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Theinterplay of quantum statistics and interactions in atomic Bose-Fermi

mixtures leads to a phase diagram markedly different from pure fermionic
or bosonic systems. However, investigating this phase diagram remains
challenging when bosons condense due to the resulting fast interspecies
loss. Here we report observations consistent with a phase transition from
apolaronictoamolecular phaseinadensity-matched degenerate Bose-

Fermimixture. The condensate fraction, representing the order parameter
of the transition, is depleted by interactions, and the build-up of strong
correlations results in the emergence of amolecular Fermi gas. The features
of the underlying quantum phase transition represent anew phenomenon
complementary to the paradigmatic Bose-Einstein condensate/Bardeen—
Cooper-Schrieffer crossover observed in Fermi systems. By driving the
system through the transition, we produce a sample of sodium-potassium

molecules exhibiting a large molecule-frame dipole moment in the
quantum-degenerate regime.

Mixtures of interacting bosons and fermions have been the subject of
intense research since conventional superconductivity was understood
to arise from the effective attraction between electrons mediated by
phonons. In solid-state materials, the electron-phonon coupling is
captured by Frohlich or Holstein models. Developments in ultracold
atoms' and van der Waals materials® now make it possible to realize
Bose-Fermi mixtures that are governed by beyond-Frohlich phys-
ics where bosons and fermions can bind to fermionic molecules®®
reaching the quantum-degenerate regime’. The competition between
this novel bound state physics and mediated interactions leads to
an enriched phase diagram potentially featuring supersolidity and
charge-density-wave phases'*"®>, molecular Fermiliquids™ " and uncon-
ventional boson-induced superconductivity?*?.

Experimentally, the phase diagram of Bose-Fermi mixtures has
primarily been explored in the regime of large population imbalance

where one species acts as a dilute, thermal gas of impurities dressed
byits environment. Bose polarons were recently observed in the limit
of fermionic impurities in a bosonic bath?>*, while the existence of a
transition from Fermi polarons to molecules has by now been firmly
established for impurities immersed in a Fermi sea” 2%, However, it
has remained unclear how the transition from atoms to molecules
proceeds whentheimpurities are degenerate, in particular when bos-
ons and fermions of comparable density dress each other mutually
and drastically modify their respective behaviour. Importantly, this
regime of matched particle density is promising for the association
of heteronuclear molecules at high phase space density, which finds
wide-ranging applicationsin quantum chemistry and the exploration
of dipolar quantum many-body systems*”*°, At the same time, reaching
this regime is notoriously difficultin double-degenerate mixtures due
tothe enhanced density of the bosonic condensate. The excess density
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Fig.1|QPT in adensity-matched Bose-Fermimixture. a, Phase diagram of
degenerate Bose-Fermi mixtures as a function of the density ratio ny/n; and the
dimensionlessinteraction strength (k,»aBF)_l. For ng/n; > O one attains the Fermi
polaron limit, featuring a polaron-to-molecule transition (black diamond),
whereas for ny/n; > «, the Bose polaron limit with asmooth crossover is reached.
For ng < n;, aQPT between a polaronic and amolecular phase of either first order
with phase separation or second order is expected. The long-dashed line marks
the complete depletion of the condensate (kFaBF)c_] and, in the case of phase
separation, the dotted line marks its onset at (kFaBF)p_S]. The dash-dotted line
marks a possible further QPT of unknown order. b,c, Calculated in situ density
profiles of bosons (blue) and fermions (red) in the species-dependent 785-nm
dipole trap (b) and in the far-detuned trap (c) (Methods). The dashed blue line
gives the thermal boson fraction, showing a lack of thermal bosons in regions

where bosons and fermions overlap. d, Order parameter ¢ as a function of
(kFaBF)_] for the boson-fermion average-density ratio g/ = 0.4 (orange
points) and Ag/Ag = 0.7 (blue points). The error bars are discussed in Methods.
The black solid line shows the order parameter from zero-temperature theory in
ref. %, predicting the QPT to occur at (k,:aBF)c_1 = 2.02(black triangle) for ideal
bosons interacting with a Fermi gas at ng/n; = 1. The red solid line shows the
polaron quasiparticle weight of abosonicimpurity in a Fermigas obtained from a
self-consistent fRG calculation that predicts the polaron-to-molecule transition
tooccurat (kFaBF)C_1 = 1.16(red triangle). e, Energy spectrum of the zero-
momentum Fermi polaron (red line) and the zero-momentum molecule (grey
line) for asingle bosonicimpurity obtained from the fRG. The energies cross at
the polaron-to-molecule transition (red dashed line). For ag; > O, the binding
energy £, = —h? /2;1:12BF issubtracted, where p is the reduced mass.

of the Bose-Einstein condensate (BEC) causes fast interspecies loss,
which remains the key bottleneck for reaching quantum degeneracy
in heteronuclear molecules and for the study of strongly correlated
Bose-Fermi mixtures.

In this Article we investigate strongly interacting Bose-Fermi
mixtures with comparable densities. Our data suggest that, in the
low-temperature regime where the bosonic impurities condense,
strong boson-fermion interactions induce a phase transition
from a polaronic condensate to a molecular Fermi gas, connecting
to an underlying quantum phase transition (QPT) at T= 0 (ref. ).
Using a novel density-decompression technique that mitigates
atomic loss, we produce a double-degenerate Bose-Fermi mixture
of Na and *°K with matched density and reveal signatures of this
QPT. Starting from aweakly interacting mixture, increased attractive
interactions dress the bosonic condensate polaronically. By continu-
ously tuning the interaction strength, the polaronic condensate is
depleted and a transition into a phase of quantum-degenerate fer-
mionic molecules is observed. Driving the underlying QPT enhances
the association efficiency of Feshbach molecules to near unity. This
enables the subsequent creation of ground-state ?Na*°K molecules
with a large molecular-frame dipole moment of 2.7 debye in the
quantum-degenerate regime.

