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Quantum gases of doubly polar molecules represent appealing frameworks for a variety of cross-
disciplinary applications, encompassing quantum simulation and computation, controlled quantum chem-
istry, and precision measurements. Through a joint experimental and theoretical study, here we explore a
novel class of ultracold paramagnetic polar molecules combining lithium alkali and chromium transition
metal elements. Focusing on the specific bosonic isotopologue ®Li*>Cr, leveraging on the Fermi statistics
of the parent atomic mixture and on suitable Feshbach resonances recently discovered, we produce up to
50 x 103 ultracold LiCr molecules at peak phase-space densities exceeding 0.1, prepared within the least
bound rotationless level of the LiCr electronic sextet ground state X =+, By also developing new probing
methods, we thoroughly characterize the molecular gas, demonstrating the paramagnetic nature of LiCr
dimers and the precise control of their quantum state. We investigate their stability against inelastic pro-
cesses and identify a parameter region where pure LiCr samples exhibit lifetimes exceeding 0.2 s. Parallel
to this, we employ state-of-the-art quantum chemical calculations to accurately predict the properties of
LiCr ground and excited electronic states. This ab initio model, able to reproduce the experimental Li-Cr
high-spin, octet scattering length, allows us to identify both efficient paths to coherently transfer weakly
bound LiCr dimers to their absolute ground state, and suitable transitions for their subsequent optical
manipulation. Our studies establish Li-Cr as a prime candidate to realize ultracold gases of doubly polar

molecules with significant electric (3.3 D) and magnetic (Sup) dipole moments.

DOI: 10.1103/PRXQuantum.5.020358

I. INTRODUCTION

Ultracold gases of ground-state molecules with perma-
nent electric dipole moments offer unprecedented oppor-
tunities to investigate quantum chemistry and many-body
physics [1-3]. Recently, doubly polar molecules, possess-
ing both an electric and a magnetic dipole moment, have
attracted great attention, as they could offer even richer
prospects: while the electric dipole gives rise to the long-
range anisotropic interactions, the magnetic dipole arising
from a nonzero electronic spin provides an additional
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degree of tunability in the system. A high phase-space
density gas of such molecules will open up new venues
in the context of quantum simulation [4—7] and compu-
tation [8,9], as well as quantum controlled chemistry [10].
This is exemplified by the pioneering work on excited-state
NaLi dimers [11], which, despite featuring weak electric
and magnetic dipole moments, provided new insights into
ultracold reactive collisions [10,12].

Despite tremendous progress in the field [13], real-
ization of degenerate gases of doubly polar ground-state
molecules remains an unsurpassed challenge. While direct
laser cooling schemes have been successfully applied to
doubly polar radicals [14], the only experimental real-
izations of quantum degenerate molecular gases [15—17]
exploit ultracold atomic mixtures, where atom pairs are
first converted into weakly bound molecules across a Fes-
hbach resonance (FR) [18] and later transferred to the
absolute molecular ground state via stimulated Raman
adiabatic passage (STIRAP). However, this two-step
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method has only been demonstrated on bialkali sys-
tems, whose ground state has zero electronic spin, and
thus negligible magnetic moment. Binding alkali species
with closed-shell atoms, which would endow ground-state
molecules with the additional spin and magnetic moment,
are currently under investigation, following the experi-
mental discovery of FRs in alkali—alkaline-earth systems
[19-21]. Yet, the extremely narrow character of avail-
able FRs, despite impressive technical effort [22], has so
far hindered the first association step. Another proposed
pathway to realize paramagnetic ground-state molecules
relies on binding highly magnetic lanthanides with either
alkali or closed-shell elements [23], and association of
ultracold KDy Feshbach dimers has indeed been recently
demonstrated [24]. Nonetheless, STIRAP transfer of such
molecules to their ground state appears a formidable chal-
lenge, owing to the lack of spectroscopic data combined
with the complex electronic configuration of these ele-
ments, which makes ab initio methods poorly reliable, if
not unapplicable.

Here, through a joint experimental and theoretical study,
we explore an alternative route towards ultracold dou-
bly polar molecules by binding an alkali atom (4) with
transition-metal chromium (Cr). The interaction between
A4Sy ,2) and Cr (’S3) has only weak magnetic anisotropy
and leads to two spin multiplicities, similarly to standard
bialkali systems. While the latter feature a singlet X '+
ground and a triplet > X" first excited state [18], ACr
systems exhibit a sextet X ®X* and an octet a8X+ sym-
metry; see Fig. 1(a) for the LiCr case. In its ground state
ACr is thus expected to combine a high electronic spin
with a strong A+ Cr®~ dipolar character [25]. Most impor-
tantly, the existence of two multiplicities, combined with
the isotropic van der Waals interactions, makes the creation
of ACr experimentally feasible with current technology.
On the one hand, it leads to nonchaotic, bialkalilike FR
spectra, well suited for molecule association. On the other
hand, it allows for cutting-edge molecular structure calcu-
lations with predictive power over ground and lowest-lying
electronic states. The ACr systems thus emerge as a unique
playground that allows us to both produce loosely bound
paramagnetic Feshbach dimers and subsequently transfer
them to their absolute ground state, leveraging on the ultra-
cold atom toolbox developed for bialkalis. This provides a
bridge between the well-known bialkali dimers and more
complex molecular species.

While early attempts focused on the rubidium-
chromium mixture [26,27], we here explore the lithium-
chromium system, and in particular the °Li>*Cr isotopo-
logue, that combines the sole two stable fermionic isotopes
of Li and Cr into bosonic dimers. This specific choice
is motivated by the fact that Li-Cr Fermi mixtures have
recently been realized [28], and that a suitable set of
interspecies FRs has been identified [29]; see Fig. 1(b).
Benefiting from a favorable good-to-bad collision ratio

connected with the Fermi statistics of our atomic mixture,
we experimentally demonstrate the efficient production of
ultracold samples of up to 50 x 10° paramagnetic LiCr
Feshbach dimers, at phase-space densities (PSDs) exceed-
ing 0.1 and temperatures of about 200 nK. We exploit two
interspecies s-wave FRs [see Fig. 1(b)] to access, with
full internal quantum state control, the least bound rota-
tionless vibrational level of the LiCr sextet ground state.
This is confirmed by accurate measurements, also based
on new all-optical probing methods, of the dimer magnetic
moment and of the associated open-channel fraction, both
found in remarkable agreement with theoretical expecta-
tions. Additionally, investigation of the collisional stability
of the LiCr dimers as a function of the magnetic field
detuning from the resonance pole allows us to identify
a parameter region in which the molecular Bose gas can
exhibit lifetimes exceeding 0.2 s, thanks to Pauli suppres-
sion of inelastic losses enabled by the fermionic nature
of our mixture constituents [30,31]. Parallel to this, we
perform state-of-the-art ab initio calculations to gain reli-
able predictions for both ground and excited electronic
states of LiCr. Our ab initio model, that remarkably repro-
duces our experimental value of the Li-Cr octet scattering
length recently determined [29], foresees for the sextet
(octet) ground state a significant electric dipole moment
of 3.3 D (0.7 D) that adds to the sizable magnetic one of
Sup (7up). By inspecting the calculated electronic level
structure, we identify the (4) =7 as the best-suited inter-
mediate electronically excited state to implement efficient
STIRAP transfer to the LiCr sextet ground state. More-
over, we find that transitions to the (2) °IT excited state can
be exploited for subsequent optical manipulation of LiCr
molecules, including their direct imaging and, possibly,
even the implementation of laser cooling schemes.

The paper is organized as follows. In Sec. II we summa-
rize the experimental strategies to produce ultracold LiCr
molecules and the properties of the parent atomic mix-
ture under resonantly interacting conditions. In Sec. III we
investigate the magnetoassociation process, including two-
body adiabaticity, atom-to-molecule conversion efficiency,
and the creation of a high phase-space density gas of LiCr.
In Sec. IV we study single-particle properties of the newly
formed Feshbach dimers, including their magnetic dipole
moment and their binding energy, which we measure via
a novel optical method. In Sec. V we identify and charac-
terize the different loss mechanisms that limit the molecule
lifetime and we show that, under optimal conditions, pure
LiCr samples exhibit lifetimes exceeding 0.2 s. In Sec. VI,
we present high-precision ab initio potential energy curves
(PECs) for LiCr, we demonstrate their predictive power
on the atomic scattering properties, and we then exploit
them to unveil the doubly polar character of their absolute
ground state. In Sec. VII, we employ our model to explore
electronically excited states of LiCr, and identify an effi-
cient STIRAP path connecting the last vibrational sextet
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FIG. 1. Doubly polar LiCr dimers. (a) 4b initio potential energy curves for the X ®X % ground state and the a X+ first excited state

in Hund’s case (a) representation. The inset shows a pictorial representation of the valence electrons for Li and Cr, and the resulting
sextet and octet molecules with nonzero electronic spin and polarized charge density. (b) Energy of the atom pairs in the Li|1)-Cr|1)
and Li|2)-Cr|1) channels, of pure octet character (dashed green lines), and of the molecular sextet levels (solid black lines) inducing
the FRs used in this work (circled). Atomic Zeeman levels are labeled in order of increasing energy. Solid and dashed arrows indicate

electronic and nuclear spins, respectively.

level to the absolute ground state. Finally, in Sec. VIII we
provide a conclusion and an outlook on future research
directions.

II. RESONANTLY INTERACTING Li-Cr FERMI
MIXTURES AND EXPERIMENTAL PROCEDURES

The starting point of all our experiments is a weakly
interacting, spin-polarized Fermi mixture of ®Li and >*Cr
atoms produced through an all-optical protocol, detailed in
Ref. [28], within a bichromatic optical dipole trap (BODT).
The latter is realized by two overlapped infrared (IR) and
green laser beams, propagating in the horizontal plane
along the x direction, and it allows us to adjust the radial
confinement of the two components almost independently,
owing to the different Li and Cr polarizabilities to the
two BODT lights [28]. The gravitational sag between the
two clouds is compensated upon application of a weak,
vertically oriented magnetic field gradient 9.8 of about
1.5 G/cm. The axial confinement is provided by the cur-
vature of our magnetic field coils, employed to generate
bias fields of up to 1.5 kG, and yielding a trapping poten-
tial along x 6 times tighter for chromium than for lithium;
see the sketch in Fig. 2(a). Although the atom number, tem-
perature, and degree of degeneracy of the two species can
be widely tuned by adjusting the (absolute and relative)
power of the two BODT beams [28], our experiments typi-
cally start with a Fermi gas of about 1.5 x 103 Li atoms
at T/Tr = 0.25 with T = 130(20) nK coexisting with a
moderately degenerate sample of 0.8 x 10° Cr atoms at
T/Tr ~ 0.5 and T = 220 nK, with peak densities of about

10'2 cm™3 for both components (here 7 denotes the Fermi
temperature of a harmonically trapped Fermi gas).

