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We report on the realization of a Fermi-Fermi mixture of ultracold atoms that combines mass imbalance,
tunability, and collisional stability. In an optically trapped sample of '°'Dy and “°K, we identify a broad
Feshbach resonance centered at a magnetic field of 217 G. Hydrodynamic expansion profiles in the
resonant interaction regime reveal a bimodal behavior resulting from mass imbalance. Lifetime studies on
resonance show a suppression of inelastic few-body processes by orders of magnitude, which we interpret
as a consequence of the fermionic nature of our system. The resonant mixture opens up intriguing
perspectives for studies on novel states of strongly correlated fermions with mass imbalance.
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Ultracold Fermi gases with resonant interactions have
attracted a great deal of attention as precisely controllable
model systems for quantum many-body physics [1-4]. The
interest spans across many different fields, from primordial
matter, neutron stars, and atomic nuclei to condensed-
matter systems, and in particular concerning superfluids
and superconductors [5]. Corresponding experiments in
ultracold Fermi gases require strong s-wave interactions,
which can be realized based on Feshbach resonances [6] in
two-component systems. The vast majority of experiments
in this field relies on spin mixtures of fermionic atomic
species, which naturally imposes equal masses. Beyond
this well-established situation, theoretical work has pre-
dicted fermionic systems with mass imbalance to favor
exotic interaction regimes [7]. Mass-imbalanced systems
hold particular promise [8,9] in view of superfluid states
with unconventional pairing mechanisms, most notably
the elusive Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state
[10-12].

A key factor for experiments on resonantly interacting
Fermi gases is the collisional stability that arises from a
suppression of inelastic loss processes at large scattering
lengths. This effect is a result of Pauli exclusion in few-body
processes at ultralow energies [13,14]. To act efficiently in
an experiment, the suppression requires a broad s-wave
Feshbach resonance with a sufficiently large universal range
[14,15]. For the mass-balanced case, suitable resonances
exist in spin mixtures of °Li or “°K, and such systems are
used in many laboratories worldwide. In a mass-imbalanced
fermion system, the same suppression effect can be
expected [16]. However, the only s-wave tunable Fermi-
Fermi system realized so far is the mixture of SLi and “°K
[17,18], for which the Feshbach resonances [19-21] are too
narrow to enable strong loss suppression [22].

The advent of submerged-shell lanthanide atoms in the
field of ultracold quantum gases [23-26] has considerably
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enhanced the experimental possibilities. While most of the
current work focuses on interactions that result from the
large magnetic dipole moment or the complex optical
transition structure, the availability of additional fermionic
atoms is of great interest in view of novel ultracold mixtures
and strongly interacting systems [27,28]. We have recently
introduced the mixture of ''Dy and “°K [29,30] as a
candidate for realizing a collisionally stable, strongly
interacting Fermi-Fermi mixture. Many narrow Feshbach
resonances can be expected for such a system as a result of
anisotropic interatomic interactions [31,32]. However, the
key question in view of future experiments has remained,
whether suitable broad resonances would exist.

In this Letter, we report on a broad Feshbach resonance
in the ''Dy-*’K mixture with its center found near 217 G.
We have identified this resonance (see Fig. 1) as the
strongest one in a scenario of three overlapping resonances
[33], with the other two at 200 and 253 G. Some weak (only
few mG wide) interspecies resonances do also exist in the
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FIG. 1. Interspecies scattering length a for '®'Dy-*’K near the
broad Feshbach resonance centered at By ~ 217 G. The shaded
region indicates the regime where a exceeds all other relevant
length scales (see text).
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relevant region, but they can be ignored for understanding
the general structure of the broad scenario. We have
characterized the three resonances by interspecies thermal-
ization measurements, as reported in detail in the
Supplemental Material [33]. Close to the center of the
strongest resonance, the tunability of the interspecies
s-wave scattering length can be well approximated by

A
B - B,

a=— ap, (1)

where a is Bohr’s radius. Our best knowledge of the pole
position and the strength parameter is B, = 217.27(15) and
A = 1450(230) G [33].