Degenerate Bose-Fermi mixturesin
density-matched regime

A simplified phase diagram of Bose-Fermi mixtures is illustrated in
Fig.1aas afunction of the ratio of boson to fermion density ny/n; and
the dimensionless interaction strength 1/k,a;;. Here, ag: denotes the
boson-fermion scattering length, and the wavevector k;is determined
bytheinterparticle spacing of the majority species k; = (67r2n,~)1 ,where
idenotes B(F) for ng > n; (ny < n;). Phases involving bound states of more

than one boson are ignored, as these are intrinsically unstable due to
fast recombination loss.

Qualitatively, the phase diagramin Fig. 1a canthenbe divided into
two re%imes. In the limit of vanishing Bose-Fermi attraction,
(kjagr)” — —oo,bosons and fermions decouple and formaBEC along
with a Fermi sea. As attractive interactions are switched on, fermions
and bosons modify each other’s properties, leading to quasiparticle
formation. Duetothe polaronic character of thisinteraction, we denote
the resulting phase as the ’polaroniclphase’. In the opposite limit of
strong attraction, realized at (k;agr)  — oo, for ny < n;, binding of all
bosons to fermions leads to a Fermi sea of molecules coexisting with
an atomic Fermi sea, and we denote this phase the ‘molecular phase’.
For ng < ng, the polaronic and molecular phase are predicted to be either
separated by a first-order QPT with phase separation or by a
second-order QPT*'¢83132, When tuning the density ratio across
ng/ne=1lintheregime of strong attraction, an additional phase transi-
tion, where acondensate reappears, is predicted to occur*. This phase
featuring molecules and an excess condensate is predicted to cross
over into the polaronic phase for ny/n; 21 (ref. '*). Most experiments
havebeen carried outin theimpurity limits either on the far left-hand
or the far right-hand side of the phase diagram®>** 5,

A natural way to investigate the phase diagram away from the
impurity limits starts from producing a double-degenerate Bose-Fermi
mixture. The regime of matched densities is of particular interest,
where the system becomes strongly correlated and neither of the
atomic species can be regarded as a quantum impurity. To access this
novel regime, we employ a species-dependent dipole trap at 785 nm,
whichis near-detuned to the D-lines of the K atoms. This trap provides
aweaker confinement of the Na atoms compared to the Katoms, low-
ering the density of the Na BEC and increasing overlap between the
species (Fig. 1b). As a consequence, the detrimental loss resulting

Nature Physics


http://www.nature.com/naturephysics

Article

https://doi.org/10.1038/s41567-023-01948-1

a
QD Association
0.8 0.2 mm
2 o4 & @ - - -
(o]
0.4 :
x v e
% o P . e
4 § 3
0]
T T T T T T
-2.90 -0.40 0.48 0.81 113 1.44
(keage)"
75 - i
o | |
o !
S *
5 $ +
£ sl ol
p=4 (] H
F Feshbach o ) Q :
0 | ' | ' | ' | ' 1
-3 -2 -1 0 1 2
(kFaBF)q

Fig.2| Association and dissociation process of degenerate Feshbach
molecules. a, Absorptionimages showing the optical density (OD) of Naatoms
(Na) and Feshbach molecules (NaK*) after 18-ms time of flight during the
association ramp from the polaronic BEC to the molecular phase. b, Production
of Feshbach molecules. Numbers of condensed Na atoms (dark orange points),
thermal Na atoms (bright orange diamonds) and Feshbach molecules (grey
points) are shown as a function of (kFaBF)_1 for ig/fif = 0.7.Thered dashed line
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inbanddindicates the polaron-to-molecule transition at (kFaBF)_I =1.16inthe
Fermi polaron problem. ¢, Absorptionimages during the dissociation ramp with
18-ms time of flight. d, Dissociation of Feshbach molecules. Condensed Na atom
(dark orange points), thermal Na atom (bright orange diamonds) and Feshbach
molecule (grey points) numbers are shown as a function of (kFaBF)fl for

Ag/fAr = 0.7.The error bars are discussed in Methods.

from collisions of Naatoms in the BEC with NaK* Feshbach molecules
isdramatically reduced (Methods). In contrast, foratypical trap set-up
where the trapping effect is similar for both atomic species, the peak
density of the BEC is considerably larger than that of the Fermi gas
(Fig.1c). Thisresultsin an entirely different physical regime related to
the Bose polaron problem with alow molecule association efficiency
when starting from the BEC (Methods).

QPT from a polaronic phase to amolecular phase
Intheregime where ng < n;, theory atlow temperature predicts a tran-
sition from a phase where a BEC coexists with a Fermi gas to a liquid
where all bosons are bound into molecules'*'*"'8**2 By tuning the
interactions from weak to strong coupling, the boson-fermioninterac-
tion gradually depletes the BEC until the condensate fraction, repre-
senting the order parameter of the transition, vanishes at the critical
interaction parameter (kFaBF);], resultingina phase transition. At this
interaction strength for 7=0, a QPT occurs, possibly masked by a
phase-separation regime'*"*, Thisis a distinct feature in Bose-Fermi
mixtures that is absent for the BEC/Bardeen-Cooper-Schrieffer
(BEC-BCS) crossover in spin-balanced fermionic mixtures where no
symmetry-breaking pattern is changed as the interaction strength is
varied across the Feshbach resonance®. Furthermore, in contrast to
the BEC-BCS phase, the molecular phase is more robust with respect
to temperature'®***, In both cases, pairing is required, which is not
affected by small temperature fluctuations, as pairing occurs with
binding energies on the order of several Fermi energies. Inthe BEC-BCS
phase, however, molecules are additionally required to condense,
whereasin Bose-Fermimixtures they merely need to formaFermisea.
The order of the transition depends on the Bose-Bose repulsion
ays and the density ratio ng/n; (refs. 7**?), The transition is predicted
to be of first order in a large parameter regime, and only beyond a
threshold do stronger Bose-Bose repulsion and lower ng/n; favour a
second-order transition'*%, Tuning the Bose-Fermi interaction
strength (kFaBF)_1 from weak to strong interactions at a fixed density
ratio ng/n; <1, the condensate density decreases smoothly and vanishes
beyond a critical interaction parameter (k,:aBF);1 for a second-order