Resonant tuning of the Li-Cr interaction, as well as
magnetoassociation of atom pairs into LiCr dimers via
magnetic field sweeps, are enabled by the presence of
several interspecies FRs that we recently identified; see
Ref. [29]. In particular, we focus on two specific s-wave
FRs that occur in the Li|1)-Cr|1) and Li|2)-Cr|1) scat-
tering channels (Zeeman levels are labeled in order of
increasing energy), located at high fields around 1414
and 1461 G, respectively; see Fig. 1(b). Our choice is
motivated by the fact that these two features exhibit the
largest magnetic field width AB ~ 0.48 G available in our
mixture, combined with zero or negligible two-body loss
rates. Most importantly for the present study, these FRs
are induced by hyperfine coupling with the least bound,
rotationless vibrational level of the X ®X* ground-state
Born-Oppenheimer potential; see Fig. 1. As such, associa-
tion of such sextet dimers represents an excellent starting
point to subsequently implement efficient STIRAP trans-
fer to the absolute ground state. However, in light of
the high-field location of the selected FRs and of their
narrow nature, as a crucial, preliminary step towards ultra-
cold LiCr dimers, we first characterize the parent atomic
mixture in the resonantly interacting, quantum degenerate
regime, going beyond our previous work [29]. In particu-
lar, exploiting our improved control over magnetic fields
in the setup (details in Appendix B), we accurately locate
the FR pole, across which we extract both the elastic and
inelastic collision rates per minority Cr atom, denoted y;
and yjess, T€SpEcCtively.
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FIG. 2. Elastic and inelastic scattering properties of resonantly
interacting Li-Cr Fermi mixtures. (a) Sketch of the experimen-
tal configuration employed to simultaneously extract yj,ss from
the minority Cr number evolution, and y, from the Li and Cr
c.m. dynamics through the analysis developed in Refs. [32-35];
see the text for details. (b) Examples of the observed dynam-
ics, recorded at different magnetic field detunings specified in the
legend, of the chromium atom number (left panels), and of the
centers of mass of both Cr (blue circles) and Li (red squares)
components (right panels). Lines are best fits to the data of the
models described in the text, through which we extract yjoss and
Vel, respectively. (c) Experimentally determined rates for elastic
(filled circles) and inelastic (open squares) collision events per
Cr atom, as a function of the magnetic field detuning §B. Black
and gray curves are best fits of 1, and s, respectively, to the
theoretically expected trends; see the text for details.

We simultaneously measure these two observables as
a function of the magnetic field detuning 6B = B — By,
where By is the FR pole, through the study of in-trap
collective-mode dynamics; see the sketch in Fig. 2(a). Our

probing method is based on the simultaneous monitor-
ing, as a function of time, of the atom numbers N¢, and
Ny, as well as of the axial sloshing of both species in
terms of their center-of-mass (c.m.) coordinates. Fitting
exponential decays to the minority Cr atom number yields
Voss associated with the dominant three-body Li-Li-Cr
recombination process; see Appendix D. The elastic col-
lision rate y, is instead extracted from the analysis of the
c.m. evolution of the two mixture components via a two-
coupled harmonic oscillator model [32-35]; see Fig. 2(b)
and Appendix C for details of the model. Fitting the c.m.
position of the atomic clouds x. 1,,, as a function of time and
taking into account the observed atom number loss, Y, can
be extracted reliably.

The measurement starts by preparing a noninteracting
Li-Cr mixture within the sole IR trapping beam near the
zero crossing of the selected FR, at an initial detuning
8B ~ 40.48 G. After selectively displacing the Li cloud
slightly out of the axial potential minimum at x = 0, while
leaving Cr unaffected, we quickly set 6B to variable val-
ues around the FR pole; see Fig. 2(a). We then monitor
the subsequent number and c.m. evolution as a function of
time. At the initial detuning, i.e., under noninteracting con-
ditions, the atom losses are negligible, lithium undergoes
small, undamped oscillations with single oscillation fre-
quency of about 17 Hz. Simultaneously, chromium, which
features a bare trapping frequency of 14 Hz, is found at
rest at all evolution times. As the resonance is approached,
effects of both inelastic and elastic processes become more
pronounced. Examples of the observed dynamics at vari-
ous §B > 0 are presented in Fig. 2(b) in order of increasing
interaction strength from top to bottom. Here we show
the minority chromium number Nc; (left panels) and c.m.
coordinates for both species (right panels) as a function
of time. The Cr number evolution, always well fitted by a
single exponential decay [see the solid lines in the left pan-
els of Fig. 2(b)], reveals a progressively reduced lifetime
(increased loss rate), as the resonance pole is approached
from above, §B — 0. Parallel to this, the centers of mass
of the two mixture components exhibit more interesting
dynamics, which qualitatively change close enough to the
FR pole. In particular, for §B 2 30 mG (small interaction
strength), we observe a damping of the Li c.m. oscilla-
tions—accompanied by weak damped oscillations of the
Cr cloud at its bare axial frequency. This damping becomes
progressively more pronounced as §B is reduced, con-
sistently with the expected behavior in the collisionless
regime [32-35]. For B < 30 mG, instead, the barycenters
of the two clouds exhibit weakly damped, in-phase oscilla-
tions, characterized by one single frequency, intermediate
between the unperturbed Li and Cr ones. This observation
is consistent with a collisionally hydrodynamic behavior of
our Fermi mixture near the FR center, expected to arise in
the strongly interacting region, once y, greatly exceeds the
axial trap frequencies [32-35]; see Appendix C for more
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details. Despite the c.m. evolution drastically changing
between the collisionless and the hydrodynamic regimes,
it is well reproduced at all detunings by the coupled oscil-
lator model, with y, as the only free parameter; see the
best-fit curves in the right panels of Fig. 2(b).

The main results of this characterization are summarized
in Fig. 2(c), which shows the experimentally determined
vel (filled circles) and y,ss (Open squares) as a function of
the magnetic field detuning across the resonance region.
The inelastic loss rate, for 6B > 0, exhibits an exponen-
tial growth [gray line in Fig. 2(c)] as the resonance pole
is approached, in qualitative agreement with the trend
expected for the three-body recombination rate coefficient
near a narrow FR [36]; see Appendix D for more details.
After reaching a maximum value at §B ~ 0, the extracted
Yioss 18 found to progressively drop as the field is fur-
ther decreased, consistent with previous observations on
other atomic systems [36]. However, since in this §B < 0
region Feshbach dimers can be formed and contribute to
the detected atom signal, y0ss can no longer be interpreted
solely in terms of three-atom recombination processes, and
its theoretical analysis goes beyond the scope of the present
study.

Contrarily to the inelastic case, ), can be analyzed as
an elastic Li-Cr scattering rate across the entire region of
explored detunings. We obtain the theory estimate as y,] =
(nLi)cr{o (B)v)r [37], with o (B) denoting the magnetic-
field-dependent cross section for Li-Cr collisions, v the
relative velocity, (nri)c, the Li density averaged over the
Cr cloud, and (-)r thermal averaging; see Appendix C for
details. Since the overlap density and temperature of the
sample are directly accessible via absorption imaging, and
since o (B) is completely determined by the parameters
of our FR [29] (see Appendix C), we are left with the
FR pole location By as the only free parameter. The the-
ory fits the experimental y,; remarkably well across the
entire FR region; see the solid black line in Fig. 2(c).
This allows us to pinpoint the resonance pole with £3-mG
accuracy.

Finally and most importantly, the Fig. 2(c) data reveal
the collisional stability of the Li-Cr mixture under reso-
nant interactions. This is signaled by the elastic rate greatly
exceeding the inelastic one over a comparably wide range
of magnetic field detunings across the Feshbach resonance,
with a good-to-bad collision ratio ye/Y10ss found to reach
values up to 200. We ascribe the observed stability to the
fact that, in spite of the narrow nature of the FR used
[29], three-body processes involving identical fermions
are suppressed by antibunching due to Fermi statistics of
our mixture components [30,38], relative to the bosonic
case. As shown in the following section, this is extremely
advantageous for the efficient magnetoassociation of LiCr
dimers and, more generally, it is very promising in light
of future many-body studies of strongly interacting Li-Cr
Fermi mixtures.

Despite the data on elastic and inelastic properties of our
system presented here being taken on Li|1)-Cr|1) mixtures
across the most promising s-wave FR, a similar character-
ization has also been conducted on Li|2)-Cr|1), yielding
essentially identical results.

III. PRODUCTION OF HIGH PHASE-SPACE
DENSITY LiCr SAMPLES

We now move to investigate the conversion process into
LiCr Feshbach molecules via magnetoassociation. We first
characterize the molecule conversion efficiency as a func-
tion of the magnetic B-field sweep rate across the FR, and
then explore how the number of LiCr dimers depends on
the initial atomic samples to maximize the final molecule
PSD. In order to experimentally show LiCr dimer forma-
tion, count their number, and characterize their density or
momentum distribution, here and in the following sections
we use negative or positive signals depending on the task
at hand; see Appendices D and E. By negative signals we
denote atomic loss signals that unambiguously determine
the molecule number. This is relatively straightforward in
our system, where two-body losses are absent and three-
body recombination is much slower than typical molecule
association times, so that only atoms bound into molecules
are lost. Positive signals instead only originate from previ-
ously associated atoms, which give rise to a measurable
optical density on the atomic Li and Cr imaging transi-
tions; see Sec. IV B below. In our experiment we employ
two different schemes to obtain positive signals. The first
one relies on Stern-Gerlach separation, where the molecule
cloud is spatially resolved from the atomic ones thanks
to a different acceleration and a sufficiently long time of
flight (TOF). The second method exploits fast (few hun-
dred microsecond-long) 1f transfers of unpaired Li and Cr
atoms to dark states that do not interact with the imaging
light. Only positive signals allow access to further infor-
mation about the molecule sample, such as thermodynamic
quantities.

