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Exploring Ultracold Collisions in °Li-53Cr Fermi Mixtures: Feshbach Resonances
and Scattering Properties of a Novel Alkali-Transition Metal System
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We investigate ultracold collisions in a novel mixture of °Li and >>Cr fermionic atoms, discovering more
than 50 interspecies Feshbach resonances via loss spectroscopy. Building a full coupled-channel model, we
unambiguously characterize the °Li->3Cr scattering properties and yield predictions for other isotopic pairs.
In particular, we identify various Feshbach resonances that enable the controlled tuning of elastic s- and
p-wave °Li->Cr interactions. Our studies thus make lithium-chromium mixtures emerge as optimally
suited platforms for the experimental search of elusive few- and many-body regimes of highly correlated
fermionic matter, and for the realization of a new class of ultracold polar molecules possessing both electric

and magnetic dipole moments.
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Strongly interacting mixtures of two different kinds of
fermionic particles [1-4] exhibit a plethora of few- and
many-body phenomena extending well beyond single-
component systems. In particular, this holds true for ultra-
cold mixtures of chemically different atomic species, for
which strong interactions, combined with a heavy-light mass
imbalance M /m, are predicted to promote a variety of exotic
regimes that are hard, or even impossible to attain with their
homonuclear counterparts. Notable examples are exotic
few-particle clusters [5—18] expected to develop for peculiar
mass asymmetries 8 < M/m < 14 [7-11], novel types of
impurity physics [19-22], and mediated quasiparticle inter-
actions [23-25], which promote the emergence of elusive
many-body states [26-29]. Moreover, weakly bound
bosonic dimers created from a Fermi mixture, thanks to
their increased collisional stability [30,31] near an s-wave
Feshbach resonance (FR) [32], represent an unparalleled
starting point to realize degenerate samples of ground-state
polar molecules [33-38]. This has stimulated the search
for heteronuclear Fermi systems with suitable Feshbach
resonances, resulting in pioneering studies of the bialkali
®Li-*K combination [39—47], and by a more recent inves-
tigation of “°K-'9'Dy [48] and °Li-'”’Yb [49] alkali-
lanthanide mixtures.

Here, we explore ultracold collisions in a novel °Li->3Cr
Fermi mixture of alkali and transition metal atoms, which
is uniquely interesting for two main reasons: First, the
peculiar chromium-lithium mass ratio, M/m ~ 8.8, is
optimally suited to unveil novel non-Efimovian few-body
states [7—11]. Notably, these are predicted to be collision-
ally stable, implying that their presence within a many-
particle system will not lead to a reduced lifetime [8,28,31].
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This may open the unparalleled possibility to resonantly
increase [8—10] nonperturbative, elastic few-body effects,
and to probe their impact at the many-body level. Second,
recent studies [50] predict LiCr ground-state dimers to
combine a large electric dipole moment exceeding 3 Debye
with a 5/2 electronic spin, making Li-Cr mixtures appeal-
ing candidates to realize ultracold polar, paramagnetic
molecules. Yet, whether Li-Cr mixtures exhibit favorable
scattering properties, crucial to access these compelling
scenarios, has been so far unpredictable due to the complete
lack of experimental input.

We positively answer this question by identifying vari-
ous s- and p-wave Feshbach resonances well suited for the
controlled tuning of elastic Li-Cr interactions. Through loss
spectroscopy measurements [32] we reveal more than 50
isolated interspecies FRs, arranged in nonchaotic patterns
despite the dipolar nature and complex level structure of
fermionic >3Cr [51], reminiscent of '®'Dy [52] and !'67Er
[53]. We construct a full coupled-channel model [32]
able to unambiguously connect the observed features to
well-defined LiCr molecular states. We experimentally
characterize one among such resonances, finding excellent
agreement with our model predictions. We also find
favorable scenarios for other isotopic pairs, opening the
route to future few- and many-body studies with resonantly
interacting lithium-chromium mixtures.