The starting point of our experiments is a degenerate
mixture of '°'Dy and #°K, prepared in a crossed-beam
optical dipole trap according to the procedures described in
our earlier work [30]. Evaporative cooling is performed at a
low magnetic field of 225 mG. Both species are in their
lowest hyperfine and Zeeman substates, which excludes
two-body losses. The transfer of the system into the high-
field region above 200 G is challenging, because many Dy
intraspecies [43,44] and Dy-K interspecies resonances have
to be crossed in a fast ramp of the magnetic field. To
minimize unwanted losses, heating, and excitations of the
trapped cloud we proceed in two steps. Within a few ms, we
ramp up the magnetic bias field to 219.6 G [45], where the
system is given a time of a few 10 ms to settle and establish
thermal equilibrium. We then apply a very fast (2-ms)
small-amplitude ramp to the target field, where the experi-
ments are carried out. Throughout the whole sequence after
evaporation, a magnetic levitation field is applied to
compensate for the relative gravitational sag of both species
[30]. In this way, we reach typical conditions of Np, =
20000 and Nk = 8000 atoms at a temperature of 7 =
500 nK [46] in a slightly elongated trap (aspect ratio ~2)
with mean oscillation frequencies of @py, /27 = 120 and
g /2n = 430 Hz [47] and depths corresponding to 3.5 and
10 uK, respectively. With Fermi temperatures of TEy =
290 and T%¥ =750 nK, our experimental conditions are
near degenerate (T/T;” = 1.7 and T/T¥ = 0.65).

Interaction regimes close to resonance, where scattering
is limited by unitarity [48,49], can be discussed by
comparing the scattering length with other relevant length
scales. To characterize the thermal behavior we consider
the inverse wave number of the relative motion
1/kye = h/(m,Dyy), Where Dy = \/8kgT/(xm,) is the
mean relative velocity and m, denotes the reduced mass.
The typical interparticle distance sets another length scale,
for which we adopt a common definition for two-
component Fermi gases, d = (37°n,,)”"/3, where ny, is
the total number density of both species in the trap center.
At zero temperature, d corresponds to the inverse Fermi
momentum 1/kg. For our typical experimental parameters,
we obtain similar values 1/k, ~ 2100a, and d ~ 2500a,,

which corresponds to near-degenerate conditions. The
resonant interaction regime where the scattering length
exceeds both scales is realized in a magnetic detuning range
of roughly £0.6 G (shaded region in Fig. 1).

A further length scale is set by the effective range of the
resonance [6] and can be characterized by the range
parameter R* as defined in Ref. [50]. For our case, the
value of this parameter is presently unknown because of the
yet undetermined magnetic moment of the molecular state
underlying the resonance. However, by assuming reason-
able values for the magnetic moment, we show [33] that R*
is very likely to stay small in comparison with the large
values of the scattering length in the resonant interaction
regime and the other relevant length scales. We therefore
assume the effective range to be negligible for the universal
interaction physics in the resonant regime.

A striking effect of the resonant interspecies interaction
shows up in the expansion of the mixture. In the experi-
ments, the sample was released from the trap right after
switching to the target field strength. The absorption
images in the upper row of Fig. 2 illustrate the case of
weak interactions (a &~ —40a,), realized at B = 235.4 G.
Here the expansion takes place in a ballistic way and, as
expected from the mass ratio, the K component expands
much faster than the Dy component. In contrast, in the
resonant case (images in the lower row of Fig. 2) both
components expand with similar sizes. Evidently, the
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FIG. 2. Comparison of the expansion of the mixture for weak
(upper) and resonant (lower) interspecies interaction. The ab-
sorption images show the optical depth for both species (Dy left,
K right) after a time of flight of 4.5 ms. The field of view of all
images is 240 pum x 240 pm.
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interaction between the two species slows down the
expansion of the lighter species and accelerates the expan-
sion of the heavier species. Such a behavior requires many
elastic collisions [51] on the timescale of the expansion and
thus can be interpreted as a hallmark of hydrodynamic
behavior.

A closer inspection of the spatial profiles of the hydro-
dynamically expanding mixture reveals an interesting
difference between the heavy and the light species; see
profiles in Fig. 3. While the Dy cloud essentially keeps its
near-Gaussian shape, the K cloud (initially about twice
smaller than the Dy cloud) develops pronounced side
wings. Apparently, the mixture forms a hydrodynamic
core surrounded by a larger cloud of ballistically expanding
lighter atoms.