A. Two-body adiabaticity

Magnetoassociation is the adiabatic conversion of scat-
tering atom pairs into weakly bound molecules, induced
by a magnetic field sweep across the FR pole from the
attractive (B; > By) to the repulsive side (B < By); see
Fig. 3(a). The efficiency of this process depends on the
Feshbach resonance parameters, the conditions of the par-
ent atomic gases, and the magnetic field sweep rate [39].
We exploit a positive molecule signal obtained from direct
absorption imaging to reveal the sensitivity of the asso-
ciated molecules to the final magnetic field detuning; see
Fig. 3(b). We typically observe a sharp rise from zero back-
ground to saturation in a B-field region of a few tens of
milligauss. Alternatively, leveraging on the stability of our
Fermi mixtures, a negative signal can be used to quantify
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FIG. 3. Magnetoassociation efficiency and two-body adia-

baticity. (a) Sketch of the experimental sequence: the magnetic
field is swept from B; across the FR pole By down to By < By
with variable rate B, after which the number of created molecules
is measured through either positive or negative signals; see the
text for details. (b) Normalized number of molecules formed via
magnetoassociation as a function of By across the FR for fixed
B =90 ms/G. The inset is an example of a positive signal of
LiCr via direct absorption imaging with Li light after a 2-ms
TOF. (c) Association efficiency n referenced to the Cr minor-
ity component as a function of the inverse ramp speed 1/B. The
solid black line shows the best functional fit of Eq. (1) to the data
and the dashed line its approximation in the fast-sweep limit.

the number of associated molecules. Indeed, after a short
hold time following the B-field sweep, only atoms that
were converted into dimers are (entirely) lost, and the con-
version efficiency is nothing but the fractional loss between
the initial and final atom numbers; see Appendix D. We
measure the association efficiency as the fractional loss of
the Cr minority component as a function of the inverse
magnetic sweep rate 1/B; see Fig. 3(c). We start the exper-
iment by preparing the Li|1)-Cr|1) mixture about +100
mG@G above the resonance. Li|1) is degenerate with 7/Tp =
0.20(5) at 7= 170 nK and a peak density of 1.3(2) x
10'2 cm™3, while Cr|1) is essentially thermal T/Tr ~ 1 at
T = 240 nK with a peak density of 0.74(3) x 10'? cm~3.
The magnetic field is swept to B < 0 with variable ramp
speed, after which we measure the number of associated
molecules.

As for other experiments, our results are well captured
by a Landau-Zener model [40—45]. According to Ref. [45],
we fit the following functional form to the data:

nzno[l—eXp<—Ml>}. (1)
n B

Here ny represents the saturated efficiency, (npi)c, is the
density of the majority component averaged over the den-
sity of the minority one, and I is only a function of the
collision parameters, i.c.,

. Qn)*h

angAB, 2

where ap, = 41.48(3) ay is the background s-wave scatter-
ing length, AB = 0.48 G is the magnetic field width, and m
is the reduced mass. While the adiabatic regime ( = 1)
depends on the overall PSD overlap of the atomic mixture
and lacks an analytical description to date, the fast-sweep
regime, where n =~ ['(ni)cr/B, can be straightforwardly
tested against the experimental results. From a functional
fit of Eq. (1) with an observed Li|l) density averaged
over the Cr|1) cloud of (n;)c: = 0.62(5) x 10> cm™3, we
derive ey = 1.1(1) x 10712 cm® G/ms; see the solid line
in Fig. 3(c). The dashed line marks the linear, fast-sweep
regime. The fitted I'ex, is in satisfactory agreement with
the theory prediction of I'y, = 0.479 x 107!2 cm® G/ms.
The mismatch of about a factor of 2 might be due to an
underestimation of the overlap density during molecule
association, where the mixture experiences strong attrac-
tive interactions. We stress that, as expected from the
extremely favorable mixture stability shown in Sec. II,
we can perform magnetoassociation with field rates slower
than the two-body adiabatic criterion by more than 2 orders
of magnitude without affecting efficiency and the molecule
number.

B. Optimization and molecule PSD

In order to identify the best working conditions, we
characterize the molecule association efficiency as a func-
tion of the Li-Cr density overlap, deep in the two-body
adiabatic regime (1/B = 90 ms/G). This is accomplished
by only varying the number of atoms initially loaded into
the BODT with fixed evaporation and final trap parame-
ters. In this experiment we spatially resolve atomic and
molecular clouds thanks to Stern-Gerlach separation and
simultaneously count the number of Li, Cr, and LiCr.
Figure 4(a) shows the associated molecule number as a
function of the pair density (nyinc,) = f npincedr. On gen-
eral grounds, neglecting atom-molecule thermalization, the
molecule number depends on the PSD overlap between the
parent atomic clouds during association [45,46]. However,
for Maxwell-Boltzmann gases at constant temperature, this
is proportional to (npinc,). Since, for this experiment, Tc; i
are kept constant, with T¢,/Trcr > 0.5 and almost con-
stant 71i/Tr i = 0.30(5), we expect this relation to hold
to first approximation. Indeed, the experimental data are
well captured by a linear fit, as shown by the solid black
line in Fig. 4(a).

From the same experimental data we also extract the
conversion efficiency n as a function of (npi)cy; see
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FIG. 4. (a) Number of associated molecules Ny as a function

of'the Li-Cr pair density (nyinc,). The black line shows a linear fit
to the data with zero intercept. (b) Magnetoassociation efficiency
with respect to Cr as a function of the Li density averaged over
the Cr cloud (ny;)c;. The black line shows a linear fit to the data
with zero intercept. In both panels the same color code indicates
the corresponding imbalance between the peak densities of Cr
and Li atomic clouds.

Fig. 4(b). We stress that, although Cr atoms are always
lower in number compared to Li atoms, except for the
leftmost point of Fig. 4(b) with lowest Li density, their
peak density can overcome the Li one. Hence, through this
characterization, we explore different regimes in which the
majority component is locally either Cr or Li; see the color
map. Also in this case, n exhibits a linear increase with
(nLi)cr, showing no saturation effects up to the highest den-
sities explored herein. Comparing Figs. 4(a) and 4(b), we
see that intermediate mixture imbalance enables the pro-
duction of the largest molecule samples, of nearly 5 x 10*
molecules, and a comparatively good conversion efficiency
of 40% to 50%. These results are in line with the value
reported on °Li “°K Feshbach molecules [44,47] and higher
than the 30% efficiency shown on °K ®'Dy [24]. How-
ever, our data also show a maximum conversion efficiency
of about 80%, at the expense of a lower but still consid-
erable molecule number of 2 + 3 x 10*. This regime is
comparable with results on deeply degenerate homonu-
clear spin mixtures of “°K [42], where both components
shared the same degree of degeneracy. The ability to cre-
ate large molecule samples with tunable density imbalance
of the parent mixture may help in the future to sympathet-
ically cool molecules down to degeneracy with leftover

Cr atoms, which do not limit the molecule lifetime at our
typical densities; see Sec. V below.

As shown in Fig. 4 the molecule population sensi-
tively depends upon the Li-Cr pair density of the ini-
tial atomic mixture. After careful optimization, we study
the ballistic expansion of Feshbach dimers after variable
time of flight via the Stern-Gerlach separation method,
and compare it with the expansion of the atomic clouds.
After the BODT is switched off, atoms and molecules
expand into the magnetic saddle potential generated by our
coils. We obtain our record PSD starting magnetoassoci-
ation with atom numbers N; = 3 x 10° and Ng = 1 x
10° and temperatures Tt; = 0.157F = 70 nK and T¢; =
0.57F = 180 nK. From this starting condition we obtain
36(4) x 10° molecules at 180 nK, with peak spatial den-
sity of 0.75(10) x 10'2 ecm~3, and peak PSD of npciAly =
0.12(2), where Agg = /2w h?/(mkgT) is the correspond-
ing de Broglie wavelength. Our result compares well with
the highest reported PSDs in other mass-imbalanced Fermi
mixture experiments [24,31], and even higher LiCr PSDs
may be obtained by adding a crossed BODT [28], not
employed in the present work. Although the magnetoas-
sociation ramp is deep in the adiabatic regime for the
two-body problem, the molecular sample has not reached
full thermal equilibrium. This last point, together with the
possibility to further evaporate Cr, thereby sympathetically
cooling LiCr, will be the subject of a future study.

IV. PROPERTIES OF FESHBACH DIMERS

In this section we directly measure the magnetic dipole
moment w; of the newly created LiCr Feshbach molecules
and reveal its dependence upon the magnetic field detun-
ing 6B from the FR pole, following a strategy similar to
Ref. [24]. Furthermore, we devise a new all-optical method
that allows for an independent measurement of the so-
called open-channel fraction of the Feshbach state and of
its binding energy.

A. Magnetic dipole moment

We first accurately measure u;, at fixed §B = —4 mG to
reveal a deviation with respect to the atomic values of Li
and Cr, which at this bias field are respectively ur; = lug
and e = 6up within a few per mille. To this end, we
perform a Stern-Gerlach-type experiment and record the
temporal evolution of the vertical center-of-mass positions
zem. of Li, Cr, and LiCr under the application of a ver-
tical magnetic field gradient 9,B. We prepare the LiCr
sample under the optimal conditions found in Sec. III
and switch off the BODT immediately after molecule cre-
ation, letting the particles expand under the combination
of the gravitational and the species-dependent magnetic
forces. For each component, the c.m. acceleration is g +
Wx 0.B/my, where g is the gravitational acceleration, wx
is the magnetic dipole moment of species X, and my is
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the corresponding mass. The magnetic field gradient d,B
is calibrated on the observed z:C", and w, is obtained
from a single-parameter fit to the LiCr trajectory; see
the data and fit in Fig. 5(a). The extracted value u, =
5.85(5)up, clearly resolved from both the atomic counter-
parts, markedly differs from the magnetic moment of the
(closed-channel) molecule state inducing the FR pcc =
5up, pointing to a sizable admixture with the open-channel
wave function, with poc = 7up.

