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We report on the preparation of a pure ultracold sample of bosonic DyK Feshbach molecules, composed of
the fermionic isotopes '°' Dy and “°K. By sweeping a magnetic field across a resonance located near 7.3 G, we
generate up to 5000 molecules at a temperature of approximately 50 nK. To purify the sample from remaining
atoms, we employ a Stern-Gerlach technique that relies on magnetic levitation of the molecules in a very weak
optical dipole trap. With the trapped molecules we finally reach a high phase-space density of about 0.1. We
investigate the magnetic field dependence of the molecular binding energy and the magnetic moment, refining our
knowledge of the resonance parameters. We also demonstrate a peculiar anisotropic expansion effect observed
when the molecules are released from the trap and expand freely in the magnetic levitation field. Furthermore,
we identify an important lifetime limitation that is imposed by the 1064-nm infrared trap light itself and not
by inelastic collisions. The light-induced decay rate is found to be proportional to the trap light intensity and
the closed-channel fraction of the Feshbach molecule. These observations suggest a one-photon coupling to
electronically excited states to limit the lifetime and point to the prospect of loss suppression by optimizing
the wavelength of the trapping light. Our results offer crucial insights and experimental progress towards
achieving quantum-degenerate samples of DyK molecules and novel superfluids based on mass-imbalanced

fermion mixtures.
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I. INTRODUCTION

Over the past twenty years, the formation of molecules
via magnetically tuned Feshbach resonances [1,2] has been
established as a powerful tool for experiments on ultracold
quantum gases, which allows for coupling of the atomic
to the much richer molecular world. Early experiments on
Bose-Einstein condensates (BECs) have demonstrated atom-
molecule coupling [3,4] and the production of molecular
samples near quantum degeneracy [5—7]. In ultracold Fermi
gases, molecule formation [8—11] plays a particular role be-
cause of the inherent change of the quantum statistics when
pairs of fermions form composite bosons. This has led to
the observation of molecular BEC [12-14], the demonstration
of fermionic condensation [15], and superfluidity [16] and a
great wealth of experiments on the crossover in strongly inter-
acting Fermi gases from BEC to Bardeen-Cooper-Schrieffer
(BCS) type pairing [17,18].

In heteronuclear molecular systems, which in the labora-
tory can be realized with various two-species atomic mixtures
[19-27], the interest in Feshbach resonances has been to a
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large extent driven by the possibility to create polar molecules
featuring strong electric dipole-dipole interactions. For mix-
tures of two fermionic species [28-37], however, another
promising application is stimulating the interest in Feshbach
resonances and molecules. Theoretical work has predicted
fermionic quantum-gas mixtures with mass imbalance to
favor exotic interaction regimes [38]. Mass-imbalanced sys-
tems hold particular promise in view of superfluid states
with unconventional pairing mechanisms [39—41], most no-
tably the elusive Fulde-Ferrell-Larkin-Ovchinnikov (FFLO)
state [42-44]. In addition to the exciting prospects in
many-body physics, a variety of interesting few-body phe-
nomena have been predicted to emerge in resonant fermion
mixtures [45,46].

Our system is an ultracold Fermi-Fermi mixture of '®' Dy
and “°K atoms [34], which features a great variety of inter-
species Feshbach resonances at high and low magnetic fields
[35,47]. In our recent paper [47], we have identified a partic-
ularly interesting resonance in the low-field region near 7 G,
which is isolated from other resonances and strong enough to
facilitate accurate magnetic interaction tuning in combination
with a significant universal range. We have also demonstrated
the formation of Feshbach molecules by a magnetic sweep
across the resonance.

In the present article, we report on the optical trapping of
our DyK Feshbach molecules. In Sec. II we show how the
molecular cloud is purified by a magnetic levitation technique,
where the molecules are kept in the shallow optical dipole trap
while the atoms are pulled out of it. In Sec. III we present
a state-of-the-art characterization of the Feshbach resonance,
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based on the measurements of molecular binding energies and
of the molecular magnetic moment. In Sec. IV we discuss
an anisotropic expansion effect that is observed when the
cloud is released close to the resonance in the presence of
the magnetic levitation field. In Sec. V we study the lifetime
of the trapped molecular cloud and identify a light-induced
one-body mechanism (and not inelastic collisions) as the main
limiting factor. In Sec. VI we summarize the main conclusions
of our paper and point to future prospects.

II. PREPARATION OF PURE MOLECULAR SAMPLES

In this section we present the main steps to produce a pure
sample of trapped DyK Feshbach molecules. The molecules
are associated using the resonance near 7 G that we have
identified in our recent paper [47]. In Sec. IIA we briefly
summarize how a double-degenerate sample of Dy and K is
obtained and how it is transferred into the 7-G magnetic field
region. In Sec. IIB we present the experimental procedure
that results in the formation of a pure molecular sample. The
purification is based on a Stern-Gerlach (SG) separation of the
molecular cloud, held in a weak optical dipole trap (ODT),
from the atomic clouds, which are pulled out of the trap.
As discussed in detail in Sec. IIC, this procedure allows us
to obtain a sample of about 5 x 10 DyK molecules at a
temperature of about 50 nK. We reach a phase-space density
(PSD) of about 0.14, only one order of magnitude away from
degeneracy.