To elucidate the origin of this surprising effect we have
carried out a Monte Carlo simulation [52], accounting for
the classical motion and the quantum-mechanically reso-
nant collisional cross section, which is only limited by the
finite relative momentum of a colliding pair [48,49]. For
our near-degenerate conditions, we neglect Pauli blocking
and interactions beyond two-body collisions. The simu-
lation results in Fig. 3(b) reproduce the experimental
profiles (a) without any free parameter. The simulation
confirms our interpretation in terms of a hydrodynamic
core, where both species collide with each other at a large
rate, surrounded by a ballistically expanding cloud of light
atoms. The physical mechanism for the formation of the
latter is the faster diffusion of lighter atoms, which can leak
out of the core and, in the absence of the other species,
begin to move ballistically. We point out that this bimo-
dality effect is not an experimental imperfection, but a
generic feature in the hydrodynamic expansion of a mass-
imbalanced mixture.

To investigate the dependence of the hydrodynamic
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FIG. 3. Profiles of the hydrodynamically expanding mixture for

resonant interaction (a) experimentally observed and (b) from a
corresponding Monte Carlo simulation. Shown are the proba-
bility densities of doubly integrated profiles for both Dy (solid
blue lines) and K (red curve with filling).

two-dimensional expansion profiles (such as in Fig. 2)
for various values of B in a 2-G wide range around the
resonance center. We focus our analysis on the K profiles as
they reveal the hydrodynamic core, while the Dy profiles
only show a slight increase in width. As a quantitative
measure we define the “central fraction” as the fraction of K
atoms in a circle of particular radius. For the latter we use
the /20 width of the noninteracting Dy cloud (~34 ym at a
4.5-ms time of flight). We find a marked increase of the
central fraction from its noninteracting background value
0.22 to a resonant peak value of about 0.40. As a function
of the magnetic detuning B — B, the central fraction shows
a pronounced resonance behavior, which closely resembles
a Lorentzian curve. From a fit we derive the center By, =
217.04 G and a width (half width at half maximum)
of 0.37 G. We finally use Eq. (1) with the fixed value
A = 1450 G to convert the magnetic detuning scale into
an inverse scattering length and plot the data as shown
in Fig. 4.

For comparison, we have also employed our
Monte Carlo approach to calculate the central fraction as
a function of the scattering length. Figure 4 shows the
simulation results (red open symbols) together with the
experimental data (black closed symbols). We find that
the simulation reproduces the experimental observations
very well. This agreement between experiment and theory
strongly supports our qualitative and quantitative under-
standing of both the resonance scenario and the expansion
dynamics.

For a precise determination of the resonance center,
measurements based on the hydrodynamic expansion can
in general provide much sharper resonance features than
simple thermalization [53]. While our expansion measure-
ment yielded 217.04(1) G for the resonance center By, the
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FIG. 4. Enhancement of the central fraction of K atoms in the
expanding mixture. Experimental results for the resonance
behavior (solid black symbols) are shown in comparison with
Monte Carlo simulation results (red open symbols).
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thermalization measurement [33] resulted in a value of
217.27(15) G, somewhat higher and with a statistical
uncertainty more than an order of magnitude larger.
Whether the apparent deviation is a pure statistical effect
(about 1.50), whether it is caused by magnetic-field control
issues [54], or whether there are unknown systematic
effects behind it requires further investigation. We note
that anisotropic expansion effects in our nearly spherical
trap remain very weak and are barely observable. The
anisotropic expansion of a hydrodynamic, strongly inter-
acting Fermi-Fermi system has been studied in our earlier
work on a resonant °Li-*°K mixture [17].

We now turn our attention to the lifetime of the mixture
in the resonance region. In general, we find the magnetic-
field dependence of losses to exhibit a very complex
behavior [33]. Both Dy-K interspecies and Dy intraspecies
losses show strong fluctuations with a variation of the
magnetic field. A broad loss feature appears about 0.5 G
below the 217 G resonance, where the scattering length is
very large and positive. This feature closely resembles
observations made in spin mixtures of °Li [55-57] and “°K
[53], which have been understood as signature of the
formation of weakly bound dimers. In addition to this
broad feature, additional narrower structures appear, which
make the experiment very sensitive to the particular choice
of the magnetic field. Nevertheless, several good regions
exist close to the center of the broad Feshbach resonance
under conditions, where losses are relatively weak and
s-wave scattering is deep in the unitarity-limited regime.