In order to better understand our observations, it is
instructive to express the Feshbach dimer wave function as
a superposition of open- and closed-channel components
[18,37,39]:

[¥s(R) = V1= Z¢oc(R)|OC) + vZpcc(R)CC)  (3)

with the unit-normalized radial wave functions {¢oc(R),
dcc(R)} referring to the open- and closed-channel com-
ponents with spin states {|OC), |CC)}, respectively. The
closed-channel fraction Z, bound to be 0 < Z < 1, deter-
mines the character of the Feshbach molecule: from open-
channel like for Z — 0 to closed-channel like for Z — 1.
The Feshbach dimer has energy £, and magnetic moment
up = 0pEp. These, if referenced to the scattering contin-
uum, define the binding energy €, = Eoc — Ep and the
differential magnetic moment §u, = (oc — My, Which are
linked to Z via the Hellmann-Feynman theorem [18,48]:

wy = Zpce + (1 = Z)poc. 4)

An analytical solution for Z(5B) is available in the effective
range expansion [49]

1
= T AR ) ©

with a(B) the scattering length, ay, its background value,
and R* = h?/ (2mayps ABS 1) the effective range parameter.
Equations (4) and (5) thus provide the expected magnetic
field dependence of up, ranging for LiCr from pcc = Sup
forZ — 1to woc = 7up for Z — 0.

We reveal and experimentally characterize the field
dependence of w;, thereby confirming the paramagnetic
nature of LiCr closed-channel molecules. In this case we
let the particles expand for a fixed TOF after the BODT
is switched off and record the z.,, of the LiCr cloud as
a function of §B. In order to minimize temporal and spa-
tial variation of the magnetic field experienced by the
molecules, we employ a short TOF of 3.5 ms with a 200-
ws-long rf cleaning pulse on Cr right before the imaging
pulse. Knowledge of the initial in situ position of the atoms
and the B-field landscape allows us to directly extract
up(8B), which is shown in Fig. 5(b).

A fit of Eq. (4) to the data, with Z(B) given by Eq. (5)
and By as the single fitting parameter, yields the solid black

Time of flight (ms)
(b) 70F T T T

w=flgpristisitsisizies i e s st d s st Saitoliinasc st oo s T

-5B (mG)

FIG. 5. (a) Vertical center-of-mass trajectories for atoms and
molecules in time of flight. The red, blue, and green circles show
the evolution of the c.m. in the vertical direction as a function
of the TOF for Li, Cr, and LiCr, respectively. The correspond-
ing lines with matching color code show the fitted theory curves.
The black line represents the expected trajectory for a purely
closed-channel molecule (Z = 1). (b) Magnetic dipole moment
up of LiCr Feshbach molecules as a function of the absolute B-
field detuning from the FR pole. The black curve represents the
theory prediction based on Egs. (4) and (5) with only the reso-
nance position By as the fitting parameter. The dotted and dashed
lines respectively mark the magnetic moments of the scattering
atom pair woc (Z = 0) and of the closed-channel molecule pcc
Z=1).

line in Fig. 5(b). We find good agreement with the exper-
imental results, and ascribe the residual discrepancy to
the B-field inhomogeneity experienced by the molecules
during the TOF. We stress that these results show our
high degree of control over the applied magnetic field
and, most importantly, the paramagnetic nature of the LiCr
closed-channel molecule. Moreover, the observed trend
of up, asymptotically approaching pcc = Sup, confirms
the FR assignment of our quantum collisional model for
Li-Cr developed in Ref. [29] and shows our ability to
controllably populate the least bound vibrational level of
the X S+ ground-state potential. This is extremely con-
venient for future STIRAP transfer to the LiCr absolute
ground state, which only requires a change in the vibra-
tional degrees of freedom and circumvents the need for an
optically excited state with sizable overlap with both elec-
tronic ground-state multiplicities as in other experiments
[50]; see Sec. VII below.
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FIG. 6. Optically determined open-channel fraction as a function of detuning from the resonance. (a) Counted molecule number
Nmeas, normalized to the real one Ny, derived from in situ absorption pictures taken on the Li (red circles) and Cr (blue circles)
imaging transitions on pure molecular samples. We show a comparison between a longer (filled circles) and shorter (open circles)
pulse time with the same laser intensity within 10%. The red filled circles are taken with tp = 40 s and Iy = 0.24 mW cm 2, the
red open circles with tp = 11 ws and Iy = 0.2 mW cm™2, and the blue circles with 7p = 21 s and Iy = 0.76 mW cm™2. The solid
lines show our model prediction equation (8) with only a common field offset as the fitting parameter and Z given by Eq. (5). (b)
Sketch illustrating the model explained in the main text. The top-left panel shows the dissociation mechanism at rate y;, induced by
the imaging laser resonant at 6B = 0 with the lithium atomic transition of natural width I',: a detuning of 8,, = §, + €, is acquired for
finite B < 0. The bottom-left panel shows the optical cycles Li atoms undergo after molecule dissociation at rate y,. The right panels
show (from top to bottom) the pulse shape of duration 7, the time-dependent OD of the initial molecule sample, and, as a comparison,
the constant OD of an atomic sample. (c),(d) The open-channel fraction and binding energy as a function of R*/a, extracted with our
model equation (8) from the three datasets in panel (a) (with the same symbol choice), together with the theory predictions given by
Egs. (5) and (9), respectively (solid black lines); see Appendix E for details.

B. Optical measurement of open-channel fraction and
binding energy

As anticipated in the previous section discussing our
magnetic moment measurement (see Fig. 5), the closed-
channel fraction represents an essential feature of the
Feshbach dimer. Besides u,, Z also determines the col-
lisional stability of Feshbach molecules, as well as the
outcome of future STIRAP transfer schemes to deeply
bound states. While the former is longest for Z — 0, the
latter is optimal for Z — 1. An accurate measurement of
Z(8B) close to a narrow FR at high B field is techni-
cally challenging. Indeed, wiggle spectroscopy [51] has
limited temporal resolution, rf spectroscopy [41,52]

requires high rf power, potentially perturbing the B-field
stabilization, photoassociation techniques [53] require an
optically excited molecule level and laser light to address
it, and, finally, magnetic moment spectroscopy [see the
previous section and Ref. [24]] suffers from field inho-
mogeneity and temporal constraints. Here we overcome
these issues by developing a convenient and rather general
optical method, which exploits absorption imaging of Fes-
hbach dimers with laser light addressing transitions of the
parent atomic species. Our method is based on the anal-
ysis of the systematic reduction of the molecule signal,
recorded as a function of § B, a rather generic trend already
reported for various systems; see, e.g., Ref. [45]. Such a
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seeming drop of the dimer population is illustrated for LiCr
in Fig. 6(a), which shows the measured number Nye,s nor-
malized to the real one N,y as a function of §B, both for
Li (red circles) and Cr (blue circles) imaging lights. For Li,
we further compare a long (filled circles) with a short (open
circles) pulse duration. One can note how, despite quan-
titative differences, in all cases Npeas/Nreal monotonically
decreases with increasing |§B|. While this effect was pre-
viously interpreted in terms of an effective imaging cross
section, in the present case the particle number sensitivity
on the imaging parameters confutes such an interpreta-
tion, and we here propose a different one. Our main idea,
sketched in Fig. 6(b), is that the absorption signal of dimers
results from the optical density of the atoms, into which
molecules are dissociated during the imaging pulse at a rate
¥, given by the bare atomic scattering rate y, weighted by
the dimer open-channel fraction 1 — Z. Building on such
an intuition, we develop our model, described below in
more detail, that allows us to establish a univocal link
between Nyeas/Nreal 0N One side, and 1 — Z and the bind-
ing energy (¢;) on the other. Hence, this simple theory can
be employed to either predict Nyeqs/Nreal Once Z and €, are
known [see the lines in Fig. 6(a) based on Eq. (5)], or vice
versa to obtain those quantities from the experimentally
recorded dimer signal [see Figs. 6(c) and 6(d)]] without
relying on any a priori knowledge. In the following, we
review our model and results in more detail.

Our model holds under three main assumptions [see also
the sketch in Fig. 6(b)]: (i) closed-channel molecules do
not directly interact with the atomic imaging light; (ii)
Feshbach dimers are dissociated by the imaging light at
a rate given by Fermi’s golden rule y, = y,|(¥,|OC)|* =
v.(1 — Z), with y, denoting the atomic scattering rate; (iii)
low-intensity atomic imaging is performed on a cycling
transition with atomic scattering rate y,(sq, 4, 8,) depen-
dent on the saturation parameter s, < 1, the natural width
of the transition I',, and detuning §,. Assumptions (i) and
(i1) imply that during the imaging pulse the dimer (col-
umn) density decreases as nyp(f) = ngD’be*W , While the
free-atom one grows as

napa(t) = ndp, (1 — e 7. (6)

Since (iii) implies that the dissociation products decay
back to the same open channel of the FR, and that the
addressed atomic species undergoes cycling transitions
until the end of the imaging pulse, from Eq. (6) we derive
the instantaneous optical density (OD)

OD(f) = ondp, (1 — e, (7

where o, is the detuning-dependent, atomic absorption
cross section. This is in contrast with the standard case of
an atomic sample at the same (column) density that would
feature a constant optical density OD, = aangD’b [see the

sketch in Fig. 6(b)]. For §B = 0, the molecules are dis-
sociated, the imaging light is resonant with cross section
o, = 0, and the optical density is constant and equal to
OD, = OD!.

By integrating Eq. (7) over the duration 7, of the imag-
ing pulse, it is straightforward to obtain an analytic expres-
sion for the ratio between the measured O_D(rp) at arbitrary
detuning 8B < 0 and the atomic OD?. While we refer the
reader to Appendix E for the general derivation, we here
provide a simplified expression holding for OD? « 1:

oD 1 1 — e 0%
0= 2\ T ®)
OD, 1+ (268,/T) VoTp

with §,(8B) = updB the Zeeman frequency shift of the
employed atomic transition. The dissociation rate implic-
itly depends on the detuning of the laser as y, =
Va(Sa, Tas8p)(1 — Z), with §,(6B) = §,(6B) + €,(8B) /h.
As the right-hand side of Eq. (8) is independent of OD2,
it coincides with the suppression of the apparent number
of Feshbach molecules, Nyeas/Nreal = @/ODS.

