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We report on the creation and characterization of heteronuclear 40K 87Rb Feshbach molecules in an optical
dipole trap. Starting from an ultracold gas mixture of “°K and ®’Rb atoms, we create as many as 25 000
molecules at 300 nK by rf association. Optimizing the association process, we achieve a conversion efficiency
of 25%. We measure the temperature dependence of the rf association process and find good agreement with
a phenomenological model that has previously been applied to Feshbach molecule creation by slow magnetic-
field sweeps. We also present a measurement of the binding energy of the heteronuclear molecules in the
vicinity of the Feshbach resonance and provide evidence for Feshbach molecules as deeply bound as 26 MHz.
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I. INTRODUCTION

Magnetic-field-tunable Feshbach resonances in ultracold
atomic gases provide a unique tool for the efficient conver-
sion of ultracold atoms into weakly bound diatomic mol-
ecules [1]. Most studies of Feshbach molecule formation
have been performed using single-species atomic gases.
However, heteronuclear molecules have bright prospects as
quantum gases with long-range anisotropic interactions [2],
as quantum bits for novel quantum computation schemes [3],
and as sensitive probes for precision measurements [4-6].
These applications make use of the fact that a heteronuclear
molecule can have an electric dipole moment.

Production of ultracold, polar molecules presents signifi-
cant technical hurdles because of the rich internal molecular
structure. Although there are other methods of creating ultra-
cold polar molecules [7-12], one strategy is to start from a
nearly quantum degenerate atom gas and associate the atoms
into molecules using time-dependent magnetic fields in the
vicinity of a Feshbach resonance [13-22]. These Feshbach
molecules have the advantage of starting in a single internal
state at ultralow temperature. However, they are extremely
weakly bound and therefore do not have a significant electric
dipole moment. It may be possible to employ coherent opti-
cal transfer schemes [23] to transfer these molecules into a
more deeply bound state and thus create an ultracold sample
of polar molecules [24].

Creation of “°K®’Rb Feshbach molecules was recently re-
ported by Ospelkaus and co-workers [25]. In that work, the
atoms were confined in a three-dimensional (3D) optical lat-
tice potential with precisely one atom pair per site. Confine-
ment in an optical lattice has two advantages. First, the tight
confinement of a pair of atoms in each lattice site meant that
the initial motional state of each atom pair was the ground
state of the trapping potential at that site. Magnetoassociation
can then proceed by driving a transition between two well-
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defined quantum states. Second, confinement of the atoms
and molecules in the optical lattice protected the Feshbach
molecules from collisions. This protection is important be-
cause the extremely weakly bound molecules can suffer heat-
ing and loss through inelastic collisions that cause vibra-
tional quenching.

In this paper, we report on the creation of fermionic het-
eronuclear “°K®’Rb Feshbach molecules in a far-detuned op-
tical dipole trap. In this relatively weak trap, the atoms start
in a near continuum of motional states, and, furthermore,
atoms and molecules are free to collide. Surprisingly, without
using confinement in an optical lattice, we find similar over-
all efficiency in the radio frequency (rf) association of ultra-
cold heteronuclear molecules and can create 25 000 mol-
ecules at a temperature of about 300 nK. We study the
association process and present a measurement of the
magnetic-field-dependent binding energy of the Feshbach
molecules. Compared to previous results [25], we extend our
measurements to magnetic fields much farther from the
Feshbach resonance and also discuss basic properties of the
molecules such as their size and quantum state composition.
These results, as well as our recent study of the collisional
stability of these molecules [26], can provide a starting point
for future experiments that will produce polar molecules by
driving Feshbach molecules to more deeply bound states.

The paper is organized in the following way: In Sec. II,
we discuss the preparation of a nearly quantum degenerate
Fermi-Bose mixture of “°K and ®’Rb atoms. In Sec. 111, we
present studies of molecule production using rf magnetoas-
sociation. We look at the temperature dependence of the as-
sociation process and compare our results to a simple phe-
nomenological model. In Sec. IV we discuss measurements
of the properties of the molecules such as their thermal en-
ergy and trapping frequency. In Secs. V and VI, we present
measurements of the magnetic-field-dependent binding en-
ergy of the heteronuclear molecules and compare our experi-
mental results to a coupled-channel calculation. Knowledge
of the binding energy allows us to predict basic properties of
the molecules such as their size and their open and closed
channel fractions.