A. Preparation of the mixture and transfer
into the 7-G magnetic field region

The starting point of every experimental cycle is the pro-
duction of a degenerate sample of Dy and K at 250 mG in a
near-infrared (1064 nm) ODT. Both species are spin polarized
in their lowest hyperfine sublevels |F, mp) = |21/2, —21/2)
and [9/2, —9/2), respectively. Following the procedures al-
ready presented in Refs. [34] and [47], we are able to
reach the deeply degenerate regime with reduced tempera-
tures Tpy /TPP Y2 0.13 and Tx/TX ~ 0.13, normalized to the
respective Fermi temperatures. The sample is then transferred
into a 1064 nm crossed ODT formed by a horizontal beam,
with a waist of 100 um (Azurlight ALS-IR-1064-5- I-CC-SF)
and a vertical beam, waist of 65 um (Mephisto MOPA 18 NE).
A magnetic field gradient of 2.2 G/cm supports the trapping
of Dy, without fully canceling the differential gravitational
sag with respect to K. This guarantees that the two clouds
are kept spatially separated throughout the subsequent phase,
during which the magnetic field is ramped within 2ms to
B = 7.775 G, corresponding to a 500 mG detuning above res-
onance.

To address specific magnetic field strengths in the 7-G
region, we employ a set of coils (offset coils) that provide
a fixed stable offset, which remains unchanged for the rest
of the sequence. These coils were originally designed to pro-
duce high magnetic fields of a few hundred gauss [35] and
respond rather slowly to magnetic field changes. Therefore,
the magnetic field ramps required for the rest of the sequence
are performed employing an additional set of coils (fast coils),
whose magnetic field adds to the constant field provided by
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FIG. 1. Procedure to prepare a pure sample of Feshbach
molecules by magnetic field ramping. (a) Qualitative representation
of the steps of the association process and the SG purification in
relation to the magnetic field and the energy state of free atoms
and molecules. The dashed line refers to the unbound atomic pair
below resonance. (b) Qualitative representation of the corresponding
ramping scheme for the magnetic field (green) and magnetic field
gradient (blue); see main text for details. The dashed line represents
the resonance pole position and the dotted line represents the mag-
netic field gradient that levitates dysprosium. After the transfer of
the sample into the 7-G region (T, diamond symbol), the sequence
proceeds with four main steps: (1) overlap of the two clouds; (2)
magnetic field association of molecules (pink shaded region); (3) SG
purification of the sample; and (4) transfer to the desired magnetic
field.

the offset coils. Further details on the way we control the
magnetic field during the experimental sequence are reported
in the Appendix.

B. Molecule association and Stern-Gerlach purification

Figure 1 schematically illustrates the part of the experimen-
tal sequence that takes place in the 7-G region. At the end
of the transfer into the 7-G region, the two clouds are kept
spatially separate for about 50 ms to let the field fully stabi-
lize. The experimental sequence then proceeds in four further
steps: (1) spatially overlapping the two clouds, (2) magnetic
association of molecules, (3) SG purification of the molecular
sample, and (4) adiabatic transfer to the desired target field
and preparation for final experiments. The molecular state
adiabatically follows the changes in magnetic field. In order
to account for the changes in the molecular magnetic moment,
the magnetic field ramps performed in the steps (1) to (4) are
accompanied by corresponding magnetic field gradient ramps,
this ensures that the molecular sample experiences the same
magnetic force.

We now discuss the four stages in more detail.
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Stage (1): We apply a 12-ms ramp of the magnetic field
gradient from its initial value to the one that cancels the
differential gravitational sag between Dy and K so that the two
clouds overlap. In the following this is referred to as “magic
levitation” [48], realized at 9.B = 2.69 G/cm. Simultaneously
with the gradient ramp, the trapping frequencies are reduced
from &py = 27 x 50 Hz to about 27 x 35 Hz, where & is the
geometrically averaged trap frequency (wk ~ 3.6 wpy [49]).
Halfway during the ramp, the magnetic field is decreased
within 1 ms to 7.325 G, about +50 mG above the resonance
center.