As anticipated, our model (8) allows us to retrieve
both the open-channel fraction 1 — Z(§B) and the bind-
ing energy €,(5B) of the Feshbach dimers (at all §B) from
their absorption images, without any a priori knowledge of
their functional forms. Referring the reader to Appendix E
for details, in Figs. 6(c) and 6(d) we show the results of
our analysis, plotting the experimentally determined open-
channel fraction and binding energy as a function of R*/a.
Notably, extraction of 1 — Z and ¢, from the three datasets
of Fig. 6(a) yields consistent results over a wide range
of detunings, from the resonant regime to the background
limit, despite the different pulse parameters and atomic
species employed for the imaging. Both observables are
found to vary over a few orders of magnitude, in excel-
lent agreement with the theory predictions based on Egs.
(5) and (9), respectively (solid black lines). In particu-
lar, we remark how the nonzero open-channel fraction is
reflected in the dimer binding energy that deviates, near
the resonance pole for R*/a — 0, from that of the bare
closed-channel molecule 2u;,5B; see the dashed line in
Fig. 6(d). We emphasize that this probing method works
remarkably well even at very small detunings from the
FR pole. Finally, note also how the data in Figs. 6(c)
and 6(d) demonstrate our experimental capability to access
the resonant regime with high accuracy, despite the nar-
row FR at our disposal, a key point for future many-body
investigation of Li-Cr mixtures.

We finally remark how our model can be employed
to reproduce the observed number reduction shown in
Fig. 6(a). As anticipated above, in this case we assume
the field dependence of Z(6B) from Eq. (5) and the corre-
sponding binding energy €,(6B) from integration of Eq. (4)
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[49], €,(8B) = h2k?/2m with

i — \/1 +4R*/(a — apg) — 1
* T 2R* B

where the explicit B dependence, via a(§B), is omitted
for simplicity of notation. Since all parameters appearing
in the model are known, we only allow for a precision
fit of the resonance location common to all data. The
best-fit results of our model are shown as solid lines
in Fig. 6(a), and reproduce our experimental observa-
tion remarkably well, regardless of the imaged species
and employed pulse parameters. From this viewpoint, our
model can be exploited for molecule number calibration
with no need for dissociation prior to the imaging pulse,
which may introduce systematic heating and excitation
[54,55]. In particular, we note that the saturation parame-
ter can be conveniently derived from the reference imaging
pulse after the calibration of the camera.

)

V. STABILITY OF ATOM-MOLECULE MIXTURES
AND LONG-LIVED LiCr SAMPLES

We now move to address another key question about
the experimentally realized LiCr molecules, namely, their
stability against inelastic loss processes. Since magne-
toassociation results in an optically trapped mixture of
LiCr dimers, together with unpaired Li and Cr atoms,
various inelastic mechanisms may contribute to limit the
molecule lifetime. Quite generally, these can arise both
from off-resonant scattering of LiCr towards electroni-
cally excited levels—accidentally induced by the trapping
lights employed in the experiment—as well as from inelas-
tic scattering in dimer-dimer and atom-dimer collisions.
As the first one-body process is concerned, we find that
LiCr molecules are indeed affected by both lights of our
BODT. Specifically, at constant densities, we observe a
linear increase of the dimer loss rate with the intensity
of both BODT beams, characterized by slopes of I'cc =
397(14) Hz/(kW cm™2) and I'cc = 5.9(2) Hz/ (kW cm™2)
for the green and IR light, respectively; see Appendix F
for details. Given the much smaller photoexcitation rate
observed for the IR beam, relative to the green one, it is
thus advantageous to turn off the latter light when LiCr
dimers are created. In this way, at our typical BODT inten-
sities, the one-body lifetime increases from about 2 ms up
to a few tens of milliseconds, allowing us to characterize
the stability of the molecular sample against dimer-dimer
(D-D) and atom-dimer (A-D) inelastic collisions. This is
fundamental both in light of future optical spectroscopy
studies, and of possible implementation of evaporative and
sympathetic cooling stages of Feshbach dimers towards
quantum degeneracy.

As for three-atom recombination discussed in Sec. II,
Fermi-Fermi mixtures are also expected [30,31,37] to ben-
efit from Pauli suppression for D-D and A-D inelastic

collisions near the FR pole—owing to the fact that these
always involve at least two identical fermions (either
unpaired or paired into a shallow dimer). Specifically, the
loss rate coefficients 8 of such processes can be substan-
tially decreased, with respect to their off-resonant back-
ground value Bpg, as soon as dimers acquire a sizable
open-channel fraction, i.e., near the resonance pole; see
Sec. IV B. While this qualitative feature is generic to any
Fermi-Fermi mixture, the suppression factor B(R*/a) /By,
sensitively depends upon the specific mass ratio between
the two constituents. For atom-dimer processes in het-
eronuclear systems, light-light-heavy inelastic processes
are predicted to dominate over the heavy-heavy-light ones
in the resonant regime [31,37]. For our specific mixture,
for instance, Jag et al. [31] foresaw already for R*/a <
10 a suppression for Cr-LiCr collisions more than one
order of magnitude larger than that for Li-LiCr scatter-
ing. Moreover, one also expects in the off-resonant regime
that lithium-dimer collisions are dominant, given that the
background value of the A-D loss rate coefficient is the-
oretically given by [31] ﬂ}fﬁ’D ~ 2hRqw /ma.p, With Rygw
the van der Waals length and m_p the atom-dimer reduced
mass, and that mc,.p/mrip ~ 5. Also in light of the fact
that the Li density exceeds the Cr one in our typical con-
ditions, we observe that collisional losses of LiCr dimers
are indeed dominated by Li-D scattering. This is confirmed
by a measured Li-to-Cr relative loss of ANL;/AN¢c =
1.93(17), and by the fact that, when unpaired Li atoms are
removed from the sample, we do not have any detectable
signature of Cr-D or D-D inelastic processes.

We characterize the magnetic field dependence of Brip
varying the endpoint of the association ramp at the Li|1)-
Cr|1) resonance, and tracing the molecule decay as a
function of time, monitored through selective imaging with
the Cr light. At each detuning, the fitted exponential decay
rate, corrected for the residual trap-light-induced loss con-
tribution, yields the collisional rate. Dividing the latter by
the dimer-weighted Li density (n.;)p determined experi-
mentally, we thus extract the inelastic rate coefficient 8 p.
This is shown in Fig. 7 as a function of § B; see the filled red
squares. One can note how B ;.p monotonically decreases
down from its off-resonant value as the resonance pole
is approached, exhibiting a drop that becomes progres-
sively more pronounced as §B — 0~. To corroborate the
interpretation of our findings in terms of Pauli suppres-
sion of collisional losses [31], we repeat the same measure,
but transfer the remaining unbound lithium atoms to the
nonresonant spin state Li|2) right after the magnetoasso-
ciation ramp. In this case, where three, rather than two,
distinguishable kind of fermionic atoms are involved in
the collision, we observe a rate coefficient that is con-
stant at all detunings; see the open squares in Fig. 7. This
also matches the Li|1)-D measured background value of
about 7 x 1071° cm? /s, which agrees within a factor of 2
with the theoretical estimate [31]. Notably, as shown in the
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FIG. 7. Loss rate coefficient By ;p for inelastic Li-LiCr colli-

sions as a function of magnetic field detuning. The trend of Siip,
measured for collisions between interacting Li|1) and Li|1)Cr|1)
molecules (filled squares), is compared with the constant, non-
resonant one, obtained by studying Li|2)-dimer mixtures (open
squares). The inset shows the experimentally determined fip,
normalized to its background value ﬂ}}”_ p=7x 1071 cm?/s, as
a function of R*/a (black symbols), together with the theoret-
ically predicted trend of Ref. [31]. Vertical error bars of Bri.p
combine the fit, statistical and systematic uncertainties to the
decay data, and the estimated mean density (ni;)p. Horizon-
tal error bars account for the uncertainty in the magnetic field
detuning from the FR pole.

inset of Fig. 7, we find excellent agreement between the

normalized experimental data B;p/ ,BEED (black squares)
and the predicted suppression function for Li-LiCr inelas-
tic collisions given in Ref. [31] (solid line) as a function of
R*/a. We stress that, in spite of the narrow nature of our
FR, at the smallest detunings explored here we observe up
to a factor of 70:’;20 suppression of collisional losses—a
very promising value in light of future studies of reso-
nantly interacting atom-dimer mixtures, and of the possible
implementation of a final sympathetic cooling stage for
LiCr molecules.

Finally, we show how the dimer lifetime can be substan-
tially increased at a// detunings by removing the unpaired
atoms and by reducing residual trap-induced off-resonant
scattering. To this end, we make use of an additional
1560-nm far-off resonant trap (FORT), whose wavelength
is found to cause negligible light-induced losses (see
Appendix F), consistent with zero within our experimental
uncertainty. In this case we first transfer the atomic mixture
from the BODT into the FORT following a 100-ms-long
linear ramp, throughout which a constant trap depth for the
Cr atoms is maintained. We then perform the magnetoas-
sociation ramp, at the end of which we purify the molecule
sample from the atomic components. Li atoms are removed
through a spin-selective optical blast following a Li|1) —
Li|2) rf transfer. The Cr component is spilled from the

FORT by further reducing the trap depth, relying on the
fact that the Cr polarizability at 1560 nm is about a factor
3.5 lower than for LiCr [56,57]. While this overall proce-
dure only reduces the initial molecule number by less than
a factor of 2 at about 300 nK, it allows for a dramatic gain
in lifetime even in the off-resonant regime. This is shown in
Fig. 8, where the molecule number is plotted as a function
of the hold time at a final, large detuning B = —100 mG.
After an initial loss—ascribable to excitation of collective
modes in the LiCr cloud during the magnetoassociation
and atom purification stages [see the inset of Fig. 8 —we
observe a clean exponential decay of the molecule number,
characterized by a time constant of 0.24(1) s. This lifetime,
much longer than those measured in our system without
purification nor FORT trap (limited to a few tens of mil-
liseconds), exceeds by more than one order of magnitude
that reported for LiK molecules [44] at similar peak den-
sities, of a few 10" cm™. The slow exponential decay of
LiCr shown in Fig. 8 is consistent with residual evapora-
tion dynamics within the relatively low-density molecule
cloud, and it appears incompatible with intraspecies LiCr
collisional losses, which will be the subject of future stud-
ies. The present measurement and analogous ones carried
out without the removal of Cr atoms yield in all cases
upper-bound estimates for the background values of the
recombination rate coefficients, ,BngD and ,B(bf_D, of about
1 x 10719 ¢m?/s. This, together with the Pauli suppres-
sion of these inelastic processes [31]—expected to be even
stronger than that unveiled in Li-D collisions and shown
in Fig. 7—is very promising for future implementation of
collisional cooling of LiCr Feshbach dimers.

