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Abstract

In this thesis we consider a novel, strongly interacting degenerate Fermi-Fermi
mixture of ultracold atoms. Superfluid fermionic systems are ubiquitous in na-
ture: Neutron stars and high-Tc superconductors are just two examples of those
strongly interacting systems. Given the complexity of the mechanism underling
this phenomena, a proper theoretical physical description is challenging. In this
regard, reaching the superfluid regime in a system of fermionic ultracold gas could
further our understanding of superfluid systems. The measurements reported in
this thesis are carried out on a sample of 40K and 161Dy. A mass imbalance of
about 4 is expected to enlarge the region of the phase diagram where resonant su-
perfluidity is predicted to appear, and make it attainable at realistic experimental
conditions. From the practical point of view, the Dy-K mixture is easy to handle,
and offers the advantage that the two species can be addressed independently. A
thorough characterization of the mixture and its interaction properties is the first,
fundamental step towards superfluidity.

In first instance, we measure the dynamic polarizability of 164Dy at 1064 nm.
This wavelength is of particular interest for laser trapping experiments. Our ap-
proach is based on the measurement of collective oscillations in an optical dipole
trap and comparison with potassium as a reference species. We determine the
scalar polarizability to be 184.4(2.4) a.u., more than three times smaller than for
K. We obtain a value of 1.7(6) a.u. for the tensor polarizability.

We then bring the 161Dy-40K mixture in the degenerate regime. The two species
are polarized in their lowest spin state. Thanks to universal dipolar scattering,
dysprosium undergoes forced evaporative cooling. Potassium is sympathetically
cooled via s-wave collisions with Dy. Based on thermalization measurements, we
estimate the interspecies background scattering length to be jaDyKj ’ 62a0.

Resonant superfluidity requires the presence of a broad Feshbach resonance.
We identify such a feature in the high magnetic-field region. In a scenario of three
overlapping resonances, we consider the strongest one, centered at B0 ’ 217 G.
We perform a detailed characterization of the resonance and study the behavior
of the mixture at B0. We identify several spots where the mixture is strongly
interacting and has a lifetime of several hundreds of milliseconds.

Finally, we investigate the inelastic atomic losses in a degenerate spin-polarized
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sample of 161Dy. We measure the Feshbach spectrum in the magnetic region below
1 G, and identify as much as 44 resonance features and observe plateaus of very
low losses. We perform case study on four selected resonances. We systematically
measure the three-body collision rate K 3 for different conditions of temperature
and magnetic-field detuning, and retrieve a behavior qualitatively similar to the
one observed for p-wave scattering. We observe a strong suppression of losses with
decreasing temperature already for small detunings from resonance.

The interaction properties of the system and the tunability of the population
imbalance are favorable to reach the superfluid regime. A reduction of the cloud
temperature will eventually locate our mixture in the region of the phase diagram
where superfluidity is expected to appear.
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1Introduction