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevA.78.013416

ZIRBEL et al.

II. PRODUCTION OF AN ULTRACOLD FERMI-BOSE
ATOM MIXTURE

Efficient association of ultracold atoms into molecules
near a magnetic-field Feshbach resonance requires an ultra-
cold atom gas near quantum degeneracy [27]. We use a two-
species vapor-cell magneto-optical trap (MOT) to initially
cool and trap fermionic 40K atoms and bosonic *’Rb atoms,
as in Ref. [28]. After loading the MOT, the atoms are trans-
ferred into a movable quadrupole magnetic trap for delivery
to a differentially pumped, ultralow-pressure section of the
vacuum chamber [29]. Here, the atoms are transferred into a
Ioffe-Pritchard type magnetic trap for evaporative cooling.
This trap provides harmonic confinement with axial and ra-
dial trap frequencies for Rb of 20 and 156 Hz, respectively.
Forced microwave evaporation, which drives a hyperfine
spin-flip transition, is used to directly cool the Rb gas, which
in turn sympathetically cools the K gas.

Controlling the atoms’ spin states is important for colli-
sional stability of the two-species mixture. Before loading
the quadrupole magnetic trap, the atoms are optically
pumped into the stretched states, which experience the larg-
est trapping force. These are the |2,2) and [9/2,9/2) states
for Rb and K, respectively, where |f,m,) denotes the quan-
tum state of the atom having total atomic spin f and projec-
tion along the local magnetic-field direction my. To remove
any Rb atoms remaining in other spin states, the atoms are
loaded into the quadrupole magnetic trap with a gradient of
20 G/cm along the vertical direction. Rb atoms in states other
than the stretched states are not supported against gravity and
are thus filtered out. We also find that our evaporation effi-
ciency for K atoms improves significantly if we continuously
remove any Rb atoms in the |2, 1) state. For this, we apply a
fixed microwave frequency tuned to the |2,1)—|1,0) transi-
tion frequency for atoms at the trap center.

We start with 10° Rb atoms and 107 K atoms in the mag-
netic quadrupole trap, and after evaporation in the Ioffe-
Pritchard magnetic trap we have 5X 10° Rb and 1 X 10° K
atoms at 3 uK. These atoms are loaded into a far-off-
resonance optical dipole trap with a 50 um waist derived
from a single-frequency fiber laser operating at a wavelength
of 1064 nm. Once the optical dipole trap is loaded and the
magnetic trap is turned off, we use rf adiabatic rapid passage
to transfer the atoms into the |1,1) and |9/2,-7/2) states of
Rb and K, respectively. The gases are then simultaneously
evaporated at a field of B=540 G by lowering the optical
power in the trapping beam until 3X10° Rb at T/T.~ 1.1
and 1X10° K at T/Tz~0.6 remain. T, is the critical tem-
perature for the onset of Bose-Einstein condensation (BEC)
and T} is the Fermi temperature. At the end of the optical
trap evaporation we adiabatically increase the optical trap
power until the measured radial trapping frequencies are 211
and 136 Hz for K and Rb, respectively, and the temperature
is 150 nK. We calculate that gravitational sag causes the
in-trap center positions of the Rb and K to be separated by
8 um. The calculated trap depths are 1.1 uK for Rb and
2.8 uK for K.

We extract the number and temperature of the atoms from
time-of-flight, resonant absorption images. The gas is sud-
denly released from the trap and allowed to expand before
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FIG. 1. (Color online) rf association spectrum of heteronuclear
Feshbach molecules at B=546.04 G. The molecules are created
starting from an ultracold gas of 1.7 X 10 8Rb atoms at T/ T.=1in
thermal equilibrium with 8 X 10* 40K atoms. The plot shows the
detected atom or molecule number as a function of the detuning Ay
of the rf field from the atomic resonance frequency. We observe a
large atomic peak at zero detuning and a molecular peak at E/h
=161 kHz due to the association of atom pairs into the Feshbach
molecule state. In this measurement the rf pulse duration was
600 wus, which is 50 times longer than an atomic 7 pulse. The gray
band indicates the expected envelope full width at half maximum
for the power-broadened atomic transition. The inset shows a sim-
plified energy diagram for magnetic fields below the Feshbach reso-
nance. The upper solid line corresponds to Rb |1,1) and K [9/2,
—7/2), while the lower solid line corresponds to Rb |1,1) and K
|9/2,-9/2). The molecule state is represented by the dashed line.
Depending on the detuning, the rf field is capable of driving an
atomic hyperfine changing transition or magnetoassociation.