VI. QUANTUM CHEMICAL MODELING

The ultracold samples of °Li>*Cr Feshbach dimers,
thoroughly characterized in the previous sections, repre-
sent an excellent starting point for the production of a
high phase-space density gas of deeply bound, paramag-
netic polar molecules. Yet, LiCr is an almost unexplored
species, for which spectroscopic data are completely lack-
ing thus far, except for pioneering electron spin resonance
data [25]. Its theoretical study, through advanced quan-
tum chemical simulations, is thus crucial for two reasons:
first, to gain information about the ground and electroni-
cally excited state properties of the LiCr molecule; second,
to identify suitable pathways to coherently transfer LiCr
Feshbach dimers to the absolute ground state [39]. In
the following, we employ state-of-the-art ab initio quan-
tum chemical methods to build the complete theoreti-
cal model for LiCr. By extending for the first time the
portfolio of computational strategies, already applied to
alkali-metal or alkaline-earth-metal dimers, to ultracold
molecules containing transition-metal atoms, we obtain
quantitatively accurate information on both ground and
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FIG. 8. Long-lived pure LiCr samples in the FORT trap at

8B = —100 mG. The main panel shows the molecule number
(on a log scale) as a function of the hold time, together with an
exponential fit of the long-time decay yielding a time constant of
0.24(1) s. For hold times shorter than 50 ms, we observe a faster
loss dynamics, which we ascribe to the initial excitation of col-
lective modes of the LiCr sample (see the inset) induced by the
magnetoassociation and purification stages.

excited electronic states, transition moments, and resulting
rovibrational structure and spectra.

A. Electronic and rovibrational structure calculations

In the first step, we investigate the electronic struc-
ture of the LiCr molecule. Potential energy curves and
other electronic properties are calculated within the Born-
Oppenheimer approximation, including the electron cor-
relation and relativistic effects. The two lowest electronic
states, X °SF and a®X*, dissociating into ground-state
atoms, can be described very accurately using the hier-
archy of the coupled cluster methods, including cor-
rections up to the quadruple excitation level, CCSDTQ
[58]. Higher-excited electronic states present a chal-
lenge, unprecedented in alkali-metal or alkaline-earth-
metal molecules, because they involve high electronic spin
and large orbital angular momenta of an excited Cr atom.
These states are studied using the multireference config-
uration interaction methods, including single and double
excitations and large active spaces.

We employ large correlation-consistent Gaussian basis
sets with basis set cardinal numbers up to 5 [59,60] to
describe all 27 electrons (three from Li and 24 from Cr).
The scalar relativistic effects are included by the third-
order Douglas-Kroll-Hess relativistic Hamiltonian [61,62],
while the R dependence of the relativistic spin-orbit cou-
pling is neglected. The atomic basis sets are additionally
augmented by a set of bond functions to accelerate the
convergence toward the complete basis set limit. The

counterpoise correction is applied to reduce the basis sets’
superposition errors within the supermolecule approach to
interaction energy calculations [63]. All electronic struc-
ture computations are performed with the MOLPRO pack-
age of ab initio programs [64]. The full triple and quadru-
ple coupled-cluster contributions are computed using the
MRCC code embedded in MOLPRO [65].

In the second step, rovibrational eigenstates are calcu-
lated numerically with the exact diagonalization of the
Hamiltonian for the nuclear motion within the discrete
variable representation on the nonequidistant grid [66].
The atomic scattering lengths are computed using the
renormalized Numerov propagator [67] with step size dou-
bling and about 100 step points per de Broglie wavelength.
Theoretical uncertainties are carefully estimated [68] by
analyzing the convergence of the electronic structure cal-
culations. More details on the employed computational and
theoretical procedures, benchmarks of the used methods
and basis sets, and accuracy estimations are presented in
the accompanying paper [69].

B. Ground-state properties

We predict the well depths D, of the ground X 6%+
and first-excited ¢®X T states to be 8769(140) and
553(11) cm™! at equilibrium distances R, of 4.87(1)a, and
6.50(2)ay, respectively [see Fig. 1(a)]. As shown in Fig. 9,
a large permanent electric dipole moment of 3.3(2) D is
expected for °Li**Cr in the rovibrational ground state (v =
0), with even slightly larger values for excited vibrational
levels of X X%, up to 3.4(2) D for v = 14. Addition-
ally, we remark how sizable electric dipole moment values,
exceeding 1 D, are already expected for comparably high
vibrational states (v < 37) of the X °T* potential; see
Fig. 9. At the same time, the high-spin a®X* state also
exhibits a significant permanent electric dipole moment of
0.67(3) D in its v = 0 level (see Fig. 9), a value exceed-
ing the largest one found for spin-triplet bialkali molecules
[70].

For ®Li>}Cr, the ground electronic state supports 46(1)
vibrational levels and the dissociation energy of the v =
0,j =0 level is Dy = 8599(140) cm~!. The high-spin
state supports exactly 16 vibrational levels with Dy =
512(11) em~!. The rotational constants B, for v = 0 lev-
els of the X X+ and a 8T+ states are 14.02(4) and 7.67(3)
GHz. The bound vibrational levels exist up to jmax =
146(2) for X °=* and jmax = 46(1) for a®X*. Precise
knowledge of the number of vibrational states allows us,
via mass scaling, to infer the scattering properties of all Li-
Cr isotopic combinations from accurate experimental data
obtained for °Li->3>Cr [29,69].

C. Benchmarking the theory

The high accuracy of our ab initio calculation, com-
bined with the comparably small values of both the Li-Cr
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FIG. 9. Permanent electric dipole moments of the LiCr
molecule in the X X+ and a®X* electronic states. The solid
lines present them as a function of the internuclear distance. The
open circles mark their values at equilibrium distances, and the
filled circles present vibrationally averaged moments d, calcu-
lated for all vibrational levels v supported by the considered
electronic states placed at the corresponding vibrationally aver-
aged internuclear distances R, (two last points for both states are
beyond the plot range).

reduced mass and well depth of the a3 7 state, allows us
to also obtain—purely from first principles—reliable pre-
dictions for the scattering properties associated with this
high-spin potential. These are encoded in the octet scatter-
ing length ag, whose value of 41.48(2) ay was determined
with high precision in Ref. [29], as the result of a global
fit of a quantum collisional model to 52 experimentally
observed FRs. In this work, our ab initio model, without
any experimental input, predicts for the °Li->>Cr isotopic
pair ag = 49f3§ ay, which is in excellent agreement with
the measured value. Our prediction results from a last
vibrational level of the a3+ state (v = —1) with energy
E_| = —735f(1’280 MHz and a van der Waals dispersion
coefficient C¢ = 954 Eja§ from perturbation theory [69],
both in good agreement with the fitted experimental values
of E_; = —1146 MHz and Cg = 922(6) Ehag, respectively
[29]. Obtaining reliable predictions for the scattering prop-
erties of a complex, many-electron system, as the Li-Cr
one, from first-principle calculations, is an extremely chal-
lenging task, and such good agreement is thus remarkable.
This makes our result the first-ever scattering length pre-
diction for atom pairs involving a transition-metal element,
and Li-Cr represents the second instance, after Li-Na [68],
where our ab initio methods could quantitatively reproduce
the scattering properties between two atomic species, both
heavier than H, H,, or He.

As an additional test, our ab initio model correctly repro-
duces the order of magnitude of the subtle fine-structure
corrections to the spin-spin interactions resulting from

the second-order spin-orbit coupling and screening direct
magnetic dipolar interactions between electrons [69]. The
quantitative agreement between our ab initio results and
our data on ultracold Li-Cr collisions [29]—governed by
the least bound vibrational level and long-range tail of
the interatomic potential—lets us conclude that our model
can also reliably provide information, with good predic-
tive power, on other LiCr properties, so far experimentally
unexplored.

VII. OPTICAL MANIPULATION OF LiCr

As anticipated at the beginning of Sec. VI, coherent
two-photon optical transfer of LiCr Feshbach dimers to
the rovibrational ground state requires detailed knowledge
of the intermediate, electronically excited levels of the
associated transition dipole moments, and of the result-
ing molecular spectra—completely lacking experimental
investigation so far. In the following, we employ our ab
initio model to explore the properties of excited electronic
states of LiCr, which allows us to identify suitable transi-
tions for the efficient conversion of Feshbach dimers into
tightly bound states, and more generally for the optical
manipulation of LiCr.

A. Excited electronic states

Calculations of excited electronic states are significantly
more challenging than those of ground ones. Excited states
of the LiCr molecule are especially demanding because of
the highly multireference nature of the Cr half-filled elec-
tron d shell participating in chemical bonding. In Fig. 10,
we present the spectrum in Hund’s case (a) representa-
tion of all molecular excited electronic states of LiCr up
to the Cr(’S) + Li(*P) asymptote. The states of X, II,
and A spatial symmetries with total electronic spin S =
3/2,5/2,7/2 exist. The higher-lying energy asymptote,
Cr(’P) + Li(%S), is above 20000 cm™', and it will not be
discussed here.

Two families of excited electronic states can be seen in
Fig. 10: a first set dissociating into metastable, excited-
state Cr (°S or °D) and ground-state Li (2S), and another set
that dissociates into ground-state Cr (’S) and excited-state
Li (*P). The former ones are relatively shallow, especially
those associated with Cr in the >D state with the closed
4s? shell screening interactions with the open 3d* shell.
The states belonging to the second family, and connected
to the Cr(’S) + Li(®P) asymptote, are deeper. Despite the
large number of states, an avoided crossing is visible only
between those with °TT symmetry.