By following procedures reported elsewhere [51,54], we
produce ultracold samples of °Li and 3Cr atoms in a
bichromatic optical dipole trap (BODT), formed by a
multimode infrared (IR) laser beam centered at 1073 nm
[55], overlapped with a green beam at 532 nm, focused to a
waist of 45 ym and 40 um, respectively. The lithium-to-
chromium trap depth ratio set by the primary IR source,
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of about 3, can be reduced by the green light, which
confines chromium and anticonfines lithium, allowing one
to controllably adjust the Li and Cr populations, densities,
and temperature. To perform FR scans, we employ ultra-
cold mixtures at 10(1) pK, trapped in the sole IR beam
with negligible differential gravitational sag, comprising
about 10° Cr and 1.8 x 10° Li atoms, characterized by
Cr (Li) peak densities of 10" cm™ (2 x 102 cm™3).

Spin-state manipulation [54] allows us to explore differ-
ent binary Li-Cr mixtures: lithium is prepared in either
of the two lowest Zeeman levels of the electronic and
hyperfine ground-state manifold 2, s |fi=1/2,mypp5 =
+1/2), hereafter labeled Li|1) and Li|2), respectively [56].
Chromium, initially produced in the lowest hyperfine and
Zeeman level |fc, =9/2,my ¢, = —9/2) of its electronic
ground state "S5 [51] (hereafter denoted Cr|1)), can also be
transferred to the two higher-lying Zeeman states of the
fcr = 9/2 manifold, labeled Cr|2) and Cr|3), respectively.
We explore all six Li|i)-Cr|j) mixtures with i =1, 2
and j =1, 2, 3, each being characterized by the total
spin projection quantum number, M, = myy; + my o, =
—i+ j—4, thus spanning =5 < M, < 2.

We perform loss spectroscopy through magnetic-field
scans with typical step size of 60 mG. We keep the sample
at a variable field for a fixed time 75, and then monitor the
remaining atoms via spin-selective absorption imaging
[54]. FRs are identified by enhanced atom losses, induced
by different processes depending on the spin combination
investigated [32]. Any Li|i)-Cr|;j) mixture but the lowest-
energy one, { = j = 1, may undergo two-body losses.
Inelastic spin exchange occurs whenever the initial atom
pair is coupled to an energetically lower channel with equal
M and orbital partial wave [. Such a process does not
affect excited spin combinations with either Li or Cr in the
ground state (i or j=1). Weaker dipolar relaxation
processes are enabled by spin-dipole coupling [32] for
any excited mixture, that can decay to lower-lying
states with different M, or [, provided that Al =0, 42
and My + m; is conserved, m; being the projection of [
along the magnetic-field quantization axis [42]. Three-body
recombination processes affect any mixture. While these
can in principle involve either two light and one heavy atom
or vice versa, only the former case is relevant here, given
our Li-Cr density imbalance.

Figure 1 provides an overview of FR scans for four of the
six Li-Cr combinations explored herein, from which
important insights can be gained. None of the mixtures
exhibits a dense FR spectrum, in contrast with mixtures of
alkalis and Er or Dy lanthanides [48,57]. Similarly to
bialkali systems, see e.g., Ref. [39], none of the loss peaks
is due to, or overlapped with, Cr-Cr or Li-Li resonances.
Additionally, nearly coincident FR locations found among
different spectra, both for mixtures with equal M, values
[see Figs. 1(b) and 1(c)], and unequal ones, suggest that
relatively few molecular states, split into different hyperfine
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FIG. 1. Overview of °Li->>Cr loss spectra. The remaining Cr

number, normalized to its background value, recorded after an
interaction time ¢z with lithium, is plotted as a function of the
magnetic field for four different combinations: (a) Li|2)-Cr|3),
M = =3; (b) Li|2)-Cr|2), M; = —4; (c) Li[1)-Cr[1), M, = —4;
and (d) Li|2)-Cr|1), M, = —5. Each point is the average of at
least four independent measurements. ty =4 s for all but
the (c) panel, where t;; = 5 s. Features that our model links to
s-, p- and d-wave molecular levels are colored blue, orange, and
green, respectively. Numbers in brackets indicate the assigned m;.

levels, suffice to explain our observation. Finally, while
few, sparse, and narrow features characterize the high-field
spectral regions above 150 G, each scan but the Li|1)-Cr|1)
one exhibits more complex patterns below 150 G, with
strong loss peaks arranged in doublet or triplet structures;
see, e.g., Fig. 1(b). This suggests that three-body losses are
overcome by two-body ones in such a field region, and that
the observed FRs likely occur in / > O partial waves, split
by the magnetic dipole-dipole interaction [58,59] and
possibly other couplings [60].