imaging. Using a resonant light pulse of the appropriate fre-
quency, we selectively image K or Rb atoms in a particular
spin state.

III. FESHBACH MOLECULE PRODUCTION
BY rf ASSOCIATION

To create molecules, we utilize a Feshbach resonance be-
tween Rb |1,1) and K [9/2,-9/2) atoms at By=546.76 G
[18]. Similar to previous work using this resonance [25], we
start with atoms at a magnetic field near the Feshbach reso-
nance and apply a transverse rf magnetic field to convert
atom pairs to molecules. However, unlike the work of Ref.
[25], in our experiment the atom pairs are not confined in an
optical lattice. Therefore, the atoms are free to collide.

In Fig. 1 we show a typical rf association spectrum for a
magnetic field tuned 0.7 G below the Feshbach resonance.
The Rb and K atoms are initially prepared in the |1,1) and
|9/2,-7/2) states, respectively, and we apply a rf pulse with
a frequency tuned near the atomic K Zeeman transition,
[9/2,-7/2)—19/2,-9/2). For these data we apply a Gauss-
ian rf pulse with a 600 us 1/e? full width and a rf strength
that can drive a 12 us 7 pulse on the atomic K Zeeman
transition. The effect of the rf pulse is detected by counting
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FIG. 2. Time dependence of the rf association process at B
=546.17 G, where the measured molecule binding energy is E/h
=96 kHz. The plot shows the measured number of molecules cre-
ated as a function of the 1/e? Gaussian rf pulse length. The solid
line is a simple fit used to estimate the impact of the observed decay
on the maximum number of molecules created.

the number of K atoms transferred to the previously unoccu-
pied [9/2,-9/2) state. For this purpose, we use spin-state-
selective absorption imaging of the cloud in the optical trap
at B=546 G. We observe two peaks in the rf spectrum: one
at the frequency of the atomic K Zeeman transition and one
shifted to higher frequency. The higher-frequency peak cor-
responds to a stimulated transition from a pair of atoms into
the Feshbach molecule state. The shift of this spectral feature
from the atomic transition reveals the binding energy of the
molecule. In comparing the widths of the two features it is
important to note that the atom transition is power broadened
by the rf pulse, which has a duration 50 times longer than the
measured time for an atomic 7 pulse. The smaller width of
the molecule feature indicates that the coupling strength is
much weaker for molecule association than for the atomic
Zeeman transition. The full width at half maximum of the
molecule feature is 7 kHz. This is consistent with the thermal
distribution of the relative energies for atom pairs.

We are able to easily observe the molecular rf association
feature because the Feshbach molecules can absorb the im-
aging light that is resonant with the K atom cycling transition
at high magnetic field. Presumably, the first photon dissoci-
ates the weakly bound molecule and subsequent photons
scatter off the resulting K atom. Compared to the case of
homonuclear molecules, this direct imaging is possible for a
larger range of Feshbach molecule binding energies. This is
because the energy separation between the excited and
ground electronic potentials varies relatively slowly with in-
ternuclear distance R since the heteronuclear excited and
ground electronic potentials both vary as 1/R°. In contrast,
for the homonuclear case, the excited electronic potential
varies as 1/R* and the ground potential varies as 1/RS.