The spin-orbit coupling can couple the excited elec-
tronic states of different spin and spatial symmetries.
Its largest strength is expected for states dissociating
into Cr(°D) + Li(%S), which is asymptotically split by
hundreds of cm~!. Coupling of crossing states leads to
avoided crossings and to enhanced mixing of different spin
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FIG. 10. Potential energy curves of the LiCr molecule in the
ground and excited electronic states [in Hund’s case (a) represen-
tation]. The arrows show the proposed pump and Stokes STIRAP
transitions at Ap & 720 nm and Ag & 445 nm, respectively.

components. The spin-orbit coupling between electronic
states dissociating into Cr(’S) 4+ Li(>P) should be smaller
because of its negligible asymptotic value, although it
might be enhanced at small internuclear distances by the
presence of Cr. Although this will be discussed in more
detail in the following section, we remark here how the
energy landscape of LiCr, shown in Fig. 10, is significantly
richer than the more familiar one of bialkali systems, and it
originates from the involvement of d-shell electrons of Cr.
While this results in a more complex scenario, the exis-
tence of metastable excited states such as * A—with large
angular momenta and a potentially long lifetime—opens
the way for applications of LiCr, primarily in the con-
text of precision measurements [71—73], unattainable with
alkali-metal dimers.

B. Prospects for STIRAP

Having provided an overview of both ground and elec-
tronically excited states of LiCr in the previous sections,
we now move to discuss possible pathways for the efficient
optical transfer of our Feshbach dimers towards deeply
bound levels via STIRAP [74]. This method was suc-
cessfully employed for a large number of alkali-metal
diatomic molecules, and it involves two laser pulses that
transfer coherently a molecular population between the
initial and final states through an intermediate electron-
ically excited state in a A configuration, while never
populating it. Accurate knowledge of the energies and

dipole moments of the most favorable transitions is needed
to execute STIRAP successfully. While such properties
can be obtained experimentally through tedious and time-
consuming spectroscopic measurements, identification of
suitable STIRAP pathways can be highly accelerated when
guided by state-of-the-art molecular calculations presented
in this work. Efficient STIRAP transfer of Feshbach dimers
to the absolute ground state necessarily requires pinpoint-
ing an intermediate, electronically excited vibrational state
that exhibits a significant overlap with both the initial
(weakly bound, long-ranged) and the final (deeply bound,
short-ranged) levels. In our search, we focus on STIRAP
paths involving sextet electronic states only. Restricting
our survey to this subclass is motivated by the fact that
our Feshbach dimers have (almost) pure sextet charac-
ter (see Sec. IV A), as that of the LiCr rovibrational
ground state. This greatly simplifies our task, and the cor-
responding STIRAP scheme is conceptually equivalent to
the singlet-to-singlet optical transfer of bialkali dimers,
recently successfully employed to produce ground-state
°Li**K molecules [50].

The (4)°E* and (2) °I1 electronic states dissociating
into Cr(’S) + Li(*P) are the most promising for provid-
ing suitable intermediate levels because they are relatively
well separated from other states and should be accessible at
convenient optical wavelengths by strong transition dipole
moments borrowed from the strong atomic transition S —
2P in Li [69]. According to our calculations, they sup-
port 54(5) and 48(4) vibrational levels, respectively, while
their dissociation energies are around 5700 and 6800 cm™!.
Franck-Condon factors (FCFs), |(v]|v')|?, between vibra-
tional levels supported by the ground (v) and excited (v")
electronic states give the initial insight into possible optical
transitions. They are presented in Fig. 11 for the rele-
vant sextet states. The overview of the FCFs suggests the
XYt — (4)%%* transitions [see Fig. 11(a)] as the most
promising ones for the STIRAP implementation. Similar
to alkali-metal dimers, the characteristic bent shape of the
largest FCFs shows the existence of intermediate levels of
the excited (4) ®X* state having noticeable overlap with
both weakly and deeply bound levels of the ground X ¢+
state. In contrast, the FCFs for the X *X+ — (2) °II tran-
sitions [see Fig. 11(b)] are visibly diagonal, which is not a
preferable pattern for an efficient STIRAP transfer.

Figure 12 presents the FCFs for transitions from the least
bound (denoted here as v = —1) and ground (v = 0) lev-
els of the X °X* ground electronic state to intermediate
levels v’ supported by the (4) = excited electronic state.
The largest FCFs for the “pump” transition v = —1 — v’
(red symbols) are expected to connect to the most weakly
bound excited-state levels just below the Cr(’S) 4+ Li(>P)
atomic threshold, but values above 10~ are predicted up
to binding energies E,/ of almost 3000 cm~'. These FCFs
also give the shape of a photoassociation spectrum. The
largest FCFs for the “Stokes” transition v — v = 0 (blue
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FIG. 11. Franck-Condon factors |(v|v')|> between vibrational

levels of the LiCr molecule in the X °X* ground electronic
state v and (4)°E* and (2) °I1 excited electronic states v’ as
a function of their energies E,: (a) X °=F — (4)°X* and (b)
X0t - (2)°IL.

symbols) are found to connect to levels in the middle of
the interaction potential well, with values above 10~2 for
binding energies between 1400 and 4400 cm~'. Strong
Stokes transitions result from the alignment of the equi-
librium distance of the X X% ground electronic state and
the inner classical turning point of the (4)®Z* excited
electronic state (see Fig. 10). The combination of the
pump and Stokes FCFs govern the STIRAP. The largest
two-photon FCF, [(—1|v')(v|0)], of 6 x 1073, is found
for the v’ = 20 intermediate level with a binding energy
around 2400 cm~!. Yet, FCFs exceeding 103 are expected
for most vibrational levels with binding energies up to
3100 cm~!. Thus, to avoid a large power imbalance of
the pump and Stokes laser fields, intermediate v’ levels
with smaller binding energies around 1000 cm~' can be
addressed with convenient wavelengths of Ap ~ 720 nm
and Ag ~ 445 nm, respectively; see Fig. 10.

The predicted FCFs for the X °X+ — (4) =™ transitions
are similar to, or even more favorable than, those found for
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FIG. 12. Franck-Condon factors |(v|v')|> between the initial

weakly bound v = —1 and final ground v = 0 vibrational lev-
els of the X ®X* ground electronic state and the intermediate
vibrational levels v’ with energies E, of the 4) T+ excited

electronic state and their combination /|{—1|v")|2|{0[v")|? =

[{(—1]v")(v'|0)| for two-photon transition between the v = —1
and v = 0 levels.

alkali-metal diatomic molecules, where a STIRAP transfer
efficiency as large as 90% was achieved. Our predictions
are robust against the uncertainty of calculated excited
electronic states [69], and favorable conditions are per-
sistent, assuming 10%—20% errors for the well depth and
0.2-0.5a¢ errors for the equilibrium distance. Including
the R dependence of the transition dipole moments also
does not affect the presented findings [69]. Also, spin-orbit
coupling—neglected in these calculations and that could
perturb some levels accidentally close to other ones of dif-
ferent symmetry—is expected, overall, to negligibly affect
our results.

The detailed analysis of the X X+ — (2) °IT transi-
tions, see Fig. 11(b), confirms that they are less suited for
STIRAP, as they exhibit two-photon FCFs smaller by sev-
eral orders of magnitude than those for X X+ — (4)°x+
transitions [69]. The pump FCFs are smaller because the
(2) °TI potential is shallower than the (4) =™ one at inter-
mediate and large distances (see Fig. 10). The FCFs notice-
ably exhibit a diagonal structure that results from the acci-
dental alignment of the equilibrium distances of the X *X+
and (2) °IT states. This peculiar feature, inconvenient for
STIRAP, may instead allow for direct imaging, and pos-
sibly even laser cooling, of ground-state LiCr molecules.
While the exact values of diagonal FCFs are very sensitive
to the accuracy of underlying electronic states, our model
yields FCFs robustly above 0.5 [69], sufficiently large to
enable direct optical imaging of ground-state LiCr, e.g.,
in optical tweezers. Additionally, for our current PECs,
the FCFsforv =0 —v=0,v=0—v=1,and v =
0 — v = 2 transitions are predicted to be 0.94, 0.056, and
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0.0007, respectively. Such a set of values is comparable
to those of CaF and similar molecules, and, if experimen-
tally confirmed, could even allow for direct laser cooling
of LiCr.

VIII. CONCLUSIONS AND OUTLOOK

In summary, we have produced ultracold gases of up
to 50 x 10> bosonic °Li>>Cr Feshbach molecules from
atomic Fermi mixtures, reaching phase-space densities of
0.1 at about 200 nK. Thanks to the immunity to two-body
decay and the good stability against three-body recombi-
nation of our mixture, we could perform magnetoassocia-
tion with B-field rates slower than the two-body adiabatic
regime by orders of magnitude. We have directly revealed
the paramagnetic nature of the LiCr electronic ground
state, and demonstrated precise control of the Feshbach
state via a novel optical measurement of the open-channel
fraction and binding energy. Through the characteriza-
tion of the relevant loss mechanisms affecting Feshbach
dimers, we have identified an experimental configuration
where their lifetime exceeds 0.2 s. By developing a quan-
tum chemical model for LiCr via state-of-the-art ab initio
methods, we have determined the fundamental properties
of this new molecular species. In particular, for the rovi-
brational X ¢S+ ground state, we predict a large electric
dipole moment of 3.3(2) D, on top of a sizable magnetic
one (5up). Additionally, our model foresees that Fesh-
bach dimers, already created in the least bound X ¢
vibrational level, can be efficiently transferred, via STI-
RAP through a (4) °X+ level, to the absolute ground state.
There, direct imaging and cooling schemes may be enabled
by X °X+ — (2) °II optical transitions. Our results thus
make ultracold LiCr emerge as an appealing system for a
wealth of fundamental studies and future applications.