This intuition is supported by additional loss data,
recorded near two low-field Li|2)-Cr|1) FRs on low-
density samples that were prepared at 5 K and 24 uK,
shown in Figs. 2(a) and 2(b), respectively. Both features are
highly asymmetric, and they sensitively widen for increas-
ing temperature, a behavior typical of / > 0-wave FRs
[58,59,61]. Without aiming at a quantitative line shape
analysis, we remark that our data are well reproduced (see
solid lines in Fig. 2) by a simple model [62] that assumes
[ = 1 collisions and solely accounts for two-body processes
[63]. Another peculiarity of Fig. 2 spectra, common to
other features in Fig. 1, is their thermal tail [58,59,61]
oriented toward lower fields. This implies that such
FRs originate from “anomalous” molecular levels that
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FIG. 2. Temperature dependence of atom loss at two low-field
FRs of Li|2)-Cr|1). (a) The remaining Cr fraction, recorded after
ty =4 s with a Li sample at 5 uK, is plotted as a function of the
magnetic field. (b) Same as (a) but for 24 K. Each data point is
the average of three independent measurements. Lines are best
fits to the model of Ref. [62] for p-wave collisions.

lay slightly above the atomic threshold at zero field and
cross it with negative differential magnetic moments.

We now move to quantitatively analyze our spectro-
scopic data building a full coupled-channel model [32].
This accounts for the atomic hyperfine and Zeeman
energies [64,65], defining the asymptotic collision thresh-
olds. The electrostatic interaction is represented by adia-
batic Born-Oppenheimer potentials of sextet XX+ and octet
a®Tt symmetry, where S = 5/2 and 7/2 denote the total
electron spin of LiCr dimers. Such potentials, correlating at
long range with the well-known analytical form [32]
comprising a multipolar expansion plus the exchange
potential, are parametrized in terms of sextet aq and octet
ag s-wave scattering lengths, respectively. Besides this
strong isotropic interaction, both / and M, conserving, we
also account for weaker anisotropic couplings originating
from the long-range magnetic spin and short-range second-
order spin-orbit interactions. These terms can couple
different partial waves and hyperfine states, with the
selection rules discussed above for dipolar relaxation
processes [32,66].

Starting from the ab initio data and long-range potential
parameters of Ref. [76], we optimize the initially unknown
values of a4 and ag, and of the dispersion coefficients Cg
and Cjg, using least-square iterations by comparison with
the experimental data. By tentatively identifying the iso-
lated loss peaks above 1 kG as spin-exchange s-wave FRs
associated with § = 5/2 rotationless (/, = 0) molecular
states, the sextet scattering length is strongly constrained to
ag = 15.5ay. This also reproduces several other features at
lower field, assigned to [, =2 states of the §=15/2
potential, thus confirming the hypothesis. A strong con-
straint on ag is instead provided by the peculiar low-field
patterns, characterized by irregularly spaced triplets and
several “anomalous” FRs (see Fig. 2). A global least-square

TABLE L. Selection of °Li->>Cr Feshbach resonances immune
to inelastic spin-exchange decay. Experimental B, and theo-
retical B, locations are compared for Li-Cr (i, j) channels. By,
are obtained from the zeroes of the numerically computed first
derivative of loss data. A conservative 200 mG uncertainty
combines our 10 mG field stability over 4 s with day-by-day
field drift and systematic errors. For incoming s-wave (p wave)

FRs, background scattering lengths ab (volumes ab ) and

magnetic widths A, are computed in the zero-energy limit
(at collision energy E/kg = 10 uK). Coupled s and d waves
(p wave only) are included for s-wave (p-wave) resonances.
The differential magnetic moment &y, the electron spin S,, and
the rotational angular momentum /, of the molecular state are
also listed. Additional data are reported in the Supplemental
Material [66].