In 1911, H.K. Onnes observed that the resistivity of solid mercury abruptly disap-
peared once the sample was brought to temperatures below4:19 K [1]. In 1913 he
named this phenomenasupraconductivity, a name which later was substituted by
the term superconductivity[2]. Onnes's discovery was followed by numerous exper-
iments, which overall aimed at unraveling and better understanding the behavior
of superconductors, i.e., all those materials for which, below a certain tempera-
ture (called critical temperature, Tc), the resistivity abruptly disappears. Despite
the progress in understanding the properties of superconductors, for decades no
one could explain the physical mechanisms underlying this e�ect. Onnes himself
believed that quantum mechanics would explain the e�ect, but he wasn't able to
develop a theory [3]. It was only in the 1950's that the Ginzburg-Landau and the
Bardeen�Cooper�Schrie�er (BCS) theories were formulated (see for instance [4]).
In particular, the latter provided a microscopic description of superconductivity
in terms of Cooper pairs, i.e., pairs of electrons which form below a certain critical
temperature, the attraction being provided by a deformation of the metallic lattice
[5].
In the 1930s, twenty years after the discovery of superconductivity, anothersuper-
phenomenon was observed: In two independent works, Kapitza [6] and Allen and
Misener [7] observed that the viscosity of4He abruptly dropped once the sys-
tem was cooled below2:17 K. Below this temperature, helium manifests friction-
less �ow. In 1938, F. London suggested that super�uidity in4He was related to
Bose-Einstein condensation (BEC). In 1971 super�uidity was also observed in the
fermionic isotope of helium,3He [8]: In this case, the frictionless �ow was appear-
ing at around 2:6 mK, three orders of magnitude lower than for4He. Super�uidity
in 3He was explained in terms of formation of diatomic pairs (which thus feature
bosonic character), and their subsequent condensation into a BEC.
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At the end of the 1950's an increasing theoretical interest was put on de�ning a
unifying theory able to explain the pairing phenomena observed in fermionic sys-
tems for a wide range of interparticle interaction strength. Through a series of
fundamental works (e.g. [9, 10, 11]) took shape what nowadays is known as the
BEC-BCS crossover theory. This theory provides a theoretical description of an in-
teracting fermionic system in terms of a modi�ed version of the BCS wavefuntion,
which undergoes a smooth crossover between the BEC regime (where diatomic
molecules form and condense) and the BCS regime (where Cooper pairs form).
An important element of the BEC-BCS crossover, is the prediction of the so called
resonant super�uid, which features a critical temperatureTc of the order of the
system Fermi temperatureTF (in the BCS regime, the critical temperature is
more than �ve order of magnitude lower!). Resonant super�uidity occurs where
the interparticle interactions are the strongest. In this regime, the physics of the
system only depends on thermodynamic quantities, and not on the details of the
interaction potential. In this sense the system is said to be universal, and directly
relates to other systems of strongly interacting fermions present in nature (e.g.
high temperature superconductors, neutron stars, Quark-Gluon plasma).
The BEC-BCS crossover theory has been at the center of an active research ac-
tivity. A theoretical description of the crossover regime poses challenges because
of the lack of small parameters. The advent of ultracold atomic gases has o�ered
to physicist an additional, unique, powerful platform where to experimentally in-
vestigate the BEC-BCS crossover model and gain a deeper insight on resonant
super�uidity. The uniqueness of this platform stands on the tunability of the sys-
tem parameters, in particular of the strength of the interparticle interactions.
An ultracold gas is an extremely dilute system of neutral atoms (typical density
n � 1013 cm� 3, six orders of magnitude less than air), which have been cooled to
temperatures in the nanokelvin regime. At such low temperatures, the de Broglie
wavelength � dB becomes comparable to the interparticle distancel = n� 1=3, and
the wave nature of the atoms becomes important: Interference and quantum-
statistical e�ects can no longer be neglected. Given the low temperatures and the
dilutness of the gas, in many ultracold atom experiments the actual microscopic
structure of the interaction potential can be neglected. What matters instead
is the scattering amplitude, which relates to the probability for two particles to
interact. The strength of the interaction can be parametrized via the so-called
scattering length a. Depending if the interactions are attractive or repulsive, the
scattering length can be negative or positive, respectively. A system is said to
be weakly interacting if jaj � l , while for jaj & l the system is in the strongly
interacting regime. Forjaj ! 1 , the system is in the unitary regime, and resonant
super�uidity as predicted by the BEC-BCS crossover theory is expected to occur.
One of the most amazing properties of ultracold atoms is the presence of Feshbach
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(FB) resonances, which o�er the possibility of controlling the interparticle interac-
tion strength [12]. By tuning an external magnetic �eld, the scattering length can
take any value, becoming zero in correspondence of the so called resonance zero
crossing and diverging at the resonance center (a ! �1 ).
Because of the high degree of control that experimentalists have over lots of the
system parameters (temperature, interaction strength, density, etc...), ultracold
gases of fermionic atoms have been demonstrated to be a powerful platform where
to investigate the BEC-BCS crossover theory. Its �rst observations were done in
systems of dilute Fermi gases of6Li [13, 14] and40K [15], followed over the years
by numerous works, both experimental and theoretical. If, on one side, experi-
mentalists contribute to build up a more and more complete understanding of the
physics underlying super�uidity along the BEC-BCS crossover, theoreticians are
pushing the limits of such a theory, and predict the existence of new phases of
matter which go beyond the idea of super�uid as originally formulated.
Lots of interest has risen by the question of the super�uid stability in the presence
of population imbalance. In this case, indeed, not all atoms can pair up. The
resonant super�uid state has been found to be robust against spin imbalance (e.g.
[16, 17]), up to a critical polarization above which the system undergoes phase
separation, and the non-paired atoms are "expelled" from the super�uid core (see
for instance [18]). Even more intriguing is the possibility to create an inhomo-
geneous super�uid, where the order parameter is periodically modulated. The
existence of such a phase has been predicted separately by Fulde and Ferrel (FF,
plane wave order parameter [19]) and by Larkin and Ovchinnikov (LO, standing
wave, [20]). Next to phase separation and the FFLO state, the phase diagram of
a polarized system also predicts the presence of a Sarma phase [21, 22]. Those
phases of matter, often gathered together under the name ofexotic phases of mat-
ter, so far remained elusive to a thorough experimental investigation, because of
the too narrow phase space region where they are expected to appear [23].