phase transition. For a first-order transition, on the other hand, the
homogeneous system passes through a phase-separation region. On
reaching the lower boundary (kFaBF);SI, the system enters a
phase-separated state (Fig. 1a), where the local condensate density
dropsto zero discontinuously in some parts of the system, but remains
finite in others. Tuning the interactions further, the mixing ratio
between the two phases shifts towards the molecular phase and, once
(kFaB,:)C_l isreached, all parts of the system have transitioned to the
molecular phase. Importantly, however, the globally averaged conden-
sate density is expected to decrease smoothly and to vanish continu-
ouslyat (kFaBF)C_lin both cases. This effectis enhanced by the harmonic
trap (Fig. 1b,c), and it makes distinguishing between the two cases
challenging.

Within the condensed polaronic phase it is predicted that the
depletion of the condensate depends weakly on the boson-fermion
density ratio, which, remarkably, extends all the way to the Fermi
polaron limit, ny/n; »> 0 (refs. %), In the extreme limit of a single bos-
onic impurity in a Fermi gas, the phase transition connects to a
polaron-to-molecule transition, and the condensate fraction reduces
to the impurity quasiparticle weight (for a detailed explanation, see
ref. '®). A computational, self-consistent functional renormalization
group (fRG) technique that takes into account an infinite number of
particle-hole excitations of the Fermi sea (Methods)*® predicts this
transitionto occur at (kFaBF)_1 = 1.16 (Fig. 1e). This transition point is
expected to shift to larger values as temperature and boson density
increase'®*"”,

Inthe following, we probe signatures of this QPT. Our experiment
typically starts with 2.3 x 105*°K atoms at T=80 nK (corresponding
to T/T: = 0.2, where T; is the Fermi temperature) and 0.8 x 10° **Na
atoms with a condensate fraction of 60% at a magnetic field of 81 G.
We employ a single magnetic field ramp with a speed of 3.5 G ms™
(Methods) that is terminated at the desired magnetic field close to a
Feshbach resonance at 78.3 G (refs. ***°), corresponding to different
interaction strengths (kFaBF)_l, while the Bose-Bose interaction
remains at ag = 534, (ref. **). Due to the small effective-range param-
eter k:R* = 0.08 of this broad Feshbach resonance, the Bose-Fermi
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Fig.3 | Quantum degeneracy of Feshbach molecules. a, Velocity distribution
of Feshbach molecules. The angular integral (black points) of an average of 15
images with a time of flight of 15 ms (shown in the inset) was fitted with Fermi-
Dirac (blue line) and Gaussian (red line) distributions. Although the Gaussian
fit overestimates the occupation at lower velocities, the data are well described
by a Fermi-Dirac distribution, which accounts for the Pauli blocking. The fit of
the Fermi-Dirac distribution results in 7/T = 0.28(1). b, Angular integral of the
residuals.

interactions are characterized by the single parameter (kFaBF)_l(Meth-
ods and ref. *®). Throughout the magnetic field ramp, no collapse or
immiscibility of the Bose-Fermi mixture are observed on the timescale
ofthe experiment (Methods). Furthermore, we checked that the deple-
tion of the BEC is independent of the ramp speed for the sufficiently
slow ramp used here (Methods). This indicates that the system
stays close toalocal equilibrium state until near the critical point. We
then quench the magnetic field to 72.3 G. This projects the
system onto free atoms and deeply bound molecules, which are sub-
sequently imaged in time of flight after Stern-Gerlach separation, as
shownin Fig. 2a,b.

To characterize the phase transition quantitatively, we define
the normalized order parameter ¢ = Npec/(Ny, + Ngec). Here Ny and
N, represent the number of condensed Na atoms and those associ-
ated tomolecules, respectively. The order parameter ¢ describes the
depletion of the condensate fraction due to the excitation of bosons
to finite-momentum states by quantum fluctuations. These quantum
fluctuations are dominated by the build-up of pairing correlations,
measured by the projection onto molecules. Note that, in the definition
of ¢, we disregard thermal Na atoms as we describe the condensate
fractioninthe centre of the trap. First, the spatial extension of thermal
bosons (Fig. 1b) is much larger than that of the BEC and the fermions,
both of which are concentrated in the centre of the trap. Here the
density of thermal bosons is more than 20 times smaller than that of
the BEC. Second, onthe timescales of the experiment, thermal bosons
do not play asignificant role in molecule formation due to their weak
spatial overlap with the fermions. Molecules are thus formed predomi-
nantly from BEC atoms.

Thetemperatureofbosonsinthe centre ofthetrapwhere mostofthe
boson-fermion collisions take placeis thus effectively much lower than
suggested by the equilibrium temperature, allowing us to directly com-
pare our findings with zero-temperature theory. Specifically, in Fig. 1d
we make a comparison with the quasiparticle weight of a bosonic
impurity calculated from a self-consistent fRG approach (Methods)*®

(red dashed line) and predictions of the condensate fraction from
anon-self-consistent T-matrix (NSCT) theory' (black solid line) for
ng = nthat neglects multiple particle-hole excitations in the Fermisea.