A high phase-space density sample of °Li>>Cr Feshbach
dimers, already realized, opens exciting new routes for
the investigation of strongly correlated fermionic matter.
Extending the protocols developed in this work may allow
us to Bose-condense Feshbach dimers—thereby paving the
way to BCS-BEC crossover studies in the presence of a
large mass asymmetry [75—77]. The creation of long-lived
LiCr dimers in the presence of a controlled amount of Cr
is a fundamental step towards novel few- and many-body
phenomena, uniquely enabled by the peculiar mass ratio of
our atomic Fermi mixture [37]: for instance, the existence
of LiCr, fermionic trimers [78-80], and LiCr; bosonic
tetramers [81-83], the emergence of new types of quasi-
particles within the light-impurity problem [84,85], and,
possibly, the appearance of many-body regimes beyond the
BCS-BEC crossover scenario, such as trimer Fermi gases
[86] or quartet superfluid states [87].

Our joint experimental and theoretical results suggest
that the realization of quantum gases of doubly polar

6Li>3Cr bosonic molecules, with large electric and mag-
netic dipole moments, is within reach. Clearly, identifica-
tion of the optimal STIRAP transfer will require extensive
laser spectroscopy, but this will be greatly facilitated by
our ab initio model predictions and by the long life-
time of Feshbach dimers, already achieved. Interestingly,
electric dipole moments as high as 1 D can already be
obtained in relatively shallow vibrational levels of LiCr
with v ~ 37 and a binding energy as low as 190 cm™';
see Sec. VI. Given the relatively simple spectroscopic sur-
vey needed to find these states, this possibility represents
an appealing intermediate, short-term step. In particular,
such vibrationally excited molecules offer high sensitivity
to the electron-to-proton mass ratio m,/m, [69], overcom-
ing that of alkali and alkaline-earth dimers, and they could
be employed to detect possible variations of m,/m,, in pre-
cision measurements, and to gain insight into fundamental
physics.

LiCr molecules, pinned in optical lattice sites or tweezer
traps, will find immediate application in the context of
quantum simulation of spin Hamiltonians [4—7], as well
as high-dimensional quantum computing [8,9], exploiting
the internal spin degree of freedom, absent in ground-
state alkali dimers. Bulk gases will be ideal test beds
for quantum controlled chemistry: although ground-state
LiCr molecules are chemically unstable under atom-
exchange reactions LiCr 4+ LiCr — Li 4+ Crp, in their
spin-stretched state resulting from STIRAP they are
expected to be stabilized because the decay to deep Cr;
levels becomes spin forbidden. The predicted rotational
constant and electric dipole moment, incidentally close
to those of CaF, suggest that collision shielding, via
microwave [88] or static electric fields [89,90], could be
applied to stabilize bulk samples and perform evaporative
cooling. Additionally, resonant tuning of magnetic [12]
and field-linked resonances [91] may be investigated in
LiCr. Prospects for precision measurements also appear
promising: on top of the measurement of m,/m, already
mentioned, the observation of the electron’s electric dipole
moment may be facilitated by the internal comagnetome-
ter states offered by long-lived * A metastable levels [71],
unavailable in alkali-metal dimers.

Finally, it is worth noting that fermionic isotopologues
"Li*3Cr and °Li*Cr could also be formed via magnetoas-
sociation across suitable FRs [29] on our experimental
setup. More generally, combining Cr with other alkalis,
with heavier mass and lower electronegativity than Li,
could result in molecular paramagnetic species with even
larger electric dipole moments.
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APPENDIX A: TRAP CONFIGURATION AND
SAMPLE CONDITIONS

The BODT used in this work is realized by superimpos-
ing an infrared laser beam with a green one, both propa-
gating along the x direction in the horizontal (x,y) plane
[28]. The former is delivered by a multimode 1070-nm
fiber laser (IPG Photonics YLR-300) and has a horizontal
(vertical) waist of w, = 58 pm (w, = 44 pum). The latter
is generated by a single-mode source at 532 nm (Light-
house Photonics Sprout-G) and has a horizontal (vertical)
waist of w, = 48 pm (w; = 45 pm). The 1560-nm FORT
employed to obtain long-lived molecular samples (see
Sec. V) has a circular beam waist of 55 wm, and it is
delivered by an erbium fiber amplifier (Keopsys-CEFA-C-
BO-HP) seeded by a single-mode master laser (Rock™,
NP Photonics).

Our magnetic field coils provide, besides the required
bias, both a magnetic field curvature in the (x, y) horizontal
plane of 12.3 G cm—2—which determines the axial con-
finement along the weak axis of the BODT—as well as
a magnetic field gradient of about 1.5 G cm™! along the
vertical direction. The latter value is optimized in order
to levitate the heavier Cr atoms—that would otherwise be
lost from the trap at the end of the evaporation stage—and,
simultaneously, to minimize the gravitational sag between
the two mixture components.

Typical trap frequencies for most of the experimen-
tal studies described in the main text are (vy,vy,v;) =
(17,115,156) Hz and (v, v,,v.) = (14,124, 118) Hz for
Li and Cr, respectively, with an overall trap depth ratio of

ULi/Ucy = 0.75, which can be tuned thanks to the species-
dependent dynamic polarizabilities [56] of the two BODT
beams.

To optimize magnetoassociation, we maximize the spa-
tial density overlap between Li and Cr clouds by tuning
the power ratio of the BODT. We do this by linearly
ramping the green ODT from the final evaporation value,
which provides a deeper trap for Cr with respect to Li,
to a lower value right before the magnetoassociation field
sweep. During this ramp the trap gets tighter and deeper
for Li, while the opposite holds for Cr. A sweet spot
exists for a green-to-IR power ratio of about 0.35, which
corresponds to Pg = 60 mW and Pr = 180 mW, where
(npincy) = 5.0(5) x 10'® cm™3. The confinement in this
BODT configuration is characterized by geometrically
averaged radial trapping frequencies /v, v; of about 340,
105, and 145 Hz for Li, Cr, and LiCr dimers, respec-
tively. The axial confinement, as already mentioned above,
is entirely set by our magnetic field curvature, and it is
characterized by trapping frequencies of v,r; = 17.0(6)
Hz, vy cr = 14.0(5) Hz, and vy Licr = 12.1(5) Hz, where
the LiCr molecules are assumed to be fully closed chan-
nel. After the BODT is switched off, atoms and molecules
expand into a magnetic saddle potential, with trapping fre-
quencies v, = v, in the horizontal plane—equal to the in
situ axial ones—and vertical antitrapping frequencies of
v, = iﬁvx.

APPENDIX B: MAGNETIC FIELD STABILITY

The experimental studies described in the main text
require excellent stability of the magnetic field bias, and
an accurate dynamic tuning of it within the experimen-
tal cycle, in light of the comparatively narrow width of
the available Li-Cr FRs combined with their high-field
location, exceeding 1.4 kG. In our setup, a highly sta-
ble magnetic field is produced by means of three different
sets of coils, denoted FESH1, FESH2, and COMP coils,
respectively. The main FESH1 coils are able to produce
magnetic fields of up to 1.5 kG, corresponding to a dc
current of about 200 A. This is generated by a 15-kW
programmable power supply (TDK-Lambda GSP-80-195).
The FESH1 current, measured with a current transducer
(LEM ITN 600-S ULTRASTAB), is actively stabilized
via a proportional-integral controller acting on the volt-
age programming input of the power supply. This ensures
reproducibility and medium-term stability of the applied
bias field. The (much smaller) FESH2 coils can produce
fields of about 2.5 G at the maximum employed current of
5 A. They are used, in combination with FESH1, to finely
tune the magnetic field around the FR. The FESH2 current
is also actively stabilized by means of a similar setup as the
FESHI current with a second controller and current trans-
ducer set of the same type. As far as the FESH2 setup is
concerned, active stabilization of the current allows us to
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reduce the noise of the generated magnetic field well below
1 mG.

The FESHI1 coils, instead, that are driven with a signifi-
cantly higher current, exhibit a larger residual closed-loop
noise synchronous with the 50-Hz mains. This is charac-
terized by a peak-to-peak amplitude of about 40 mG at
1.4 kG and by Fourier components at 50 Hz and a few
higher harmonics; see the blue squares and blue curve
in Fig. 13. This behavior is revealed by synchronizing
the experimental sequence with the 50-Hz mains. Since
the line carrier frequency can vary appreciably within the
duration of the experiment, we not only synchronize the
start of the experiment with the ac line, but also before
the execution of field-sensitive measurements. This allows
us to trace the magnetic field fluctuations at ¢ > ¢; via
rf spectroscopy on the Cr|l) <> Cr|2) Zeeman transition.
Specifically, we adjust the rf power and pulse duration
to achieve a w pulse on resonance, and then detune the
frequency to yield a 50% transferred fraction. This side-
of-fringe configuration yields the maximum sensitivity to
magnetic field variations and, for Fourier-limited pulse
widths exceeding noise-induced frequency shifts, it can be
used to unambiguously retrieve the time evolution from
the transfer efficiency. For this reason, we initially employ
a 1.8-ms-long pulse to characterize the noise of our coil
setup, and only at a later stage we extend it to 3.6 ms
to gain in sensitivity at the expense of a reduced band-
width. A typical magnetic field trace obtained with the
initial 1.8-ms-long pulse is presented in Fig. 13 (blue
squares). As anticipated, the observed trend is well fit-
ted by a sum of sinusoidal functions with a main 50-Hz
component and a few higher harmonics of progressively
smaller amplitudes; see the solid blue line. The best-fit
function to the experimental data is then reversed and
used to drive the additional COMP coil setup to imple-
ment the feed forward to compensate field fluctuations. A
second iteration with the 3.6-ms-long pulse allows us to
further refine the signal sent to the COMP coils. Through
this active compensation procedure, we are finally left
with residual 5-mG peak-to-peak fluctuations synchronous
with the 50-Hz mains; see the green circles in Fig. 13.
Such a stability is found to be maintained over several
weeks.

In order to determine the shot-to-shot noise of the mag-
netic field, we acquire statistics of the observed transfer
efficiency for variable spectral resolution at fixed time of
the pulse #; during the sequence. The standard deviation of
the samples is linearly correlated with the spectral resolu-
tion over a wide range and can be interpreted as shot-to-
shot standard deviation of about 2.5 mG, which constitutes
the main source for field fluctuations asynchronous with
the 50-Hz mains. Finally, slow thermal effects on the whole
coil setup cause a linear drift of the bias 