The DyK (dysprosium-potassium) experiment provides a new platform where to
study strongly interacting Fermi systems, and is particularly suited for the in-
vestigation of new exotic phases of matter. The novelty of our fermionic mixture
resides in the mass imbalance between the two components, dysprosium being four
times heavier than potassium. Theoretical works (e.g. [24, 23]) show that in the
presence of mass imbalance and for a majority of light particles, the FFLO state is
expected to appear in the strongly interacting regime, at temperaturesT ' 0:1TF ,
two orders of magnitude higher than for the mass-balanced case. More in gen-
eral, the ingredient of mass imbalance is expected to enlarge the regions in the
phase diagram where exotic phases are predicted to appear, making them exper-
imentally accessible. Another important aspect of working with a heteronuclear
mixture is the di�erent dynamic polarizability of the two species. This opens up
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the possibility of engineering species-selective traps and o�ers an additional knob
for the mixture manipulation. In [25] it has been calculated that an increased
trap-frequency ratio leads to higher critical temperature for the onset of resonant
super�uidity. Other mass-imbalanced fermionic mixture have already been pro-
duced, but they all feature unfavorable mass ratio or interaction properties. Our
fermionic mixture is the �rst of its kind, being made of a lanthanide and an al-
kaline species. It comes with important challenges, mainly related to the highly
magnetic character of dysprosium and its complicated interaction properties.
In this thesis, we report on how a strongly interacting Fermi-Fermi mixture of dys-
prosium and potassium has been produced and its interaction properties have been
characterized. Exploiting the long-range character of Dy-Dy dipole interactions
together with standard techniques well established in the ultracold atoms commu-
nity, we have been able to bring the mixture into the deeply double-degenerate
regime, reaching reduced temperatures as low as' 0:1T=T(Dy )

F [26]. We found
a suitable Feshbach resonance centered around217 G thanks to which the inter-
action strength between the two species can be smoothly tuned [27]. Where the
interactions are the strongest, the mixture still features a relatively long lifetime,
of the order of few hundreds of milliseconds.
A huge e�ort is now being put on lowering the temperature of the mixture in
the strongly interacting regime. This, together with technical improvements, will
�nally make the long-sought exotic phases experimentally accessible.