InFig. 1d, we show the measured order parameter ¢ as afunction
of (kFaBF)_1 for Aag/nr = 0.4 and 0.7, where 7g/fAr denotes the ratio of
the average boson and fermion densities in parts of the trap with afinite
condensate fractionin the weakly interacting regime. As the interaction
strengthincreases, ¢ reduces slowly for (kFaB,E)_1 < 0.However, once
the scattering length becomes positive, ¢ decreases rapidly and van-
ishes in the regime beyond (kFaBF)_1 =1.44(15) (Ag/AF = 0.7) and
(kFaBF)_1 = 1.75(18)(ng/Ar = 0.4), where the residual condensate frac-
tionis comparable to the uncertainty of the measurement. Our meas-
urements agree well with the predicted condensate fraction fromthe
NSCT approach throughout the entireinteraction regime. Importantly,
both datasets overlap within error bars, providing support for the
predicted universality of the condensate depletion with respect to
varying ng/n; (refs.'®?%), This, in turn, justifies comparing our in-trap
experiment with predictions forahomogeneous system. The dataalso
showaremarkable agreement with the quasiparticle weight of asingle
impurity in most of the interaction regime, except close to the phase
transition. This indicates that, despite having a large boson density,
the system can be well described as a condensate of polaronically
dressed bosons. In contrast, however, at the transition, the order
parameter vanishes smoothly compared to a jump predicted in the
impurity limit.

To estimate the transition point independently from the slowly
varying order parameter, we consider the projected Feshbach molecule
number shownin Fig. 2b as a measure of existing boson-fermion pair-
ing correlations (Methods). As (k,:aBF)_1 increases, so do the pairing
correlations (including potential fermion-molecule mixing'), until
they saturate when the bosons are fully bound into molecules. The
resulting transition point (k,:aBF)_1 = 1.29(14)extracted from the meas-
ured Feshbach molecule number is consistent with the transition point
obtained through the vanishing of the order parameter.

Driving through the transition provides an efficient method to
create molecules. Our data show that a striking conversion efficiency
of ~-80% of the Na atoms in the BEC into Feshbach molecules can be
achieved. Accounting for the residual density mismatch and the result-
inginterspeciesloss from the excessbosons, our datasuggest that the
entirety of the BEC could be converted into molecules for perfectly
matched density conditions. In contrast, the highest conversion effi-
ciency fromaBEC previously reported was lessthan 50% in KRb, where
the density of bosonsin the centre of the trap was ten times higher than
that of the fermions, which was possible only because of the tenfold
lower interspecies loss coefficients compared to NaK***#°,

Next, we investigate the reversal of the phase transition. After the
associationrampreaches (kFaBF)_1 = 1.3,themagneticfieldisramped
back to dissociate the molecules. The dissociation ramp is again fol-
lowed by a magnetic-field quench to 72.3 G for detection. As can be
seen from the time-of-flightimagesin Fig. 2c, the number of projected
Feshbachmolecules decreases, and afinite BEC fractionisrecovered.
In particular, we show that the number of Na atoms in the BEC can be
increased from3(2) x 10*to 8(1) x 10* (Fig. 2d). Heating is evident after
the dissociation in the form of an increase of thermal Na atoms,
which we attribute to the non-adiabatic nature of the magnetic-field
ramps near the transition point. Due to the changing number of Na
atoms in the thermal wings, we thus cannot characterize the reversal
of the phase transition with the order parameter ¢ as done in the
association ramp. Nonetheless, the partial restoration of the BEC
highlights the coherence preserved in our experiment and is a
striking example of how bosons that were bound into fermionic mol-
ecules in finite-momentum states are converted back into their
motional ground state. Thus, the Fermi degeneracy of the molecules
and the partial restoration of the BEC underline the low entropy of our
molecular clouds.
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Degenerate Fermi gas of NaK* Feshbach
molecules

After the preparation 5 x 10* Feshbach molecules at a temperature of
100 nK by ramping across the QPT, we convert them to more deeply
bound states by quenching the magnetic field to 75 G. At this mag-
netic field, we turn on a strong gradient to levitate the molecules and
remove any residual atoms from the trap (Methods). Inelastic collisions
between molecules are strongly suppressed by Pauliblocking, leading
toasecond-longlifetime (Methods). The quantum degeneracy of the
molecular gas after association is determined by time-of-flightimaging
after holding the molecules for 100 ms (Fig. 3), ensuring that collec-
tive oscillationsinduced by the magnetic-field ramps of the molecular
cloud are dampened out (Methods). The momentum distribution of
the molecules is well described by a Fermi-Dirac distribution’ with a
temperature of 7=0.28(1)T-.

Low-entropy NaK ground-state molecules

The establishment of a means to efficiently create large ensembles of
heteronuclear Feshbach molecules sets the stage for the creation of
polar ground-state molecules. To achieve this, we coherently transfer
the degenerate Fermi gas of 5 x 10* Feshbach molecules into the rovi-
bronic ground state of the X'* electronic manifold*, with an overall
efficiency of up to 60%. The momentum distribution is maintained
during the transfer and is still fit well by a Fermi-Dirac distribution at
atemperature of T=0.28(3) T;. However, due to the absence of ther-
malization and the imperfect transfer efficiency, random holes are
createdinthe molecular Fermisea. Accordingly, we expect the quantum
degeneracy of the ground-state molecular gasto be reduced compared
to the Feshbach molecular gas®*?. Hence, as an alternative measure of
the degeneracy, we compute the peak occupancy of the Fermi gas f,
characterizing the probability of the lowest energy state in the Fermi
gastobeoccupied. Based onthe transfer efficiency to the ground state
and theinitial degeneracy of the Feshbach molecules, we obtaina peak
occupancy of f=57(3)%, which corresponds to an effective temperature
of T=0.52(2)T:.