i.j..m; Bey (G)By (G) S, 1, ay (aZ*) Ay (G) o (up)
1,1,0,0 204.6 204.7 5/2,2 413 7.0 x 1073 3.7
1,1,0,0 477.6 478.1 5/2,2 41.5 1.8x 1073 2.0
1,1,0,0 501.0 501.9 5/2,2 41.5 3.8 x107* 2.0
1,1,0,0 687.4 687.1 5/2,0 41.5 23x 107* 4.0
1,1,0,0 1414.0 1414.15/2,0 41.5 0.47 2.0
2,1,1,0 3.05 23 7/2,1-1.6x 105 =370 -0.56
2,1,1,1 21.1 209 7/2,1 8.2 x 103 119 —-0.28
2,1,1,-1 242 242 7/2,1 2.5% 104 37.8 —0.24
2,1,1,-1 543 548 7/2,1 1.4 x 105 —4.56 0.27
2,1,1,1 55.6  56.1 7/2,1—-1.1x 10° 5.08 0.31
2,1,0,0 2257 2258 5/2,2 41.3 74x 1073 3.8
2,1,0,0 457.0 456.7 5/2,2 41.5 3.6x 1074 2.0
2,1,0,0 5314 531.8 5/2,2 41.5 23x%x 1074 2.0
2,1,0,0 1461.2 1461.25/2,0 41.5 0.48 2.0
1,2,0,0 65.0 659 7/2,0 39.5 6.6 x 1073 3.1
1,2,0,0 1357 135.7 5/2,2 40.8 37x 1075 5.0
1,2,0,0 139.5 1404 7/2,0 40.8 1.9x 1073 3.0
1,2,0,0 483.5 484.25/2,2 41.5 1.7x 1072 2.0
1,2,0,0 1418.1 1417.95/2,0 41.5 0.47 2.0

fit to the observed FRs yields the best-fit parameters
ag = 1546(15)@0, ag = 4148(2)610, C6 = 922(6) a.u.,
and Cg = 9.8(5) x 10* a.u., where errors represent one
standard deviation obtained from the fit covariance matrix.
We remark that our ag value agrees well with recent
ab initio estimates [50].

Our quantum collisional model accurately reproduces
the experimental findings, as shown in Table I for a subset
of 20 FRs. Besides the magnetic field location, we provide
the relevant quantum numbers for both the entrance
channel and molecular state, together with the associated
resonance parameters background scattering length al()(;)
(or volume a,g ) ), magnetic width A, and magnetic
moment du of the molecular state relative to the atomic
threshold. The low-field spectral region is entirely domi-
nated by p-wave FRs, featuring m; splittings much larger
than those found in alkali systems [58—60], owing to the
increased role of spin-spin dipole coupling in Li-Cr
mixtures and to the coincidentally small relative magnetic
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FIG. 3. Inelastic and elastic scattering at a Li|2)-Cr|1) s-wave

FR. (a) Magnetic-field dependence of the remaining Cr fraction
(blue circles, left axis) and final Li temperature (red squares, right
axis), recorded on a mixture at 2 yK after 150 ms interaction
time. Each data point is the average of at least three independent
measurements. The loss peak corresponds to a 1/e lifetime of
40(3) ms. (b) Field dependence of the collision-induced damping
rate I of a Li cloud at 2 K, sloshing along the weak axis of the
BODT in the presence of a Cr cloud at rest. Experimentally
determined normalized I'/Ty, is compared with the thermally
averaged elastic scattering rate given by our model (solid line).
Error bars account for the statistical error of the fit of the
oscillation data to a damped sinusoidal function. The shaded
area marks panel (a) boundaries. For both panels the field
uncertainty is 5 mG.

moment of the molecular states involved. In particular, we
highlight the presence in Li|2)-Cr|1) of a strong p-wave FR
with m; = —1, centered around 24 G and essentially
immune to two-body losses [66], well-suited to investigate
p-wave resonant Fermi mixtures [77].

We also identify various s-wave FRs in different spin
combinations, including the absolute Li-Cr ground state.
Owing to the relatively small values of aq and ag [32],
similar to the Li-K case [39,42], these features are generally
narrow. In particular, our model connects all FRs above
1400 G to I/, = 0 molecular levels of X°C* potentials,
predicting negligible two-body loss rates, magnetic-field
widths A, ~ 0.5 G, and associated effective-range para-
meters [32,44] of a few 1000 a,.