As an example for long lifetimes attainable in the
resonance region, Fig. 5 shows a set of measurements
taken at field strength of 217.5 G, for which we estimate a
large negative scattering length of —3000qa, or even larger.
We have fitted and analyzed the decay of the atom numbers
following the procedures detailed in Ref. [33]. For the
number of K atoms, our data show an initial time constant
of about 350 ms. If we attribute this decay completely to
K-Dy-Dy (K-K-Dy) three-body processes, we obtain the
upper limits of 4 x 1072 cm®/s (3 x 107> ¢cm®/s) for
the event rate coefficients. These values are very small
compared with other resonant three-body systems that do
not involve identical fermions. In Feshbach-resonant Bose-
Bose [58-60] or Bose-Fermi mixtures [61-65], event rate
coefficients have been measured exceeding 1072% cm®/s,
i.e., at least 2 orders of magnitude higher. In preliminary
experiments [66] on Bose-Fermi mixtures of Dy-K
(bosonic isotope '%’Dy), we have also observed a dramatic
increase of resonant three-body losses by orders of
magnitude. We attribute the low values of the three-body
rate coefficients and thus the long lifetimes in our Fermi-
Fermi system to the Pauli suppression of inelastic losses
[13,14,16].

The decay of the Dy component in the mixture,
displayed in Fig. 5(a) by the blue data points and the
corresponding fit curve, shows a peculiar behavior. Since
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FIG. 5. Decay of the resonant Dy-K mixture (a) in comparison

with a pure Dy sample (b) at magnetic field B = 217.5 G, very
close to the resonance pole. The solid lines show fits by a
phenomenological model [33].

we find that about 10 times more Dy atoms are lost as
compared to K atoms, three-body interspecies collisions
may only explain a small fraction of Dy losses. As Fig. 5(b)
shows, Dy alone exhibits losses even without K being
present, but much weaker. Interpreting these losses as Dy
intraspecies losses gives values for the event rate coefficient
of 34x 107> cm®/s in the presence of K, but only
0.8 x 107> cm®/s without K [33]. These observations
point to an unknown mechanism, in which K atoms
somehow catalyze the decay of Dy without directly
participating in the loss processes. A possible mechanism
may be due to elastic collisions with K atoms causing
residual evaporation. We tested this in our experiments by
recompressing the trap, but did not observe significant
changes in the observed loss behavior. Another hypothesis
is based on a spatial contraction (density increase) of the Dy
cloud caused by strong interaction effects with K atoms.
Considering the zero-temperature limit, we have developed
a model [33] for such an effect, but its applicability is
questionable at the temperatures of our present experi-
ments. The explanation of the mysterious enhancement
of Dy losses induced by K remains a task for future
experiments.

Already our present experiments, carried out near
quantum degeneracy (T/TX ~ 0.65), demonstrate that mass
imbalance can make a qualitative difference in the physical
behavior of a strongly interacting fermion mixture. The
bimodality observed in the hydrodynamic expansion
profile of the lighter component is seemingly similar to
observations in population-imbalanced spin mixtures near
the superfluid phase transition [67]. However, while in the
latter case bimodality signals superfluidity, the reason is a
different one in our case. Detailed understanding of the
expansion dynamics of a Fermi-Fermi mixture in different
classical and quantum regimes is thus essential for inter-
preting the expansion profiles in future work aiming at
superfluid regimes.

For reaching lower temperatures and deeper degeneracy,
work is in progress to eliminate heating in the transfer from
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low to high magnetic fields and to implement an additional
evaporative cooling stage that takes advantage of the large
elastic scattering cross section close to the resonance. The
experimental challenge is to realize similar degeneracy
conditions near the 217 G resonance as we have achieved at
a low magnetic field [30]. With some improvements,
conditions for superfluid regimes seem to be attainable.
To give an example, a Lifshitz point [8,68] in the phase
diagram, where zero momentum pairs become unstable,
may be expected at a temperature corresponding to about
15% of the Fermi temperature of the heavy species [69].

In conclusion, we have shown that the '®'Dy-*K mixture
possesses a broad Feshbach resonance offering favorable
conditions for experiments on strongly interacting fermion
systems with mass imbalance. In particular, the system
features a substantial suppression of inelastic losses near
resonance, which is a key requirement for many experi-
ments. Novel interaction regimes, including unconven-
tional superfluid phases, seem to be within reach.
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