Stage (2): By magnetic field association [1,2] we create
about 6 x 10° DyK molecules, corresponding to almost 30%
conversion efficiency. We found the optimal ramp speed to be
B = 0.43 G/ms, which is in the range of typical experiments
using Feshbach resonances of similar widths [2]. The 0.4-ms
ramp ends at a magnetic detuning of about —120 mG, which
corresponds to a molecular binding energy of & x 220 kHz.
We identify such a magnetic field as optimal for the purifi-
cation of the molecular sample in the subsequent stage (3).
The second half of the magnetic field sweep are accompa-
nied by an increase of the magnetic field gradient from the
magic levitation value to the one required to balance the
gravitational force on the molecules at this detuning. For
the sake of notation simplicity, we introduce the molecu-
lar levitation gradient B’ 01 = Mimo1€/ mol, Where miy is the
molecular mass, g is the gravitational acceleration, and fiy
is the molecular magnetic moment. Note that (o and thus
B' o1 are B-dependent quantities. At the end of the mag-
netic field sweep, the sample consists of a three-component
mixture made of DyK molecules and unbound Dy and
K atoms.

Stage (3): We proceed with the purification of the molec-
ular sample. The depth of the ODT is decreased to about
Upyk = kg x 220nK, so that only the molecules, perfectly
levitated at B0, are kept in the trap. This naturally leads to a
SG separation of the three components. Figure 2 demonstrates
the SG separation process, showing a series of absorption im-
ages of the three clouds, taken at different hold times. The end
of the magnetic field association sweep corresponds to ¢ = 0.
The molecular cloud remains at the same vertical position
(z =0) and does not expand, confirming that the molecules
are indeed kept in the trap. Dy and K are instead acceler-
ated vertically, being over- and underlevitated, respectively.
In the figure the motion appears as a parabolic trajectory with
positive (Dy) and negative (K) curvature. The magnetic field
for the purification is chosen in order to maximize the dif-
ference in accelerations between the three clouds (Sec. III C),
while minimizing molecular losses (Sec. V). After 4 ms the
atomic clouds are far enough from the ODT that they can
no longer be recaptured. At this point we are left with a
pure molecular sample. We note that a similar purification
scheme, based on magnetic levitation and SG separation, was
demonstrated for optically trapped RbCs Feshbach molecules
in Ref. [24].

Stage (4): The magnetic field strength B is finally ramped
to its target value within typically 0.5 ms, and the mag-
netic field gradient is varied accordingly to follow By ;. The
trapping conditions (trap frequencies, depth, geometry) are
modified depending on the specific measurement we want to

Cloud vertical position (um

05 25 45 65 85
time (ms)

10.5 125 145

FIG. 2. Demonstration of SG purification. After magnetic associ-
ation, the molecules are held in an very shallow trap, at B = 7.170 G.
The magnetic field gradient is set to cancel the gravitational force
experienced by the molecules, which therefore are kept in the ODT
(central cloud, held at a fixed position z = 0). Dysprosium (at cloud
positions z > 0) and potassium (at cloud positions z < 0) undergo a
vertical acceleration. Each image is the average of four absorption
pictures, taken after a variable hold time (plus a fixed expansion
time of 4 ms). The molecular signal corresponds to the dissociated
potassium component of the molecular cloud, and has been imaged
together with the pure K atoms. The absorption pictures taken of K
and Dy have been superposed for presentation purposes.

perform with the pure sample of DyK Feshbach molecules in
the last stage of the experimental cycle.

At the end of the sequence, the ODT is switched off. The
molecular cloud is let to expand keeping the magnetic field
and magnetic field gradient fixed. One ms before the imaging
pulse, the magnetic field is ramped to positive detunings of
the resonance and the molecules are dissociated. The main
information about the molecules is obtained from the absorp-
tion picture of the dissociated potassium component of the
molecular cloud. We can also image the molecules without
dissociating them, while keeping the magnetic field fixed.
This possibility has the advantage of not altering the expan-
sion of the molecules in time of flight, but the efficiency of the
absorption imaging depends on the magnetic field detuning as
for more deeply bounded molecular state (large negative B
field detunings) only a fraction of the total molecule number
can be imaged.

C. Temperature and phase-space density

The experimental scheme described above provides us with
a pure molecular sample of about Nyyo = 5 X 10° molecules,
at a temperature of few tens of nK. We derive the tempera-
ture of the molecular cloud from a time-of-flight expansion
(Fig. 3 and also see Supplemental Material [50]). In this spe-
cific set of experiments, the molecules are not dissociated to
avoid extra energy from the dissociation, but imaged directly
[51]. A fit to the data reported in Fig. 3 yields a horizontal
and a vertical temperature of 45(3) nK and 77(6) nK, respec-
tively. We attribute the difference in these results to additional
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FIG. 3. Vertical and horizontal size of the molecular cloud as
a function of the time of flight fror. The sample is let to expand
at B = 7.22 G, upon switching off the magnetic levitation together
with the ODT. A fit to the data, assuming a ballistic expansion,
yields a vertical and horizontal temperature of 77(6) and 45(3) nK,
respectively.

excitations caused by the rapid changes of vertical magnetic
forces during the ramping process. We indeed observe uncon-
trolled vertical collective oscillations affecting the expansion,
which can result in increased temperatures if measured ver-
tically. The horizontal behavior is free of such effects and
the expansion can be fully attributed to the temperature of
the sample.