We test these expectations by inspecting inelastic
and elastic properties of the FR located at 1461 G occurring
in the Li|2)-Cr|1) channel. Figure 3(a) shows a 10 mG-
resolution loss scan, performed with a mixture initially
produced at 2 K, comprising about 5 x 103 Li and 103 Cr
atoms, respectively, and characterized by a Li (Cr) peak
density of about 4 x 10'> cm™ (10'> cm™3). Through a
30 ms-long linear ramp, the magnetic field is lowered from
1464 G to the final value, where the sample is held
for 150 ms. The observed loss feature, shown in
Fig. 3(a) for the Cr component (blue circles), is strongly

asymmetric, as expected for narrow FRs [78]. Contrary to
the low-field FRs of Fig. 2, here we find a lithium-to-
chromium loss ratio consistent with 2 within experimental
uncertainty. This points to Li-Li-Cr three-body processes
that overcome two-body ones, in agreement with our
model expectation of a small dipolar relaxation rate
K, <107 ¢cm3/s at 2 uK. Concurrently, we observe a
sizable temperature increase of the Li cloud [red squares in
Fig. 3(a)], pointing to antievaporation dynamics due to
recombination processes [32].

Additionally, we investigate the magnetic-field depend-
ence of the Li-Cr elastic scattering across this FR. By
means of experimental protocols identical to those of
Ref. [42], we monitor the damping of the sloshing motion
of a lithium cloud of about 5 x 10* atoms, along the weak
axis of our BODT, induced by interspecies collisions with
about 10° Cr atoms prepared at 2 uK [54]. A species-
selective optical excitation [42] initiates sloshing of the Li
component while negligibly affecting the Cr one. For each
field, we trace the Li center-of-mass oscillations, which are
fit to a damped sinusoidal function to extract the damping
rate I'. For weak interactions, with only few scattering
events per oscillation period, I' is directly proportional to
the elastic scattering rate [42]. Figure 3(b) shows the
experimentally determined I', normalized to the back-
ground value I'y, measured far from the resonant region
(circles), together with the thermally averaged -elastic
scattering rate obtained from our collisional model
(solid line). The remarkable agreement between experi-
mental and theoretical data further demonstrates the accu-
racy of our theory, confirming the model expectation of
Ael ~ 05 G

Finally, we exploit our quantum collisional model to
inspect the scattering properties of other isotopic pairs.
Specifically, we focus on the Fermi-Bose mixtures °Li->Cr
and Li->’Cr, obtained by replacing fermionic Cr and Li
with their most abundant bosonic isotopes, respectively.
Within the Born-Oppenheimer approximation, this can be
achieved by simply changing the reduced mass in the
Hamiltonian, although the result depends upon the actual
number of vibrational states Ng and Ng of the sextet and
octet potentials, which bear an uncertainty of a few units
[66]. Setting them to the nominal values employed in our fit
[76], for the ®Li-)Cr combination we obtain ad™? =
19.88(13)ay and a$™>% =42.83(2)ay, finding a few
~100 mG-wide resonances at fields of a few hundred
Gauss. Since the reduced mass and, correspondingly, the
potential parameters of such an isotopic pair are very
similar to the SLi->*Cr ones, our predictions are only weakly
affected by the actual Ng and Ng values [66]. The same
procedure, applied to 'Li->*Cr, yields a] > = 38.20(14)a,
and al™ = 51.53(3)ay, respectively. Thanks to the com-
plex hyperfine structure of >Cr, this isotopic pair exhibits
richer FR spectra, and a few-Gauss-wide resonances below
500 G, although the increased sensitivity of the mass-scaled
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parameters of 'Li->Cr upon Ny variations enhances our
systematic uncertainty [66].

In conclusion, we thoroughly investigated the collisi-
onal properties of a novel °Li->*Cr ultracold Fermi mixture.
All Li-Cr isotopic pairs, characterized by isolated and
nonchaotic FRs linked to molecular states with well-
defined quantum numbers, combine the simplicity of
bialkali systems with richer molecular structures as
those of alkali-lanthanide or alkali-alkaline-earth mixtures
[48,49,57,79]. Several strong and isolated features, already
identified, with widths exceeding a few 100 mG, provide an
optimal starting point to form (bosonic or fermionic)
Feshbach dimers. These could be then transferred via
coherent optical schemes to the ground states of the
X%+ and aT" potentials, both predicted [50] to feature
sizable electric and magnetic dipole moments, thus making
Li-Cr a competing system to realize ultracold paramagnetic
polar molecules. The s-wave FRs in °Li->*Cr (and "Li->*Cr),
with character similar to Li-K ones [39,42] but immune to
two-body losses, together with an increased mass ratio,
provide an unparalleled opportunity to investigate novel
non-Efimovian few-body physics [9-13]. The presence of
s- and p-wave FRs, featuring lifetimes of several tens
of ms in the resonant region, makes lithium-chromium
promising also for future many-body studies.
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