2From Ultracold Atoms to the DyK
Experiment

2.1 Ultracold atomic experiments

An ultracold gas is an extremely dilute system of neutral atoms (typical density
n � 1013 cm� 3, six orders of magnitude less than air), which have been cooled to
temperatures in the nanokelvin regime. Four main length scales de�ne the regime
of the system: the interparticle distancel = n� 1=3, the thermal de Broglie wave-
length � dB , the interaction range r0 and the scattering lengtha [28]. The onset
of quantum degeneracy is marked byl ' � dB . Typical experimental conditions
are such that r0 � � dB . The particles can not resolve the microscopic structure
of the interaction potential, and the remaining length scale de�ning interaction is
the scattering length a. This latter can take any value �1 < a < + 1 . Such
tunability is one of the greatest feature of ultracold atoms, and will be discussed
in Sec. 2.3. Ifa � l and a � � dB , the system is said to be in the weakly interact-
ing regime. For increasinga, correlations among particles become more and more
important. For a � l , many-body physics enters into play. Of particular interest
in the frame of this thesis is the regime wherejaj ! 1 : The system is said to be
unitary and it enters a universal regime of scale invariance, where the scattering
length drops out of the problem and the only relevant remaining length scales are
� dB and l.
The last century saw fervent theoretical and technical developments in the cooling
and trapping of neutral atoms, which eventually led to the achievement of quan-
tum degeneracy. In 1995, almost simultaneously the group of Cornell at JILA (on
87Rb) and the one of Ketterle at MIT (on 27Na) obtained the �rst signatures of
Bose-Einstein condensation [29, 30]. Fermionic degeneracy took a bit longer to be
observed, the �rst degenerate Fermi gases (DFG) being obtained from a sample of
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40K in 1999 at JILA in the group of D. Jin [31] and of6Li in 2001 in the group of
R. Hulet at Rice University [32] and of C. Salomon in Paris [33].
Nowadays ultracold-atom experiments rely in a well-establish experimental proto-
col to e�ciently bring an atomic gas into the quantum regime. A typical ultracold
atom experiment usually starts with an hot atomic cloud (a hot vapour, often
coming out of an e�usive oven), which is laser cooled and loaded into a MOT.
The cloud is then transferred into a conservative trap (magnetic or optical). Sub-
Doppler cooling technique may be used to further reduce the sample temperature,
before forced evaporative cooling takes place. Quantum degeneracy is typically
reached within a total of twenty to thirty seconds. The experimental sequence
length is mostly dictated by the MOT loading e�cacy and the e�ciency of the
evaporation process.
The achievement of quantum degeneracy has marked a turning point in the re-
search direction of ultracold atoms. From the end of the 1990's ultracold atoms
have become a fundamental platform for quantum simulation. The high degree of
control that experimentalists have over lots of the system parameters (temperature,
dimensionality, interaction strength, density, etc...) allows them to use ultracold
atomic systems to study a plethora of physical problems which are otherwise ex-
tremely di�cult (if not even impossible) to investigate. The aforementioned high
degree of control over the system parameters can be used to engineer an ultracold
atomic system whose Hamiltonian is equivalent to the one relevant to the physical
problem of interest. This idea of simulating one quantum system using another,
more controllable one, has proven to be quite powerful. For instance, ultracold
atoms can be used to investigate solid state physics problem, for which the time
or length scales of interest may be experimentally inaccessible and the presence
of impurities can hinder the overall scenario. Ultracold atomic systems are also
an important aid for theoreticians, whose simulations often encounter the techni-
cal limits of current computers. Example of quantum simulations with ultracold
atoms are for instance the study of the Bose- (or Fermi-) Hubbard model with
lattice and quantum microscope experiments [34, 35, 36, 37] or the simulation of
arti�cial Gauge �elds [38, 39]. Ultracold-atom experiments have become an impor-
tant tool also for the study of fundamental physics (BEC-BCS crossover [15, 40,
14], exotic phases of matter, topological phase transitions [41], reduced-dimension
systems [42, 43], disordered systems ([44] and references therein), ...), metrology
(atomic clocks [45], measurement of fundamental constants [46], atomic interfer-
ometry [47],...) or quantum chemistry (laser cooling of polyatomic molecules [48,
49], ultracold molecule assembly [50], ultracold reaction control [51], ... ).
Despite the fact that the experiments are pursuing di�erent goals, they (almost)
all start with the production of a degenerate gas in a relatively tight volume.
The measurements are often then performed in a di�erent trap geometry (lattice,
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dimensionally reduced traps, etc..), engineered on purpose for the speci�c exper-
iment. It is often required a manipulation of the interatomic interactions, which
is possible for instance as soon as a Feshbach resonance is present. The actual
investigation of the sample involves a wide spectrum of (often standard) experi-
mental techniques (loss spectroscopy, radio-frequency spectroscopy, lifetime mea-
surements, Rabi oscillations measurements, thermalization measurements, etc...).
No matter which experiment is performed, all the information are inferred from
the atomic cloud properties (position, density distribution, dimensions...), which
in turn are obtained from a picture of the cloud. The picture can be taken by
absorption or by �uorescence,in situ (i.e., in the trap) or after expansion in time
of �ight (TOF, i.e., after being released from the trap).

2.2 Ultracold fermions

Bosons and fermions are the basic constituents of matter, the �rst being charac-
terized by an integer spin quantum number while the second by a half integer one.
Such an apparently simple di�erence between bosonic and fermionic particles has
profound consequences on their physics, the two requiring two di�erent quantum
statistical descriptions (Bose-Einstein statistics the �rst, Fermi-Dirac statistics the
second). Justi�ed by the fact that bosons are not relevant in the frame of this the-
sis, in this section I will restrict the discussion to fermionic systems only.
The fermionic wave function is antisymmetric under particle interchange. This
has the important consequence that fermions obey the Pauli exclusion principle,
i.e., two identical particles can not occupy the same quantum state. At low tem-
peratures, where a quantum-statistical treatment is necessary to describe the sys-
tem, the Pauli principle dramatically changes the thermodynamics of a fermionic
system. The occupancyf (") of a quantum state with energy" is given by the
Fermi-Dirac (FD) distribution:

f (" ) =
1

1
� exp("=kBT) + 1

; (2.1)