We are able to directly measure the trap frequencies of
the molecules by observing the center of mass oscillations.
Assuming typical trapping conditions (@ = 2w x 28 Hz), we
calculate a phase-space density PSD = Ny (7@ /kpTinol)>
~ (.14, about one order of magnitude away from degener-
acy. The conditions near quantum degeneracy represent an
excellent starting point for further experiments. Comparable
values of the PSD have been reached recently in a system of
NaCs Bose-Bose Feshbach molecules [27]. While BEC has
not yet been reached with bosonic heteronuclear Feshbach
samples, quantum degeneracy has been obtained in fermionic
heteronuclear systems of KRb [52] and NaK [53].

II1. BINDING ENERGY, MAGNETIC MOMENT,
AND RESONANCE PARAMETERS

In this section, we provide a further characterization of
the Feshbach resonance near 7 G, already introduced in our
previous paper [47]. We first, in Sec. IIT A, introduce the def-
initions of the relevant parameters and some basic relations.
We then, in Secs. I[II B and III C, report on two independent
sets of experiments, based on measurements of the magnetic-
field-dependent molecular binding energy and the magnetic
moment, which further confirm and refine the values of the
key parameters describing the resonance. In Sec. IIID, we
summarize our results.

A. Basic definitions and relations

Close to the center of a single isolated s-wave Feshbach
resonance, the scattering length a is large and can be approxi-
mated by

=—— 1
a 5570 (1)

where A is a parameter characterizing the resonance strength,
6B = B — By is the magnetic detuning from the resonance
center By, and ag denotes the Bohr radius. For a narrow Fes-
hbach resonance [2], a proper characterization of the system
also requires the knowledge of a third parameter, such as the
difference in magnetic moments of the open channel (atom
pair) and closed channel (uncoupled molecular state), which
we define as /4 = [open — Melosed- FOr describing narrow Fes-
hbach resonances it is convenient to introduce a characteristic
length scale, the range parameter R* = /i*/(2m,apSA), with
m, being the reduced mass of the atom pair [54]. The con-
dition a 2 R* characterizes the crossover into the universal
regime, where the two-, few-, and many-body interaction
physics acquires universal properties [2,55,56]. For conve-
nience, we introduce a corresponding magnetic-field scale
8B*, defined as the negative detuning where a(—38B*) = 4R*.
In terms of the resonance parameters A and du, this corre-
sponds to

8B* = m, 8 al A?/(2h%). )

In our case, a negative detuning gives a positive scattering
length and corresponds to the magnetic field region where the
pair can bind into a molecule. Knowing By, B*, and du, the
energy of the molecular state relative to the atomic pair state
(negative binding energy) can be calculated as [54,57]

2
B
Em01:—5u8B*( 1— —1). 3)

8B*

The differential magnetic moment of the molecules is related
to the binding energy via the differential relation

1
Sttmol = 0Eme1/0B =S| 1 — —(SB . )
1= 55

In the following two subsections, we report on measure-
ments of the magnetic-field dependence of the molecular
binding energy and the differential magnetic moment.

B. Binding energy spectroscopy

A common method to determine the resonance parame-
ters is based on measuring the molecular binding energy as
a function of the magnetic field by magnetic-field (wiggle)
modulation spectroscopy [4,58,59].

The mixture is prepared at low magnetic-field strength and
transferred in the 7-G region, as described in Sec. II A. By
means of the fast coils, the field is then quickly ramped to the
target field below the resonance center. We finally superpose
the two clouds, ramping the magnetic field gradient to reach
magic levitation conditions. At this point, our sample consists
of Nx = 1.5 x 10* atoms of potassium and Np, = 7 x 10*
atoms of dysprosium at a temperature of about 160nK (for
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FIG. 4. Molecular state energy as a function of the magnetic
field, measured via modulation of the magnetic field (wiggle spec-
troscopy). The experimental data have been corrected by the small
thermal shift of ~5kHz. Uncertainties are smaller than the symbol
size. The solid line is a fit to the data according to Eq. (3). The dashed
line indicates the position of the resonance pole.

this measurement we do not perform full evaporation). We
associate the molecules by a sinusoidal modulation of the
magnetic field around the bias field. The modulated field
is produced by a coil with four loops, which is placed on
the top viewport, tilted with respect to the magnetic field,
and driven by a radiofrequency (RF) signal generator. Taking
into account the relative kinetic energy Ey;, of the thermal
motion of an atom pair, the association of a dimer happens
when the resonance condition A f0q = —Emol + Exin 1S ful-
filled [20,60,61], and manifests itself in atomic loss. With a
cloud temperature 7' of about 150 nK, the average relative
kinetic energy of the pairs translates into a small thermal
frequency shift (3/2)kgT /h of about 5 kHz. The strength and
the duration of the modulation are adjusted in order to op-
timize the signal, the width and amplitude of which depend
on the measurement. A Gaussian fit to the loss features yields
widths (2 standard deviations) of 10 to 20 kHz and amplitudes
ranging from 30 to 100% of the atom number of the minority
component (potassium). In Fig. 4 we plot the binding energies
measured as a function of the magnetic field. The data are
fitted with Eq. (3). The fit results for the resonance parameters
By, 6B*, and éu are reported in Table I and discussed in
Sec. [IID.