Conclusion

Using aspecies-dependent decompression technique of atomic clouds,
we have observed signatures of a QPT in Bose-Fermi mixtures between
aphasefeaturing condensationand amolecular Fermi gas, inexcellent
quantitative agreement with theory. By driving the system through
this phase transition, we have produced a gas of quantum-degenerate
Feshbach molecules with record efficiency. The characterized phase
transition represents a new phenomenon complementary to the
paradigmatic BEC-BCS crossover observed in Fermi systems® and
the atomic-to-molecular BEC crossover in Bose systems*. It is a first
step in the exploration of strong-correlation physics in degenerate
Bose-Fermi systems and provides a benchmark for their theoretical
understanding. The investigation of the order of the transition is an
intriguing avenue for futureresearch, such asanobservation of hyster-
esis” and quantum critical dynamics** or the exploration of solid-state
systems where chemical potentials can be readily tuned”. Our method
can be extended to other Bose-Fermi mixtures for producing large
degenerate samples of fermionic molecules and may help to achieve a
heteronuclear molecular BEC from Bose-Bose mixtures, which suffer
from even more severe losses when both bosonic species condense*°.
Ultimately, our technique allows us to produce a gas of non-reactive
ground-state molecules in the quantum-degenerate regime with five
times stronger molecular-frame dipole moments than the first degen-
erate polar molecules of KRb, and provides excellent conditions for
evaporative cooling of ground-state molecules, as demonstrated for
KRb*"*?and recently also for NaK*. This opens up exciting opportuni-
ties to study strongly correlated dipolar quantum systems®* ranging
fromthe collapse of dipolar Fermi gases™ to extended Heisenberg XXZ
models*® and extended Fermi-Hubbard models* in optical lattices.
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Methods

Preparing a density-matched degenerate Bose-Fermi mixture
Na atoms and “°K atoms were loaded into a three-dimensional
magneto-optical trap (MOT) from a Zeeman-slower stage for ?Na and
a2D-MOT stage for *°K, followed by grey-molasses cooling for Naatoms
ontheD,line. Both species were transferred into an optically plugged
magnetic quadropole trap and cooled by forced radiofrequency evapo-
ration. After evaporation, there were 1.6 x 108 Naatoms and 1.0 x 10°K
atoms atatemperature of 6 uK, of which2 x 10’ Naatoms and 6 x 10°K
atoms were loaded into an optical trap that transported the mixture
from the MOT chamber to aglass cell. This transport trap was formed
bytwo1,064-nm laser beams intersecting at an angle of 3° toincrease
axial confinement®, After the transport, the mixture was transferred
into acrossed optical dipole trap formed by one of the transportbeams
and an additional 1,550-nm beam (1,550/1,064-nm trap; Fig. 1a). The
waists of these two beamsin the vertical and horizontal directions were
50 x 100 pm and 50 x 150 pum, respectively. Optical evaporation was
performed by exponentially ramping down the beam powers. During
the evaporation, a trap formed by two 785-nm beams with waists of
30 x 400 pmand 50 x 50 pm (785-nm trap; Extended Data Fig. 1b) was
ramped on. The wavelength of this trap was chosen such that it was
closely detuned fromthe Dlines of the K atoms, and the polarizabilities
of the Feshbach and ground-state molecules were equal®’. After evapo-
ration, the Katomsunderwent two Landau-Zener sweeps for a hyper-
fine transfer from |F, m) = |9/2, 9/2)t0|9/2, —9/2), where F is the total
atomicangular momentumand m; is its projection onto the axis of the
magnetic field. The Naatomsremainedin 1, 1). The first state transfer
from|9/2, 9/2)to |9/2, —7/2)was performed at a magnetic field of 74 G,
and the second state transfer from [9/2, —7/2) to |9/2, —9/2) was per-
formed at 81 G. The magnetic fields were chosen to minimize changes
intheinterspeciesinteraction during the sweeps. After the state prepa-
ration, we turned onamagnetic field gradient of 6.4 G cm™to levitate
the Na atoms and K atoms against gravity. Afterwards, the
1,550/1,064-nm trap was ramped down, decompressing mainly the Na
atoms and leading to a trap configuration dominated by the 785-nm
beams. Inthis trap configuration, the trap frequencies of the Katoms
were approximately three times larger than those of the Naatoms. For
the measurements described inthe maintext, the trapping frequencies
inthe (x, y, 2)-directionwere 21 x (72, 90, 187) Hzand 2t x (23, 28, 61) Hz
for the Katoms and Na atoms, respectively. This procedure led to the
preparation of a density-matched mixture of 2.3 x 10° “°K atoms at
T=80nK (correspondingto 7/T; = 0.2 where T is the Fermi tempera-
ture), and a BEC of 0.8 x 10° 2Na atoms with a condensate fraction of
~60%. In the measurements of the QPT, where we start the association
from 1.8 x10° K atoms, the Fermi wavevector is given by
ke=2mx (1.5x10%) m™.

Feshbach association and preparation for ground-state
transfer
To associate Feshbach molecules, we used a series of magnetic-field
ramps (Extended Data Fig. 1b). First, the magnetic field was quickly
ramped to 78.6 G, followed by the association ramp across the Fesh-
bach resonance at 78.3 G with a ramp speed of 3.5 G ms™. This slower
ramp stopped at 77.8 G, where the formation of Feshbach molecules
saturated. To minimize the loss of the Feshbach molecules, we subse-
quently ramped the magnetic field quickly to 75 G. At this magnetic
field, the magnetic moment of the Feshbach molecules reduced by
a factor of six compared to the open-channel-dominated Feshbach
molecules close to the resonance. We compensated the reduced mag-
netic moment by increasing the magnetic-field gradient to 40 G cm™
in~200 ps. Thislevitated the Feshbach molecules against gravity and,
in addition, removed unassociated atoms from the trap due to their
larger magnetic moment.