where T is the temperature of the gas,� = exp( �=k BT) is the fugacity and � is
the chemical potential. A new energy scale, the Fermi energyEF , is introduced.
It coincides with the chemical potential at zero temperature� (T = 0) = EF ,
and de�nes the Fermi temperatureTF = EF =kB . A fermionic system is said
degenerate if the ratioT=TF is below 1. For a non-homogeneous gas one can
de�ne a local chemical potential:� (r ) = � (r = 0) � Vt (r ), Vt (r ) being the con�ning
potential. From here, the local analogous of the other thermodynamic quantities
can be derived. In the presence of harmonic con�nement the global Fermi energy
is commonly de�ned asEF = ~�! (6N )1=3, �! being the geometrically averaged trap
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frequency.
According to the Pauli principle, it can only be0 < f (") < 1. In particular, at zero
temperature we have thatf (" � EF ) = 1 and f (" > E F ) = 0 . In contrast with a
Bose system, the ground state of a Fermi system is characterized by particles that
can not accumulate in the lowest energy state and are therefore forced to pile up
in the di�erent energy levels. It follows that a degenerate Fermi gas always has
a �nite energy and a �nite pressure, even at zero temperature. It is important
to remark that Bose-Einstein condensation is a phase transition, characterized by
symmetry breaking (the gauge invariance). Instead cooling a fermionic system
leads to a crossover into the degenerate regime: All symmetries are preserved,
the behavior of the system smoothly changing at temperatures belowTF , where
quantum statistics becomes more and more important.
The various thermodynamic quantities can be obtained by properly averaging over
the density of statesg(") and the mean occupation numberf (" ). Upon integration,
most of the thermodynamic quantities are expressed in terms of the polylogarithm
function of ordern, Lin (� � ) [52]. Restricting the discussion to a three-dimensional
harmonically trapped gas1, we have for instance, that the level of degeneracy is
given by the reduced temperatureT=TF = � (6Li3(� � )) � 1=3, while the density
distribution reads

n(r ) = �
(kBTm)3=2

(2� )3=2~3
Li3=2

�
� � e� U ( r )

k B T

�
: (2.2)

The spatial and the momentum distribution for T < TF deviate from a Gaussian
pro�le and in the limit T ! 0 they can be described respectively with the expres-
sionsn(r ) / (1 � (r=RTF )2)3=2 and n(p) / (1 � (p=p(0)

F )2)3=2, as �rst measured in
[31]. HereRF =

p
2EF =(m! 2) is the Fermi radius andp(0)

F =
p

2mEF is the Fermi
momentum at the center of the trap. The total energy of a fermionic system is
U = 3kBTN Li 4 (� � )

Li 3 (� � ) , which in the degenerate regime exceeds the classical counter-
part Ucl = 3kBTN [31]. It follows that for T ! 0 the gas becomes incompressible,
the pressureP approaching a �xed �nite value. The e�ect of the Fermi pressure
is clearly visible in the size of a degenerate atomic cloud, which shrinks with tem-
perature slower than what happens in a bosonic gas, and only weakly depends on
T for T=TF . 0:5 [32].
The Pauli principle not only a�ects the thermodynamic properties of fermions,
but also the collision properties. Given the antisimmetry of the fermionic wave-
function, only scattering in odd partial waves is allowed. This, together with the
fact that at low temperatures collisions in non-zero partial waves are kinetically
suppressed, has the important consequence that in an ultracold gas of identical
fermions both elastic and inelastic scattering are basically absent.