TABLE I. Summary of the parameter values determined for the
7-G Feshbach resonance.

dB*(mG) du/up By (G)
Binding energy spectroscopy 9.8(7) 2.77(3)  7.274(1)
Magnetic moment spectroscopy 10.2(1.2)  2.81(5) 7.279(2)
Combined 9.9(6) 2.78(2)  7.276(2)

2.5

6,“11101/,“3

W

6.9 7 7.1 7.2 7.3
B(G)

FIG. 5. Differential magnetic moment of the molecules as a func-
tion of the magnetic field. The magnetic moment is measured by
determining the perfect magnetic field gradient that balances the
gravitational force at the given magnetic field. The solid line is a fit to
the data according to Eq. (4). The dashed line indicates the position
of the resonance pole.

As for all the other measurements reported in this article,
the magnetic field is calibrated performing RF spectroscopy
on the atomic K transition |F, my) = |%, —%) — |g, —%). The
signal is fitted with a Lorentzian function and the uncertainty

typically amounts to about 1.5 mG, as described in Ref. [47].

C. Magnetic moment spectroscopy

Applying an alternative method, we determine the reso-
nance parameters by magnetic moment spectroscopy [5,62].
The molecules are prepared as described in Sec. II. After
the SG purification phase, we ramp the magnetic field to the
target field. The magnetic field gradient is ramped accordingly
to always allow the molecules to stay in the trap. At the
target field we hold the molecules for 4 ms and then switch
off the ODT. Both the magnetic field and the magnetic field
gradient remain unchanged. We observe the vertical position
of the molecular cloud during the expansion and determine
the magnetic field gradient that perfectly compensates the
gravitational force. The magnetic field gradient is calibrated
performing corresponding measurements on Dy alone, the
magnetic moment of which is well known (upy = 10 ug,
where up is the Bohr magneton). In Fig. 5 we plot the dif-
ferential molecular magnetic moment §ume as a function of
the magnetic field strength, the magnetic moment pg of potas-
sium being 1 pg. We fit the experimental data with Eq. (4). The
parameter values derived from the fit are reported in Table I.

We point out that magnetic moment spectroscopy is a prac-
tical and powerful tool. It does not only provide us with an
alternative way to determine the Feshbach resonance parame-
ters, but also gives a direct measurement of the closed-channel
fraction [2,63]

Z(B) = S tmol(B)/8 1. &)
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We note that magnetic moment spectroscopy offers a great
practical advantage. Knowing the resonance parameters §B*
and Su, a single measurement of the magnetic gradient that
balances gravity directly provides the magnetic detuning 5B
and thus also the scattering length close to resonance.

D. Summary of the 7-G resonance parameters

The values of the Feshbach resonance parameters §B*, S,
and B, obtained from the binding energy spectroscopy and
the magnetic moment spectroscopy are reported in Table I.
The two methods give consistent results. We also present
combined values for the three parameters, which represent our
best knowledge.

The resonance center position derived in the present paper
is 20 mG lower than the value of By = 7.295(1) G reported in
our previous paper [47]. We attribute the discrepancy between
the two values to small uncontrolled magnetic field devia-
tions affecting the previous measurements. The experiments
reported in the present paper have been conducted under im-
proved magnetic field control. In particular, the combination
of the fast coils and the digital proportional-integral-derivative
(PID) controller leads to a faster stabilization of the magnetic
field around the desired set point, minimizing uncontrolled
departures of the magnetic field from the target value. Our
present results for the parameter values of §B* and §u are con-
sistent with the previous results within one and two standard
errors, respectively.

For the two parameters R* and A, which can be cal-
culated from §B* and u, we obtain the updated values
R* = 604(20)ap and A = 24.0(6) G.

IV. MAGNETIC ANTITRAPPING IN LEVITATION FIELD

The magnetic field dependence of the molecular magnetic
moment translates, in the presence of a magnetic field gra-
dient, into a position-dependent force. For perfect levitation
with a constant magnetic gradient along the vertical axis, this
force balances gravity in the trap center, while it pushes up the
molecules above the center and pulls down the ones below the
center. In first order of the vertical position z with respect to
the trap center, this antitrapping force can be expressed as

F(z) = (0;mo1)(9;B) z, (6)

where pmol = py + Uk — Smol 18 the total molecular mag-
netic moment. With 9,mo = (0pmo1)(9.B) and dgime =
—8§Em01 the force can be rewritten in terms of the second
derivative of the binding energy,

