapp
the peak in the temperature. Further, near the zero cros
field, we observe a.30% increase in the number of atom
with a negligible temperature change when the holding ti
is decreased from 40 to 20 s, indicating a negligible heat
rate.

FIG. 2. Temperature after 40 s of free evaporation as a func
of magnetic field. The maximum temperature occurs near the z
crossing of the scattering length where the evaporation rate
ishes. A curve has been added to guide the eye.
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We also observe a decrease in the remaining trap pop
tion as the magnetic field is increased, as shown in Fig
This is accompanied by a slight heating, Fig. 2, and appe
to arise from a broad magnetic-field-dependent loss fea
that peaks near 65 mT. In this region, we observe loss
heating over time scales of 1 s in asample at a temperatur
of 5 mK and a density of 331013 per cm3. This loss feature
has also been observed by Dieckmannet al. @18#. Note that
inelastic loss rates should not cause heating in the regio
the zero crossing, since the elastic-scattering cross secti
small and secondary scattering does not occur. However
rapid increase in loss with increasing magnetic field may
partially responsible for the 0.4 mT shift between the pe
in the number~Fig. 3! and temperature~Fig. 2!.

The magnetic field is calibrated using optical-absorpt
resonances to measure the splitting between theMJ523/2
and MJ521/2 levels of the 2P3/2 excited electronic state
Acousto-optic~AO! modulators are used to produce two c
propagating probe beams differing by a tunable frequency
to .1000 MHz. One beam isz polarized and interacts with
the 2S1/2, MJ521/2→ 2P3/2, MJ521/2 transition origi-
nating from theu2& ground hyperfine state. The other beam
x polarized and interacts with the 2S1/2, MJ521/2
→2P3/2, MJ523/2 transition originating from theu2&
ground hyperfine state. For fields near the zero crossing,
that u2&.ums521/2,mI50&.

At the magnetic field corresponding to the zero crossi
the z polarized beam is blocked and the dye laser freque
is adjusted to tune thex polarized beam into resonance. Th
resonance peak is determined by spatially integrating a ti
of-flight absorption image for each dye laser frequency. T
method avoids degradation of the image by the diffract
arising from the small radial profile of the trapped atom
The integrated absorption signal is insensitive to phase s
arising from a nonzero index of refraction when the lase
detuned. The laser is then locked at the resonance freque
Then thex polarized beam is blocked and a similar method
used to tune thez polarized beam into its resonance by a

FIG. 3. Number of atoms remaining after 40 s of free evapo
tion as a function of magnetic field. The maximum number occ
near the zero crossing of the scattering length where the evapor
rate vanishes. A curve has been added to guide the eye.
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justing an AO frequency. The excited-state frequency sp
ting is measured from the beat frequency of the two bea
using a diode detector. At the magnetic field for the atom l
minimum, Fig. 3, we find a beat frequency of 994 MHz.

The magnetic field corresponding to the measured b
frequency is determined by calculating the expected splitt
versus magnetic field, including the Zeeman, hyperfine,
fine-structure mixing contributions. From the 994 MHz spl
ting, the atom number peak~loss minimum! is determined to
be at 52.6 mT. The minimum temperature decrease is t
determined to be at 530 mT. Note that at 52.6 mT, magne
field-induced fine-structure mixing causes a quadratic Z
man shift of.12 MHz in Li due to the small fine-structur
splitting.

The uncertainty in the field determination arises primar
from the widths of the observed optical-absorption re
nances, which are about 10 MHz or 0.5 mT in the vicinity
the zero crossing. The shape of each optical resonance
hibits some saturation arising from optical pumping. Ho
ever, the centers are easily located with a statistical un
tainty of less than60.2 mT. We report the location of th
zero crossing as 52.8 mT, the average of the locations of
peaks in the temperature, Fig. 2, and number, Fig. 3.
uncertainty,60.4 mT, is the root mean square or combin
standard uncertainty of the systematic and statistical un
tainties. This value is dominated by the systematic error t
we estimate as the shift between the temperature and num
peaks~0.4 mT!.