1For a three-dimensional harmonically trapped gas,g(" ) = "2=(2(~�! )3).
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Pioneering works on ultracold fermionic gas have been carried on on samples of
40K or 6Li. One of the main technical limitations that experimentalists had to
overcome was the fact that a polarized Fermi gas can not be evaporatively cooled
because rethermalization (elastic) collisions are kinetically suppressed. The group
in JILA bypassed the problem by creating a spin mixture of two Zeeman substates
of 40K ( jf; m f i = j9=2; 9=2i and jf; m f i = j9=2; 7=2i ). s-wave collisions among
two di�erent spin states are allowed, and the mixture could undergo forced evap-
oration. A di�erent method was suggested in [53], and led to the �rst DFG of
6Li in 2001 in the group of Hulet and the one of Salomon. In this case, the sam-
ple was a Bose-Fermi mixture of7Li and 6Li. The fermions were sympathetically
cooled by the evaporatively cooled bosons2. Employing a Bose-Fermi mixture has
the important advantage that lower temperatures can be reached for the fermionic
component. Indeed, in [31] was observed that the cooling e�ciency decreased once
the gas was su�ciently quantum degenerate, because rethermalization collisions
were inhibited by the Pauli blocking. In contrast, in the lithium experiment the
presence of the bosons helped minimizing this e�ect. Moreover, the fact that6Li
was sympathetically cooled rather than evaporated prevented from atomic losses.
The quantum properties of a degenerate Fermi gas were thoroughly investigated
by the group in JILA, and a comprehensive summary of their results is reported
in the thesis of B. DeMarco [52].
Other than 40K and 6Li, by now several additional fermionic species have been
brought to degeneracy:53Cr [55], 87Sr [56],173Yb [57], 171Yb [58],3He� [59], 161Dy
[60] and 167Er [61]. In the frame of this thesis, the last two deserve particular
attention. Dysprosium and erbium feature a high magnetic moment, and their
interactions are governed by the dipolar force. As will be discussed in Sec. 2.5,
the highly magnetic character strongly a�ect the scattering properties of those
atoms. One of the main consequence is the fact that a spin polarized single species
fermionic gas of Dy or Er can be evaporatively cooled, rethermalization among
particles being possible thanks to universal dipolar scattering [60, 61, 62].
The possibility of tuning the interaction strength between particles thanks to Fesh-
bach resonances marked a turning point in the �eld of ultracold Fermi gases.
Fermi-Fermi mixtures of two spin states or two atomic species become a funda-
mental platform where to investigate fermionic super�uidity and test important
theories such as the BEC-BCS crossover. In those systems three-body losses are
suppressed because of the Pauli principle. This leads to a great stability of the
gas, even in the strongly interacting regime. Strongly interacting Fermi gases are
at the core of the DyK experiment, and they will be brie�y discussed in Sec. 2.4.

2A similar method was used in Florence, where they evaporated87Rb and sympathetically
cooled40K to ' 0:3 of its Fermi temperature [54].
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2.3 Feshbach resonances

In this section I will recall few of the basic concepts about magnetic Feshbach res-
onances. Feshbach resonances are at the core of many ultracold atom experiments.
The topic is extremely wide and rich, and it has been treated in several textbooks,
reviews and articles. In this section, I will mostly follow Sakurai's textbook [63]
and the review article from Chin et al. [12].
Interaction (and so scattering) between two particles can be formally rewritten as
the scattering, in the relative coordinates frame, of a single particle from a poten-
tial V(r ), whose range is given byr0. Let's assume that the initial state of the
system is the one of a free particle with kinetic energyE = ~2k2=m, traveling along
the x̂ direction, whose wave function is a plane wave i (r ) / eikx . We assume that
the scattering event will not a�ect the internal state of the system. The wave
function of the �nal state, i.e., after the scattering process, will be the sum of the
original plane wave plus a spherical wave with amplitudef (k0; k):

 f (r ) r � r 0���! A
�

eikx + f (k0; k)
eikr

r

�
: (2.3)

The prefactor A accounts for renormalization constants;k0 is the k-vector prop-
agating along r . The amplitude f (k0; k) is referred to as the scattering ampli-
tude. From the Lippman-Schwinger equation it follows thatf (k0; k) ' h k0j V j i i .
The di�erential cross section directly follows from the scattering amplitude, being
d�=d 
 = jf (k0; k)j2.
So far we have considered the incoming wave function being an eigenstate of the
linear momentum, jki . It can be demonstrated that also the so called spherical
wave statesjE; l; m i form a diagonal basis for the free-particle Hamiltonian (E; l; m
are respectively the relative kinetic energy, the orbital angular momentum and its
projection along the quantization axis). In position space, those states are given
by hr jE; l; m i = cl j l (kr )Y m

l (r̂ ), where cl / i l
p

k, j l (kr ) are the spherical Bessel
functions of orderl and Y m

l (r̂ ) are the spherical harmonics. A plane wave can be
written as a sum over the variousl and m contributions. With some algebra it
can be shown thateikx '

P
l cl j l (kr )Pl (k̂ � r̂ ) (see for instance [63]). The Legendre

polynomials of orderl , Pl (� ), have been introduced. In this new basis, at large
distances from the scatterer the initial state is a sum of incoming and outgoing
spherical waves3. The scattering amplitude can be decomposed in spherical waves

3The limit for x ! 1 of the spherical Bessel functions is

j l (x) x !1����!
ei (kr � l�= 2) � e� i (kr � l�= 2)