Because the atoms are free to move and collide in the
trap, it is interesting to look at the time dependence of the rf
association. The number of molecules observed as a function
of the f pulse duration is shown in Fig. 2. The Gaussian 1/¢?
width of the pulse is plotted on the horizontal axis. For these
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data, the peak rf strength is fixed and only the duration of the
rf pulse is changed. The number of molecules increases rap-
idly for the first few hundred microseconds and then slowly
decays. We do not observe Rabi oscillations. This is not sur-
prising since we are driving transitions from a near con-
tinuum of free atom states to the bound molecule state. The
observed decay results from atom-molecule collisions [26].
To estimate the effect of this decay on the maximum number
of molecules created we fit the data to the product of a linear
growth and an exponential decay (curve in Fig. 2). We find
that the decay causes a 30% reduction in the maximum num-
ber of molecules created at the peak of the curve in Fig. 2.
Since the maximum molecule creation in Fig. 2 corresponds
to approximately 10% of the total number of K atoms, this
raises the question of what limits the maximum conversion
fraction.

Previous studies of molecule creation by slow magnetic-
field sweeps across a Feshbach resonance have shown that
the maximum conversion fraction depends on the phase-
space density of the atoms [27]. Not surprisingly, for a two-
species atom gas mixture, the molecule conversion efficiency
also depends on the spatial overlap of the two atom clouds
[19]. We have measured the molecule conversion fraction as
a function of temperature for Feshbach molecules produced
using rf association at B=546.17 G. For this measurement,
the gas mixture was initially cooled to a temperature below
the critical temperature 7. for the onset of Bose-Einstein
condensation of the Rb gas. The temperature is then varied
simply by waiting a variable amount of time in a sufficiently
deep trap and letting the gas slowly heat up before creating
Feshbach molecules. With this technique, the number of Rb
and K atoms is kept nearly constant. To create Feshbach
molecules we use rf adiabatic rapid passage and sweep the rf
frequency from 80.132 to 80.142 MHz in 2 ms. The results
are shown in Fig. 3.

We find that the maximum conversion fraction occurs at
T/T.=~1. Here, 25% of the K atoms are converted to mol-
ecules; this corresponds to 25 000 molecules. It is interesting
to compare the measured conversion fraction for rf associa-
tion to the prediction of a phenomenological model intro-
duced in Ref. [27]. This model, using experimentally deter-
mined parameters, has been successful in predicting the
molecule conversion efficiency for Feshbach molecules cre-
ated by slow magnetic-field sweeps [19,27], but has not been
compared to data for rf association. Following the procedure
outlined in [27] we calculate the predicted maximum conver-
sion efficiency using realistic trap potentials and distributions
of our atomic clouds. The curves in Fig. 3 show the results of
the calculation, multiplied by 0.70 to estimate the effect of
the molecule loss seen in Fig. 2. The dashed curves represent
the uncertainty in the conversion fraction due to the uncer-
tainty in the trap frequencies and atom numbers. The agree-
ment between the model for association by slow magnetic-
field sweeps and the data for rf association is quite good. The
predicted dependence on temperature agrees with our experi-
mental results for rf association. The peak in the molecule
conversion fraction as a function of 7/7, can be understood
as a balance between two factors: phase-space density and
the spatial overlap of the two clouds. As 7/T,. decreases, the
phase-space density increases but, below 7/7T,.=1, the onset
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FIG. 3. Temperature dependence of Feshbach molecule creation
by rf association. Plotted is the molecule conversion fraction
N,,/Nk as a function of T/T, for the Rb atoms. The solid circles
(@) are experimental data and the curves are results of a Monte
Carlo calculation. The dashed curves represent the uncertainty in
the conversion fraction taking into account the uncertainty in the
trap frequencies and atom numbers. The molecules are created start-
ing from an atom gas mixture with Ngy=3 X 103 and Nx=1X 10°.
We observe maximum conversion efficiency of 25% at T/T,.=1.

of Rb BEC reduces the spatial overlap of the Rb cloud with
the K cloud. The effect of gravitational sag also reduces the
spatial overlap of the two clouds and at 7/7,.=1 the model
predicts a 30% reduction in molecule conversion efficiency
when compared to the case with no gravitational sag.