F(2) = —(82Emo1) (3:B) z. (7

Interpreting the positive factor —(82Emo1)(3.B)” as a negative
spring constant, we now define the “antitrapping frequency”

o =4/ _m,;(l)l 8ZzEmol 9.8, (®)

where My, = mpy + mk is the molecular mass. Combining
with Eq. (3) and applying some straightforward algebra, we
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FIG. 6. Measured vertical size of the levitated molecular cloud
after 20 ms expansion as a function of the magnetic field. The error
bars show the sample standard deviation of four individual mea-
surements at the same magnetic field. The solid line is a fit to the
data at the large detunings (filled circles) according to Eq. (10). The
inset shows the antitrapping frequency « /27 calculated according to
Eq. (9). For both plots the dashed line indicates the position of the
pole of the resonance.

[ Su d.B
o = m ISB* ) S 34 (9)
mo (1- (SB*)

In the resonance limit §B — 0, where the levitation gradi-
ent takes the value 9,.B = mpqg/(py + k) = 3.21 G/cm,
the antitrapping frequency approaches its maximum o,y =
g/ mmol/(26B*) /(py + k) = 27 x 31.8(8) Hz.

The calculated antitrapping frequency is shown in the inset
of Fig. 6: The closer to resonance, the stronger is the antitrap-
ping force. At detunings larger than about 50 mG, « decreases
to few Hz, with negligible effects both on the expansion
dynamics and the trapping potential.

The magnetic antitrapping effect can have considerable im-
pact on molecules in the ODT. The vertical trap frequency is
reduced from its bare value w, to an effective value \/w? — o?.
Moreover, with the harmonic antitrap competing with the
Gaussian potential of the ODT, the overall depth of the trap-
ping potential can be substantially reduced. When the ODT
is switched off, the antitrapping force modifies the ballistic
expansion, causing a vertical stretching of the cloud. After
release, the particle motion along the vertical direction is
described in terms of hyperbolic functions [5,64]. Assuming
a Gaussian distribution of the position and velocity of the
molecular sample, the vertical rms size of the cloud is ex-
pected to expand as

kgT [cosh®(atrop)  sinh?(atror)
o, = \/ / — >+ > , (10)
Mol w; — o o

where T is the temperature of the sample and fror the expan-
sion time.

finally obtain
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FIG. 7. Decay of the pure trapped molecular sample. Typical decay curves are shown in (a) and (b); note the different time scales. The
lifetimes have been measured in an ODT with trap frequency @ =~ 27 x 20 Hz, at a magnetic detuning of —27 mG (a) and —380 mG (b). From
an exponential fit to the data (solid lines) we derive decay times of 23.1(6) and 11.6(3) ms, respectively. In (c) we report decay times measured
under the same experimental conditions, as function of the magnetic field strength. The solid line represents the result of a one-parameter fit
(see text) to the data at large detunings (|6B| > 30 mG, filled circles). The dashed line indicates the position of the pole of the resonance.

The stretching effect is shown in Fig. 6, where the vertical
rms size of the molecular cloud after ttop = 20ms of free
expansion is plotted as a function of the magnetic field. The
closer to the resonance pole, the more pronounced is the cloud
elongation. For a magnetic field detuning larger than about
50 mG, the effect becomes less relevant and o, approaches
the ballistic-expansion value of about 20 um. Restricting our
attention to the large detuning region, |§B| > 50 mG, we fit the
data based on Eq. (10) with T being the only free parameter.
The resulting value of T = 27(5) nK is somewhat lower than
what was obtained from other time of flight measurements.
We attribute this discrepancy to a measurement artefact: The
cloud was held in the ODT for a time interval that accidentally
coincided with a minimum velocity spread during a breathing
mode oscillation. Overall, the observed vertical stretching ef-
fect follows Eq. (10) well, which confirms our model of an
antitrapping effect described by the frequency o according to
Eq. (9); see also inset in Fig. 6. Close to resonance the an-
titrapping effect can substantially modify the free expansion.
Only at larger magnetic field detuning (|6B| > §B*) the effect
becomes negligible.

V. LIFETIME

The stability of the molecular cloud against losses is of
primary importance for many future experiments with our
system. The fact that we work with a pure sample of molecules
already eliminates collisions with free atoms as possible
sources of losses. Inelastic collisions between the dimers and
processes induced by the trap light thus remain as possible
sources. In this section, we study the decay of the optically
trapped dimer sample. We measure lifetimes up to 20 ms, and

we identify trap-light-induced losses as the dominant decay
mechanism.

The molecular sample is prepared as described in Sec. II.
At the end of the purification phase, the cloud is transferred
to the target field and the magnetic gradient is ramped ac-
cordingly. The molecules are held in the ODT for a variable
time, after which they are released and let expand in time of
flight. The molecules are dissociated 1 ms before the imaging
pulse. Typical decay curves can be observed in Figs. 7(a) and
7(b), measured in a rather shallow trap (@ =~ 27 x 20Hz)
at B =7.248 and 6.895 G, respectively. The decay follows
a simple exponential behavior, suggesting that the limiting
loss process is a one-body mechanism. As the only plau-
sible explanation, we assume that the infrared light of the
ODT induces transitions into electronically excited molecular
states [65].