2ix
:
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too, and reads:

f (k0; k) =
1X

l=0

(2l + 1) f l (k)Pl (k̂ � k̂0); (2.4)

wheref l (k) is the partial-wave amplitude.
Rewriting Eq. 2.3 in the spherical waves basis gives

 f (r ) r � r 0���!
1X

l=0

(2l + 1)
Pl (k̂ � k̂0)

2ik

�
e2i� l

eikr

r
�

e� i (kr � l� )

r

�
: (2.5)

The scattering event leaves the incoming spherical waves unaltered, while the out-
going spherical waves get a factore2i� l = 1 + 2 ikf l (k). The e�ect of the scattering
process in the wave function at large distance is just a phase shift in the outgoing
wave.
In the frame of ultracold atoms, we are mostly dealing with short-range, spherical
potentials. The interaction between two atoms can be modeled as the sum of two
contributions: a short-range repulsive one, accounting for the impenetrability of
the two atoms, and a long-range attractive one, accounting for the Van der Waals
interaction [64]. We are interested on the phase shift imprinted to the two-atoms
wavefunction after the interaction. Since we are treating ultracold atoms, we can
work in the low energy limit (k ! 0 and consider onlys-wave scattering,l = 0). In
this limit, the phase-shift can be parametrized by a single quantity, the scattering
length a, de�ned as:

lim
k! 0

k cot � 0 = �
1
a

: (2.6)

To further discuss scattering in ultracold atoms, it's important to remind that
di�erent electron spin con�gurations of the two interacting atoms can lead to
di�erent interaction potentials (or channels � ). In the presence of more scattering
channels, coupling between the channels has to be taken into account (multi-
channel model). De�ning the channel energyE � , the total energy of the system
will be E tot = E � + E. Two di�erent channels can have di�erent total energy.
Following Ref. [12], let's consider a system of two atoms (j at i ), far apart one from
each other, with low kinetic energy (k ! 0), whose interaction potential is given by
Vop, such that Vop(r ! 1 ) = 0 . We refer to this channel as theopenchannel. The
interaction potential Vop is characterized by the so called background scattering
length abg. We then consider a second interaction channel (close channel,Vcl),
which has an higher internal energy. The close channel features a (bare) molecular
state (j mol i ), with molecular energy Emol quite close to zero. By tuning the
magnetic �eld, the o�set between the two channels forr ! 1 can be changed
by the amount ��B , whereB is the magnetic �eld and where we have introduced
the di�erential magnetic moment �� = � cl � � op, � cl and � op being the magnetic
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moment of the system respectively in the closed and open channel. It is thus
possible to cause the molecular state to be almost degenerate with the free atoms
state: The two channels can couple, the modi�ed (dressed) states being

�
�
� ~ at

E
and

�
�
� ~ mol

E
. As a consequence of the coupling, both the molecular energy and the

scattering length also change. A so-called magnetic4 Feshbach resonance arises
when, for some magnetic �eld region, the bare molecular state gets degenerate
with the asymptotic scattering state (the open channel). When this happens, the
scattering length diverges.
Feshbach resonances are a powerful tool, because they allow for a modi�cation
of the interaction strength by �ne tuning the magnetic �eld. More in general,
around a single, isolated resonance, the scattering length assumes the following
dependence on the magnetic �eld:

a(B) = abg

�
1 �

�
B � B0

�
: (2.7)

Here � is the resonance width andB0 is the center (or pole) of the resonance,
i.e. wherea diverges. Another important quantity is the resonance zero-crossing
Bzc = B0 + � , where the scattering length becomes zero.
The coupling of the two channels around a Feshbach resonance not only modi�es
the scattering length, but also the energyEmol of the bound (molecular) state.
In particular, in the universal regime, the dressed molecular state has an energy
Eb = � ~2=(2ma2). Recalling Eq. (2.7), this means that the binding energy around
the pole of the Feshbach resonance depends quadratically on the magnetic �eld
detuning Eb / (B � B0)2. Moving away from the resonance center, the molecular
state becomes more and more bound. The closed channel character of the bare
molecular state becomes more and more dominant, andEb becomes linearly de-
pendent onB.
A Feshbach resonance can be broad (strong) or narrow (weak). The di�erence

stands in how much
�
�
� ~ at

E
and

�
�
� ~ mol

E
preserve their original character. If the

near-threshold scattering and bound state have the internal structure of the scat-
tering state, the resonance is said broad (or strong). Vice versa the resonance is
said narrow (or weak)5. Technically speaking, a broad Feshbach resonance is often
characterized by a large value of� , making it easier to work with, given the less
sensitivity to magnetic �eld �uctuations.