Imperfect timing of the magnetic-field and magnetic-field-gradient
rampsresultedinatemporary tilt of the trap, which induced collective

oscillations of the molecular cloud. We minimized the collective oscil-
lations by carefully programming the magnetic field and subsequently
the magnetic force onthe molecules over the course of -25 msonce the
magnetic-fieldgradient had reached 40 G cm™ (Extended DataFig. 1c).
Oncethe collective oscillations stopped, the 1,550/1,064-nm trap was
compressed within 30 ms. Because the trap was deep enough to hold
the molecules without magnetic-field levitation, the magnetic-field
gradient was ramped down within 30 ms and the magnetic field was
rampedto 72.3 G, where the magnetic moment of the Feshbach mole-
culesvanished. Finally, the stimulated Raman adiabatic passage scheme
was used, as described in ref. .

Feshbach associationat1,550/1,064 nm

As a comparison to the species-dependent 785-nm trap, we char-
acterized the association of Feshbach molecules in our typical
1,550/1,064-nm trap, where the densities are strongly mismatched as
shown in Fig. 1c. The measurement started with 2.9 x 10°K atoms and
1.4 x10°Na atoms, where the condensed fraction of Na atoms was -60%.
In contrast to the measurements described above, the ramp speed
of the magnetic field across the Feshbach resonance was changed
to 2.4 G ms™ to maximize the number of Feshbach molecules. The
association ramp through the Feshbach resonance was stopped at
different magnetic fields, followed by amagnetic-field jumpt072.3 G
for Stern-Gerlach detection. Extended Data Fig. 2 shows that only
30,000 Feshbach molecules were associated, resulting in an associa-
tion efficiency of less than 25%. Around 60% of the Na atoms, primarily
Naatomsinthe BEC, havebeenlost due tointerspecies collisions. This
observation is in contrast to the measurements in the 785-nm trap,
where at most10% of the Na atoms were lost.

Immiscibility and collapse in Bose-Fermi mixtures
Theory™"*%%!'and early experiments®>** suggest that, for strong inter-
actions, especially close to unitarity, the Bose-Fermi mixture might
undergo collapse. However, the timescale for the collapse to occur
is on the order of the trapping period. In our experiment, we ramped
throughthe strongly interacting regime on atimescale shorter thanthe
trapping period, prohibiting the collapse to occur.Indeed, our observa-
tions show that the Bose-Fermi mixture remainsinametastable state
onsuch experimental timescales, whichinturnallows us to explore the
physics of the phase diagram shown in Fig. 1a. Specifically, the density
increase in a collapse scenario would lead to enhanced interspecies
loss, which we do not observe. As a further instability one might also
consider immiscibility of the mixture leading to a separation of bos-
onic and fermionic atoms. Suchimmiscibility is expected to occur for
repulsive interactions between bosons and fermions. We are, however,
following the attractiveinteractionbranch of the systemand, given the
efficient molecule formation we observe, immiscibility, which would
be characterized by poor spatial overlap, can be excluded.

Ramp speed of the Feshbach association

We measured the depletion of the condensate fractionas afunction of
(keagp) " at three different ramp speeds. As shown in Extended Data
Fig. 3, the depletion of the condensate coincides for ramp speeds of
1.7 Gms™and 3.5 G ms™ while showing a shift towards higher (kgagg)™
for ramp speeds of 9 G ms™. We attribute the higher residual conden-
sate fraction for the data shown by points to an imperfect trap align-
ment, which leads to a worse density matching between bosons and
fermions.

Heating during the phase transition

We measured the heating of the bosons as a function of (krags) ' ata
ramp speed of 3.5 G ms™ by extracting the temperature from the ther-
malwings of thebosons. As shownin Extended DataFig. 4, the heating
startsaround (krags) " ~ 0.8 where the systemis closeto the predicted
transition point. This agrees with the expectation that the system is
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excited when the response time of the system becomes slow near the
critical point. Interestingly, the heating is mainly in the horizontal
direction, along which the confinementis much weaker thanalong the
vertical direction. The anisotropy of the heating and the directional
depletionof the BEC (Fig.2a) indicate involved dynamics of the strongly
interacting mixture, which may result from the varying density ratio
within the trap and the associated inward movement of the phase
boundary. Thus, the quantity deduced fromtime-of-flight distributions
shouldberegarded rather as an average kinetic energy of the particles,
an effective temperature, rather than the actual temperature of the
sample. In future work, it would be interesting to resolve the dynamics
of the mixture close to the critical point, preferably in a set-up where
homogeneous samples can berealized (for example,inaboxtrap) and
high-resolution imaging is available for local detection.

We note that the temperature of the bosons is lower than the global
temperature of the fermions (80 nK). We attribute the temperature
difference to the reduced interspecies heat contact during the sym-
pathetic cooling once the bosons condense. However, the region of
interest where the phase transition takes place is mainly inside the
BEC (the centre of the Fermi cloud). In this region the local condensate
density is much higher than that of the thermal bosons (Fig. 1b), and
thefermions are deeply degenerate, thatis, with very few particle-hole
excitations compared to the Fermi surface. Therefore our system can
be described by an effective local temperature close to zero.

Comparison of NSCT and fRG calculations

The NSCT approach, from which we obtain the condensate depletion
atequal density, predicts the polaron-to-molecule transition to occur
at (kFaBF)_1 = 1.60(ref. ). For finite boson densities it predicts the phase
transition between the polaronic condensate and the molecular phase
to take place beyond this value as the boson concentration increases,
thatis, (kFaBF)C_1 > 1.60.Specifically, for the case of balanced densities,
ng = ny, it predicts (kFaBF)C_1 =2.02.