The magnetic field detuning clearly has an impact on the
lifetime of the sample: For the smaller detuning we measure
a decay time almost two times longer than for the larger
detuning. We systematically investigate the dependence of the
lifetime on the magnetic field. The decay times t reported
in Fig. 7(c) are derived from exponential fits to the corre-
sponding lifetime curves. All curves have been recorded under
essentially the same trapping conditions as for Figs. 7(a) and
7(b), with an initial molecular number varying between 5 and
6 x 10%. At large detunings the sample features a relatively
fast decay, with T & 12 ms. The lifetime of the sample rapidly
increases when approaching the pole of the resonance, reach-
ing decay times up to T = 23 ms for a magnetic field detuning
of about 30 mG.

To explain the behavior we assume that the closed-
channel fraction of the Feshbach molecules is responsible for

033117-7



E. SOAVE et al.

PHYSICAL REVIEW RESEARCH §, 033117 (2023)

0.3
0.25F .
02+ .
T
wn
Eoast ]
=~
~
i
0.1Ff .
0.05 - .
0 Il Il Il
0 5 10 15

I (kW /cm?)

FIG. 8. Linear dependence of the measured loss rate on the beam
intensity. The rates have been measured in a single-beam ODT with
a waist of 90 um and a wavelength of 1064 nm. All data have been
taken at a constant magnetic field detuning of about 30 mG. A linear
fit to the data (solid line) yields a slope of 1.71(3)e — 2 cm?s~! /kW.

the losses [65]. The optical excitation presumably couples
the closed channel to some unknown electronically excited
molecular states. We therefore model the lifetime by

T(B) - Tclosed/Z(B)» (11)

where Z is the closed-channel fraction according to Eq. (5)
and Toseq 18 the lifetime of the closed-channel molecule. In
Fig. 7(c) we show the corresponding behavior of 7(B) calcu-
lated with the resonance parameters as determined before and
obtaining 7¢josed = 10.1(4) ms from a single free parameter fit
to the data for |§B| > 30 mG.

For |8B| < 30mG, the observed lifetime changes dra-
matically, with t rapidly decreasing while approaching the
resonance pole. This different behavior can be understood in
terms of the antitrapping mechanism introduced in Sec. 1V,
which, close to to resonance pole, becomes sufficiently strong
to effectively pull the molecules out of the weak ODT, thus
reducing the lifetime of the sample.

To further verify that the observed losses are induced by
the trap light, we measure the dependence of the loss rate on
the intensity / of the trapping beam. The molecules are held
in a single-beam ODT in the presence of a levitating magnetic
field gradient. The lifetime curves have been recorded for dif-
ferent trap intensities, at a fixed magnetic field B = 7.244 G.
Even at high intensity, for which the trap becomes very tight,
the decay curves preserve a purely exponential behavior, sug-
gesting that in the region of system parameters explored no
density-dependent effects enter into play. Our results are re-
ported in Fig. 8 and show a linear dependence of the loss rate
on the beam intensity. This linearity indicates that the loss
mechanism is not saturated, which suggests an off-resonant
process to take place instead of a resonant excitation of a
specific transition.

Following basically the same protocols, we have also car-
ried out measurements on the lifetime of trapped Feshbach
molecules produced via the resonance near 51.2 G, which has
a very similar character to the 7.3-G resonance [47]. Here we
observed a much faster light-induced decay on the timescale
of one millisecond. This shows that the decay depends very
sensitively on the particular closed-channel molecular state
underlying the Feshbach resonance, and on its coupling to
electronically excited states.

Light-induced one-body losses of optically trapped Fesh-
bach molecules have been observed in Ref. [66]. Here single
KRb molecule were trapped in individual sites of an optical
lattice, which shielded them and thus suppressed collisional
losses. The dependence of decay times on the closed-channel
fraction was also studied with similar findings as in our
experiment. Trap-light-induced losses were also investigated
as possible limitations to experiments with single Feshbach
molecules of NaCs or RbCs in optical tweezers [67,68]. Decay
measurements on samples of optically trapped pure Feshbach
molecules of RbCs [24], very similar to our experiments, also
showed an exponential loss behavior, which we interpret as a
result of dominant one-body losses. Such trap-light induced
losses seem to be rather the rule than the exception, although
they have not received much attention so far.

VI. CONCLUSIONS AND OUTLOOK

We have demonstrated the preparation of a pure sample
of ultracold DyK Feshbach molecules in an optical dipole
trap, with high-phase space densities of the order of 0.1. The
weakly bound molecules are composed of the fermionic iso-
topes '%'Dy and “°K, which makes the sample an interesting
starting point for experiments addressing the few- and many-
body physics of resonantly interacting fermions with mass
imbalance.