IV. ULTRACOLD TRAPPED MOLECULES

A feature of using rf association to create heteronuclear
Feshbach molecules is that we can selectively image the
Feshbach molecules using light resonant with the appropriate
K atom spin state. The upper part of Fig. 4 shows the radial
root-mean-squared size o, of the molecular gas as a func-
tion of expansion time after the optical trap is abruptly
turned  off. We fit the size to oD
=(1/ w)kgT/ mggp\'1 +w?* and obtain an expansion energy
of T=310%=20 nK. Here, T is the only fit parameter, kg is
Boltzmann’s constant, mgg, is the mass of the KRb mol-
ecule, and w, is the radial angular trapping frequency for the
molecule.

To confirm that the KRb molecules are trapped, we can
look for sloshing of the molecule cloud after a perturbation
to the trap potential. The lower part of Fig. 4 shows the
position of the molecule cloud along a radial direction as a
function of time after the optical trap was abruptly shut off
for 1 ms and then turned back on. A fit to a damped sine
wave (solid curve in the lower part of Fig. 4) gives a radial
slosh frequency of 174 =3 Hz. To reduce collisional loss of
the molecules, these data were taken after removing Rb at-
oms from the trap [26]. For comparison, using the same trap-
ping fields, the measured frequencies for Rb and K atoms are
136 =2 Hz and 211 %4 Hz, respectively. The trapping fre-
quency of the far-off-resonance optical dipole trap depends
on the mass of the particle and its polarizability. Within the
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FIG. 4. (Color online) (Top inset) Images of the molecule cloud
after release from the optical trap. (Top) Radial cloud size for the
molecules after release from the optical trap. (Bottom) Slosh of the
molecular cloud in the optical trap seen in images of the expanded
gas. The expansion time was 3 ms. The observed oscillation in the
molecule cloud’s position demonstrates that the molecules are in-
deed trapped. The strong damping seen here is most likely due to
anharmonicity of the optical trap.

measurement uncertainties, the ratios of the Rb atom, K
atom, and KRb Feshbach molecule trap frequencies are con-
sistent with the weakly bound molecule having a mass equal
to the sum of the atomic masses and a polarizability equal to
the sum of the atomic polarizabilities, which is a reasonable
assumption for weakly bound molecules.

V. BINDING ENERGY OF THE FESHBACH MOLECULES

rf association spectra, such as the one shown in Fig. 1, can
be used to determine the binding energy of the molecules.
We take the rf frequency at the peak of the molecule asso-
ciation feature and subtract the rf frequency of the atomic
Zeeman transition as a measure of the binding energy. The
measured binding energy can have a systematic shift because
the initial atom pairs have a range of relative kinetic ener-
gies. We estimate that our measured binding energy could be
systematically high by 0.6kzT/h~4 kHz [30], where & is
Planck’s constant. For binding energies larger than about 0.5
MHz, the molecules are no longer resonant with the imaging
light and we are no longer able to see the rf association
feature by directly imaging the molecules. However, we can
still detect molecule creation by measuring the loss of K
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FIG. 5. (Color online) Energy of the heteronuclear Feshbach
molecules, relative to the Rb |1,1)+K|9/2,-9/2) atomic threshold,
plotted as a function of magnetic field. The data (solid circles) agree
well with our calculation based on a full coupled-channel theory
(solid line). Near the Feshbach resonance one expects a universal
relationship between the s-wave scattering length and the binding
energy. The black dashed line shows the predicted binding energy
using the universal prediction [31]. Inset: Same as the main plot but
looking at the region close to the Feshbach resonance. We fit the
inset data to obtain a width of the resonance.

atoms from the [9/2,-7/2) state. As the magnetic-field de-
tuning from the Feshbach resonance increases, we also find
that the maximum conversion fraction decreases, and a
longer (as long as 20 s) rf pulse is required.