The measurement of the zero crossing can be use
further constrain the singlet potential and hence the sin
scattering length. Therefore we present preliminary result
a coupled-channel calculation that attempts to optimize
singlet potential. The interaction potentials in these calcu
tions are constructed using the short-range singlet pote
of Ref. @19#, the short-range triplet potential of Ref.@20#, the
long-range dispersion coefficients of Ref.@21#, and the meth-
odology of Ref.@19# to connect the short- and long-rang
potentials. In addition, the triplet potential has been modifi
to be consistent with the measured binding energy of
most weakly bound state of thea 3Su

1 state of6Li @14#. The
singlet potential has been made to agree with the most re
prediction of the6Li singlet scattering length@14,22#. Subtle
mass-polarization corrections that affect the dissociation
ergy for 6Li and7Li have been neglected.

The scattering length of the singlet potential can be var
within the uncertainty given by Refs.@14,22#. The corre-
sponding uncertainty of the magnetic-field position of t
zero in the scattering length does not exclude our obser
zero crossing. In Fig. 4 we show the scattering length a
function of magnetic field, where the scattering length of t
singlet potential has been fixed to obtain a zero crossin
53 mT. Close examination of the zero crossing region
also revealed a narrows-wave Feshbach resonance not fou
in previous calculations. This resonance is positioned
'55 mT between the zero crossing and the peak of
broad resonance centered at'86 mT. These two resonance
correspond to hyperfine components of the same wea
bound singlet state. In fact, at zero field, the two states
labeled byF50 and 2, whereF is the vector sum of the

-
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atomic spinf of the two atoms. A similar hyperfine structur
has been observed in near-threshold singlet sodium spec
copy @23#. Dieckmannet al. @18# have observed two los
features in this magnetic-field region, one broad and one
row. The narrow feature at 55 mT is in agreement with
position of our predicted narrow resonance, but the width
an order of magnitude larger than we predict. No uncerta
ties are given for the positions of the resonances as thes
preliminary results.

In conclusion, we have observed a zero crossing in
elastic-scattering length of a mixture of the two lowest h
perfine states of6Li. The observed broad loss feature near
mT is not centered on the broad two-body Feshbach re

FIG. 4. Scattering length for collisions of6Li atoms in the two
lowest hyperfine states as a function of magnetic field. The sin
potential has been fixed to obtain a zero scattering length at 53
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nance whose zero crossing is located at 52.860.4 mT and
whose theoretical maximum is centered near 86 mT. We h
used the measured zero crossing to further constrain the
glet potential and also predict a second, narrow Feshb
resonance at'55 mT. The observation of this resonan
will require magnetic-field resolution beyond the capabil
of our present system. Further, the cross section near 86
is unitarity limited at the trap depths and temperatures e
ployed in the present experiments. The evaporation rat
therefore insensitive to the scattering length, and nearly
dependent of magnetic field near the resonance. Sinc
Feshbach resonance does appear to exist in the magn
field region below 100 mT and the loss rates occur over ti
scales of 1 s at thedensities and temperatures of intere
mixtures of the two lowest-lying hyperfine states of6Li ap-
pear promising for studies of Fermi superfluidity.

Note added. The Duke experimental and NIST theor
groups wish to acknowledge experimental input from
Grimm, whose group has made similar measurements of
zero crossing of the scattering length in collaboration with
Mosk and M. Weidmu¨ller. Their results closely agree with
measured data reported here.
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search program of the National Aeronautics and Space
ministration, and the Chemical Sciences, Geosciences
Biosciences Division of the Office of Basic Energy Scienc
Office of Science, U.S. Department of Energy. The NIS
effort was supported in part by the Office of Naval Resea
and the Advanced Research Development Activity of the N
tional Security Agency.
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