The NSCT approach, however, only takesinto account single par-
ticle-hole excitations of the Fermi sea®* and underestimates the modi-
fication of the binding energy of molecules inside the many-body
environment. Indeed, when applying the NSCT approach’® to the
Fermi-polaron problem at mass balance, one finds the
polaron-to-molecule transitiontooccur at (k,:am:)c_1 =1.27(ref.%), while
techniques that include higher-order correlations such as fRG* and
state-of-the-art diagramatic Monte Carlo (QMC)*** predict avalue of
(kragp)," = 0.90.

Thus, to obtainamore accurate description of the critical interac-
tion strength for the heteronuclear case considered in this work, we
used a fRG scheme, which takes into account an infinite number of
particle-hole excitations in the Fermisea®. The resulting polaron and
moleculeenergies are showninFig. 1e, yielding a polaron-to-molecule
transition at (kpags)”" = 1.16 Asshownin Fig.1d, wefind thatthepolaron
quasiparticle weight obtained in the impurity limit already describes
the condensate fraction well, except for its discontinuity at the
polaron-to-molecule transition. From investigations of
two-component Fermi gases, it is expected that this discontinuity will
be smoothed out due to the finite boson density, temperature or
combinations thereof”*”. Moreover, as explicitly shown in refs, %277
and suggested by mean-field arguments”, one expects the transition
to shift to larger values of (keags) " as the boson density increases.
Hence, the value of (kpag) ™" = L.160btained from the fRGin theimpurity
limit can be regarded as a lower bound on the actual location of the
QPT at (ke agp),.

We note that the polaron and molecule energies cross at arather
shallow angle (Fig. 1e). Asaresult, the underestimation of the molecule
energy isthe mainreason for the difference in the predicted location of
the polaron-to-molecule transition in the NSCT and fRG calculations.
The quasiparticle weight is, in contrast, less affected, and, as shown
in Extended Data Fig. 5, both approaches yield similar results for the

quasiparticle weight of a bosonic impurity. Based on this finding,
NSCT theory can also be expected to give areliable prediction for the
condensate fraction at finite boson density.

Projection of polaronic states onto deeply bound molecules
As is evident from Fig. 2b, we detect a finite number of Feshbach
molecules even before the phase transition. This can be understood
from the fact that the rapid ramp to 72.3 G projects the system onto
deeply bound molecules. As a result, short-distance pairing correla-
tions between bosons and fermions are effectively measured before
the phase transition. However, once the phase transition is crossed
in the initial magnetic-field ramp, all bosons are bound into weakly
bound moleculesin an adiabatic fashion. Inthat case, the weakly bound
Feshbach molecules are transferred into deeply bound states by the
subsequent rapid magnetic-field ramp.

Here we demonstrate that a simple Fermi-polaron wavefunc-
tionindeed overlaps with deeply bound molecules when a projection
measurement, as described in the main text, is performed. Similar to
the calculations performed in ref. °5, we define the molecule number
operator as

Nyl = zl:,(c;ﬂdi OmOPd c, . )

Here, d, and c, are the fermionic and bosonic annihilation operators,
respectively, and ¢,(k) denotes the wavefunction of the molecule in
vacuum at centre-of-mass momentum p. We approximate it with the
formvalid for an attractive contact interaction potential:

Po(k) = — . @
Ey + %(k+ %Xp)
b (k
Ppk) = %® 3)

JEB0F

Here, E, denotes the energy of the molecule at p = 0, m denotes the
mass of the fermions, and ais given by the ratio of thebosonic and the
fermionic mass.

The operator Ny, measures the number of projected molecules
with respect to the Chevy Ansatz®’ for the Fermi polaron

|Pol) = a,df [FS(N)) + . akqd;_kcj(cq |FS(N)) )
kq

as Nyior = ( Pol | Nyl | Pol ) Here, apand o, denote variational parameters
and | FS(V) )denotes a Fermi sea containing N fermions.

The resulting fractions are shown in Extended Data Fig. 6 for a
massratio of & = 23/40 and different values of E,.. For the binding ener-
gies shown, it can be seen that with increasing (krags)”", the molecule
fractionincreases, with the fraction becoming smaller as E, increases.
This shows that, although the polaronis by no meansamolecular state,
itstill features pairing correlations that will lead to a finite overlap with
deeply bound molecules. Note that when the transition to the molecu-
lar phase is reached, in our experimental procedure the associated
weakly bound molecules will be transferred nearly adiabatically to the
more deeply bound molecules approximately described by equation
(2). Accordingly, the number of observed molecules would approxi-
mately saturate (in the absence of losses). However, because, during
thefinal part of theinitial ramp, excess bosons undergo lossy collisions
with the molecules, the number of molecules will be further reduced
and itis thus expected that the number of observed molecules will in
fact be maximized at the transition using our experimental
procedure.

Nature Physics


http://www.nature.com/naturephysics

Article

https://doi.org/10.1038/s41567-023-01948-1

Two-body loss of Feshbach and ground-state molecules
We measured the two-body loss rate of Feshbach and ground-state
molecules. For Feshbach molecules, the loss measurement
was performed after the 100-ms holding time, during which collec-
tive oscillations are dampened out and the 1,550/1,064-nm trap has
been compressed. The loss measurement of ground-state mole-
cules was performed immediately after the transfer into the ground
state, followed by a removal of the residual Feshbach molecules by
resonant light pulses. The trapping frequency for Feshbach and
ground-state molecules was (w,, 0, w,) =21 % (71,99, 234) Hz, because
weincreased the power of the 1,550/1,064-nm trap to compensate for
the change of polarizabilities between the Feshbach and ground-state
molecules.