Figure 5 shows the measured molecule binding energy as
a function of the magnetic field. We plot the negative of the
molecule binding energy, —E/h, to indicate that the molecule
is bound below the atomic Rb |1,1)+K]|9/2,-9/2) thresh-
old. We observe a quadratic dependence of the binding en-
ergy at magnetic fields near the resonance. However, far
from the resonance, the binding energy becomes linear with
magnetic field. The data in Fig. 5 are compared with two
theoretical curves. The dashed black line shows the expected
universal behavior very near the resonance [31,32]. Here, the
binding energy is given by E=%2/[2uxgs(a—a)?], where a is
the s-wave scattering length, gy, is the “°K and ®’Rb re-
duced mass, and @=68.8q, is the mean scattering length de-
termined by the long-range behavior of the potential. a
~5.291 77X 107'"" m is the Bohr radius. Near a Feshbach
resonance, the scattering length is given by a=ay,[1-w/(B
-By)] [33,34], where a,,=—185a, for this resonance [35].
We determine a width, w, by fitting the data from the inset of
Fig. 5 using the universal binding energy relationship and
find w=-3.6£0.1 G. To calculate the molecule binding en-
ergy farther from the resonance, we perform a multiple-
channel calculation. The calculated magnetic-field location
of the Feshbach resonance does not exactly match with our
data. We therefore fit the experimental data using the
coupled-channel calculation and one free parameter, which is
the Feshbach resonance position B. From this fit, we obtain
By=546.76 =0.05 G. We find excellent agreement between
the data and the coupled-channel calculation (solid line in
Fig. 5).
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FIG. 6. (Color online) Calculated molecule energies near the K
[9/2,-9/2)+Rb |1,1) atomic threshold. All levels have total spin
projection quantum number M y=-7/2. The level energies are cal-
culated using a full coupled-channel calculation and have been
scaled so that the zero in energy is the K [9/2,-9/2)+Rb |1,1)
atomic threshold. The bold line is the adiabatic level associated with
the 546.7 G Feshbach resonance.

To provide a larger view of the Feshbach molecule state
that we probe in the experiment, we show the results of the
coupled-channel calculation for a much wider range of mag-
netic fields in Fig. 6. A Feshbach resonance occurs because
of coupling between an atom scattering state and an energeti-
cally closed bound state. The channels used in the calculation
are those having a total spin projection quantum number
Mp=m®°+m®=—7/2 and are therefore coupled to free atoms
in the 19/2,-9/2) and |1,1) states for K and Rb, respec-
tively. For the s-wave Feshbach resonance at B;=546.76 G,
the dominant closed channel contribution comes from the K
[7/2,-7/2)+Rb|1,0) channel with vibrational quantum
number corresponding to the second level below the disso-
ciation limit in this channel.

We have seen that we can efficiently create heteronuclear
Feshbach molecules starting from an ultracold gas of *°K
and ¥’Rb atoms. This could provide a starting point for fu-
ture experimental efforts aimed at creating polar molecules.
Transfer of the Feshbach molecules to more deeply bound
states could proceed using light or microwave fields. There-
fore, it is useful to consider how basic properties of the
Feshbach molecules, such as their typical size and their hy-
perfine character, depend on the magnetic-field detuning
from the resonance. We can estimate properties of the mol-
ecules from the measured binding energy curve shown in
Fig. 5.

VI. PROPERTIES OF THE FESHBACH MOLECULE

The properties of the Feshbach molecule, including its
size, are determined by both the open channel and the domi-
nant closed channel. The bare states associated with these
channels have different magnetic moments, and this is, of
course, why the molecule’s binding energy is magnetic-field
tunable. The open and closed channel contributions to the
actual dressed-state molecule can then be determined from
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FIG. 7. Estimated molecule size vs magnetic field near the Fesh-
bach resonance as extracted from the experimentally measured
binding energy (@®). We compare to the universal size prediction
a/?2 (dashed line). Inset: Closed channel fraction extracted from the
experimentally measured binding energy (@) (see text).

the molecule’s magnetic moment relative to the open chan-

nel, which is simply the numerical derivative 4 " of the mea-

sured binding energy shown in Fig. 5. Expliciglgz, we find the
closed channel fraction f,. from the following equation: f,
=ALM%. Here, Au=2.38u; is the difference of the atomic
magnetic moments of the bare closed and open channels at a
magnetic field near the Feshbach resonance and wjp is the
Bohr magneton. The closed channel fraction as a function of
the magnetic field is shown in the inset of Fig. 7. For mag-
netic fields more than 2 G below the Feshbach resonance, we
find that f.>0.5, indicating that the molecule is predomi-
nantly closed channel in character.