The efficient purification scheme applied in our experi-
ments is based on a Stern-Gerlach method, where magnetic
levitation keeps the molecules in a shallow trap, while the
atoms are removed by the combined action of gravity and the
magnetic gradient force. We have shown that the measured
dependence of the molecular magnetic moment on the mag-
netic field strength provides an accurate characterization of
the underlying Feshbach resonance and complements spec-
troscopic measurements of the molecular binding energy. We
have also demonstrated a peculiar effect appearing in the free
expansion of the molecular cloud in the magnetic gradient
field. The sharp dependence of the magnetic moment in the
universal regime close to the resonance center manifests itself
in a vertical antitrapping force, which leads to an anisotropy
(vertical stretching) of the expanding cloud.

Lifetime studies have revealed a one-body mechanism
induced by the trap light as the main limitation. We have ob-
served that the decay rate is proportional to the closed-channel
fraction of the Feshbach molecules and also proportional to
the trap light intensity. This suggests an off-resonant photoex-
citation mechanism that couples the closed-channel molecular
state to the manifold of electronically excited states and leads
to losses, possibly by photodissociation or optical pumping.
Understanding and suppressing this effect needs more inves-
tigations, in particular by variation of the trap wavelength.
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Tuning the trap light, which was not feasible in our present
setup employing fixed-frequency laser sources, will allow us
to mitigate and possibly cancel photo-excitation loss pro-
cesses. Generally, it can be expected that using trap light much
further in the infrared than the standard 1064-nm wavelength
(e.g., in the 1550 nm or 2 wm regions) will strongly reduce
these losses because of a decreasing density of electroni-
cally excited molecular states that can couple to the Feshbach
dimer.

Reaching quantum degeneracy with the molecular sample
and thus the observation of a BEC of heteronuclear Feshbach
molecules will presumably require a final stage of evaporative
cooling. Under the current conditions, however, it can be
estimated the a molecule only undergoes roughly one elastic
collision in the limited lifetime of the sample. Overcoming
this limitation demands both a substantial improvement of the
lifetimes (by optimizing the trap wavelength) and an increase
in the elastic collision rate. The latter can be achieved by
working at small magnetic detunings very close to the res-
onance center. Deep in the universal regime, the molecular
s-wave scattering length is predicted to follow the atomic
scattering length, an =~ 0.77a [69], and will thus also be
resonantly enhanced. Moreover, the increasing Pauli blocking
of inelastic collisions near resonance [69,70] will strongly
suppress collisional losses, which is a well-established effect
in spin mixtures of fermions [71] and has also been observed
in a heteronuclear K-Li Fermi-Fermi mixture [72]. The mag-
netic antitrapping effect that is caused by the levitation field
may be overcome by, e.g., using a standing-wave trap that
provides tight vertical confinement. Taking advantage of all
these potential improvements, we are confident that a suffi-
ciently high ratio of elastic vs inelastic molecule-molecule
collisions can be reached to implement efficient evaporative
cooling towards quantum degeneracy.
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APPENDIX: MAGNETIC FIELD CONTROL

Precise magnetic field control is crucial for an efficient
production of the molecular sample, as well as for the precise
determination of the Feshbach resonance parameters. In this
regard, we put a lot of efforts into the implementation of an
effective magnetic-field ramping protocol, as well as into the
development of a precise current actuator for the coils that
produce the magnetic field. The Feshbach magnetic field is
produced employing two pairs of coils.

The offset magnetic field By is generated by a slow set
of coils (offset coils), whose proportional-integral-derivative
(PID) actuator settings are optimized to perform the large
magnetic field ramp within 2 ms. Every magnetic field ramp
unavoidably induces some eddy currents in the apparatus,
which delay the response of the actual magnetic field with
respect to the targeted behavior. We minimize this undesired
effect by applying a feed-forward scheme on the current ramp.
Furthermore, we wait about 50 ms after the ramp, to allow the
magnetic field to fully stabilize to the set point. The magnetic
field noise is measured to be below 2 mG peak to peak. The
residual magnetic-field produced by the offset coils provides
a fixed stable offset, which is left unvaried for the rest of the
sequence.

The magnetic field ramps discussed in Sec. IIB are per-
formed by means of low-inductance coils (fast coils) whose
magnetic field is superimposed with By provided by the
offset coils. The fast coils can handle a maximum current
of about 10 A, corresponding to about 3 G. The current flow
is regulated with a metal-oxide-semiconductor field-effect
transistor (MOSFET) whose gate voltage is controlled digi-
tally via a field programmable gate array (FPGA). Following
the study reported in Ref. [73], the FPGA is programed to
optimize the feedback loop and to set the PID parameters
accordingly during the current ramp. The quality of the digital
PID controller and the low current-to-field conversion factor
are such that the fast coils do not introduce extra magnetic
field noise in the system.
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