We started from a density-dependent two-body loss model with
heating:

dn _

rri ©)

3ndT
_gpz_2ndl
pn 274

n
7

where n represents the average density and 7 the temperature of the
molecular sample. The two-body loss coefficient is expected to scale
linearly with temperature, as was experimentally confirmed for fermi-
onicground-state molecules’®”", With this knowledge, we defined the
temperature-independent loss coefficient b = /T, where we obtain
the temperature T by fitting Fermi-Dirac distribution to the molecular
clouds. In afirst step, we fitted the temperature with a linear-heating
model T, (t) = T, + ht, where T, is the initial temperature and h the
heating rate. Using this linear model for heating, we solve equation
(5) and obtain’

3/2
nohT;

" Tin( (2102 To — N Tun(0)b + A\ Ty + 21t T?))’

where n, describes the initial density of the sample. We fit equation
(6) to our datawith n,and b as free parameters. In analogy to ref.’, we
extracted the density of the sample by approximating the degenerate
Fermi gas as a classical gas at a temperature of T,,. We obtain T by fit-
ting a Gaussian distribution to the time-of-flight images. The average
insitu density of the classical gas is given by

n(t)

-3/2

N _3(kgT,
n(Ty) = mﬂﬁ(%) , @)

where @ is the geometric average of the trapping frequency, and
the classical temperature T accounts for the Fermi pressure as well as
the kinetic energy of the sample, thus overestimating the actual
temperature. Still, this effective model allows us to determine the
density of the sample, even in the degenerate regime, with the least
assumptions with respect to the loss and whether the sample is in
thermal equilibrium. The accuracy in determining the density
for degenerate Fermisamples using a Gaussian distributioninstead of
a Fermi-Dirac distribution was checked numerically in ref. . This
shows that the error is negligible for Fermi gases at temperatures as
lowas 0.27..

Extended DataFig.7 shows the loss measurement of the Feshbach
and ground-state molecules. For Feshbach molecules we get by, = 3.8
(5) x10™ cm?® pK™ s and for ground-state molecules we get b = 4.8
(6) x10 ™M cm? pK™*s™.

Error bars for the measurements

Theerrorbarsin (krag) 'in Figs.1d and 2 result from the magnetic field
uncertainty of 15mG and an error of 10% in the average trapping fre-
quency. The vertical error bars in Figs. 1d and 2, as well as Extended
Data Figs. 2, 3 and 6, are the standard deviation of three to five
measurements.

Data availability
The experimental data that support the findings of this study are avail-
able from the corresponding author upon reasonable request.

Code availability
All relevant codes are available from the corresponding author upon
reasonable request.
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Extended Data Fig. 1| Trap configurations and sequence for molecule
association. a, Trap configuration of the 1550/1064-nm trap and b, the 785-nm
trap. The magnetic field and its gradient are along the vertical direction
(z-direction). ¢, Typical timing sequence for the association of ground-state
molecules showing ramps of the magnetic field (red), its gradient (blue) and the
power of the 1550/1064-nm trap (gray). I. Association of Feshbach molecules

25 ms per division

by three-staged magnetic field ramp. Il. Removal of unassociated atoms. IlI.
Compression of the 1550/1064-nm trap while the power of the 785-nm trap
remains unchanged. IV. Removal of the levitation gradient for subsequent
STIRAP pulses. The black vertical solid and dashed lines separate different stages
ofthe sequence. The horizontal gray dashed line marks the Feshbach resonance
at78.3G.
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Extended Data Fig. 2| Feshbach associationin the (a) 1550/1064-nm and (b) 785-nm trap. Number of Feshbach molecules (gray) and the sum of associated and
unassociated sodium atoms (orange).
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Extended Data Fig. 3 | Feshbach association at various ramp speeds. Order parameter ¢ as a function of (kFaBF)_lat ramp speeds of 1.7 G/ms (red points), 3.5 G/ms
(orange points) and 9 G/ms (blue points). In addition, we show the data from the main text at the ramp speed of 3.5 G/ms for fig/fi = 1.3(grey diamonds).
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Extended Data Fig. 4 | Effective temperature of the bosons extracted from the thermal wings as a function of the interaction strengthin the vertical (dark gray)
and horizontal direction (light gray). The predicted polaron-to-molecule according to the fRG calculation at (k;aBF)f1 = l.16is indicated by the red dashed line.
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Extended Data Fig. 5| Impurity quasiparticle weight in the Fermi polaron
problemfora = 23/40. The quasiparticle weight of the impurity as a function
ofthe interaction strength is shown as obtained from the fRG (red, solid) and the
NSCT approach (black, dashed). While both methods yield similar results they
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differ in the prediction of the point where the polaron-to-molecule transitions
occurs, beyond which the occupied quasiparticle weight drops to zero. To
indicate the effect of finite boson density, the condensate fraction of the mixture
computed in NSCT is shown for ng = n.(black solid, also shown in Fig. 1d).
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Extended Data Fig. 6 | Number of projected molecules. The projected molecule fraction Ny, obtained from the Fermi polaron state within the Chevy Ansatz® is
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shownas a function of the interaction parameter (kFaBF)f1 for different binding energies of the deeply bound molecule.
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Extended DataFig. 7| Lifetime of NaK Feshbach (left panel) and NaK
ground-state molecules (right panel). The upper panel figure shows the

average density n of the Feshbach molecules (gray points) and ground-state
molecules (purple points) as a function of holding time. The dataiis fitted with
Eq. (6). Theresult of the fits are plotted as solid lines. The error bars are statistical
errors derived from the atom number fluctuations. For the fitting procedure we
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only consider data points where the molecule number is larger than1x 10*. The
lower panel shows the temperature of the Feshbach molecules (gray points) and
the ground-state molecules (purple points) as a function of the holding time
extracted from Fermi-Dirac distribution fits. The dashed lines represent the
linear fit of the temperature.
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