We can also estimate the molecule size as a function of
magnetic field B. Near the resonance, where a is large, the
molecule size is r,, =a/2. However, far below the reso-
nance, the molecule becomes dominated by the closed chan-
nel and the molecule size approaches that of the closed chan-
nel molecule. To capture this behavior, we use a simple
estimate of the molecule size given by a weighted average of
the closed and open channel sizes, r,. and r,,

rmolzfcrc+(l _fc)rn‘ (1)

r. and r, are calculated using a single-channel model incor-
porating the correct long-range behavior of the interatomic
potential. Figure 7 shows our estimate of the size r,, as a
function of magnetic field near the Feshbach resonance.

To estimate r, and r,, we numerically solve the
Schrodinger equation. Since the loosely bound vibrational
wave functions have large amplitudes at large internuclear
separation, it is important that a model internuclear potential
has the correct long-range form. The short-range details of
the potential are not as critical and simply contribute to the
overall phase of the wave function. To simplify the calcula-
tion, we follow an approximation given by Gribakin and
Flambaum [31] and use a model internuclear potential that
incorporates the correct long-range behavior and has an im-
penetrable hard core with a radius R,
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FIG. 8. (Color online) Calculated open channel molecular size
r, as a function of binding energy. The solid line is the universal
prediction a/2. The dashed line is the classical outer turning point
of the KRb ground state potential.
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For C¢, Cg, and C|y we use the values reported by Pashov et
al. [36]. R, controls the location of the bound states in the
potential and the scattering length. Since this potential is a
single-channel approximation to a multichannel potential, the
value of R, is chosen to be large to avoid the significant
divergence between the singlet and triplet potentials that oc-
curs at small internuclear separation. However, R, must be
small enough so the potential has an adequate number of
bound states. For Ry~ 22a, both criteria are satisfied.

Before calculating the size of the closed channel mol-
ecule, we first fine-tune R, so that the calculated background
scattering length agrees with the known *°K %’Rb s-wave
scattering length ap,=—185a,. We note that this procedure
yields binding energies of the last three vibrational states that
agree to within 7% with energies obtained using a much
more accurate, multichannel potential. The second-to-last vi-
brational state with binding energy E_,~h X 3.2 GHz is re-
sponsible for the B=546.7 G Feshbach resonance. We there-
fore use its wave function to calculate the closed channel size
r.=(ry=40a,.

Using a similar procedure, we calculate the open channel
size r,, which depends on the magnetic-field detuning from
the Feshbach resonance. In this case, however, we vary R, to
control the binding energy E of the most weakly bound mo-
lecular state. For each E, we calculate the size r,=(r) from
the calculated molecular wave function. For the smallest
binding energies, the calculated size agrees with the univer-
sal prediction. At larger binding energies the molecular size
is approximately the classical turning point. Figure 8 shows
the behavior of r,.

VII. CONCLUSIONS

In conclusion, we have used rf association to create het-
eronuclear Feshbach molecules from an ultracold gas of *°K
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and ®Rb atoms confined in an optical dipole trap. Unlike
previous work [25], we do not isolate pairs of atoms in indi-
vidual wells of a deep optical lattice potential. Consequently,
the atoms and the molecules are free to collide and pairs of
atoms are initially in a near continuum of motional quantum
states. Nevertheless, by optimizing the pulse duration and
frequency of the rf field, as well as the initial atom gas tem-
perature, we achieve comparable overall efficiency in con-
verting atoms to weakly bound Feshbach molecules. We also
demonstrate that these molecules are ultracold and trapped.
A gas of ultracold, heteronuclear, Feshbach molecules can
provide a starting point for optical manipulation to create a
sample of ultracold polar molecules. In anticipation of such
experiments, we have measured the magnetic-field-
dependent binding energy of the Feshbach molecules. We
extend these measurements to magnetic fields much farther
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from resonance than what is typically of interest for ultracold
atom experiments. We measure binding energies as large as
26 MHz and find that for magnetic fields more than 2 or 3 G
detuned from resonance, the binding energy curve is linear.
This means that by lowering the magnetic field to a few
gauss below the resonance, one can have Feshbach mol-
ecules that are predominantly closed channel in character
with the corresponding molecular size.
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