4Hereafter the term magnetic will be omitted, unless necessary.
5A useful quantity is the range parameter R� , introduced in [65], R� = ~2

2m � abg ��� . In the
universal region the relation jaj � R� holds. Conditions for a Feshbach resonance to be broad
are not necessarily a large value of� , rather a large value for the quantity abg��� b, where �� b is
the di�erence between the magnetic moment of the free atoms system and the magnetic moment
of the dressed molecular state.
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Near the center of a Feshbach resonance, interactions are enhanced. For an
s-wave broad Feshbach resonance, the elastic cross section is given by� el =
4�a 2=(1 + k2a2) (an additional factor of 2 has to be considered for identical par-
ticles). It follows that around a Feshbach resonance,� el increases fast from its
background value. In the zero temperature limit, wherek ! 0, � el = 4�a 2 is a
valid approximation. Wherea diverges, this approximation ceases to hold and the
cross section takes the value� el = 4�=k 2. This expression coincides with the upper
bound set on the scattering amplitude by the unitarity of quantum mechanics [12].
When the scattering amplitude acquires this limit value, the system is said to be in
the unitary regime. In this regime, the scattering length drops out of the problem,
and the only remaining relevant length scales are the inter-particle distance and
� dB .
In the vicinity of a Feshbach resonance inelastic losses are enhanced too. In an
inelastic two-body process, one or both colliding atoms end up in a lower-energy
internal state. The extra energy becomes available as kinetic energy, causing the
atoms to escape the trap. Two-body inelastic collisions are only present in those
systems where the atoms are not in their ground state. For typical experimental
conditions three-body losses are thus the dominant ones. A three-body process
sees the recombination of three atoms in a dimer and a free atom. The binding
energy is released as kinetic energy, and the dimer plus atom escape from the trap.
For bosons, the three-body recombination rate is independent of the energy of the
atoms and scales asa4 [66]. In a two-component Fermi gas, the rate is slower and
linearly depends on the relative kinetic energy of two identical particle [65]. In
experiments, the enhancement of both elastic and inelastic collisions are exploited
respectively in thermalization and loss scans, to experimentally �nd, locate and
characterize a Feshbach resonance (see [12] and references therein).
In the above treatment we have assumed that the atoms are interacting ins-wave
collision channels. This assumption is justi�ed by the fact that in an ultracold
atomic system with dominant Van der Waals interactions, the energy of the col-
liding particles is usually so low that only thes-wave channel gives an actual
contribution to the interaction, the other channels being kinetically suppressed.
That being said, scattering can also happen in higherl -channels. Examples of
systems of particles interacting in higher partial waves are gas of polarized, sin-
gle species fermions, where scattering ins-wave is forbidden because of the Pauli
principle, or ultracold gas featuring long-range, anisotropic interactions, where for
all partial waves the phase shift is� l / k, and the various channels are mixed [67,
68]. This is the case for instance of dysprosium and in general of highly magnetic
atoms, and is at the base of the peculiar scattering properties of those gases. As
discussed in Sec. 2.5, the coupling of di�erentl-wave collision channels gives rise
to an extremely rich Feshbach spectrum.
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The aforementioned formalism of Feshbach resonances also applies to scattering
in higher partial waves. In the case of ap-wave resonance, the scattering length
needs to be substituted by the so-called scattering volumeV (p)(B ). In analogy
with an s-wave resonance, a collision channel is characterized by a background
scattering volume (V (p)

bg ). The scattering volume diverges approaching the pole

of the resonance, beingV (p)(B ) = V (p)
bg (1 � �=(B � B0)) . Elastic and inelastic

process are enhanced in vicinity of the resonance. The elastic cross section has a
resonant behavior, being� (p)

el
2=((E � � )2 + ~2
 2=4), where � is the energy of the

bare molecular state, and
 depends on the microscopic detail of the potential
[69, 70]. In stark contrast with thes-wave resonance, where� el can be considered
constant with energy (in the limit whereak ! 0), elastic collisions inp-wave chan-
nels are kinetically suppressed. This explains why evaporation exploitingp-wave
interactions is not e�cient. Also the three-body recombination rate is kinetically
suppressed, in the threshold regime beingK 3 / E 2 [71]. At �xed energy, the K 3

increases as(V (p))8=3 [72], until it reaches the unitary limit K max
3 / ~2=(m3E 2)

[73].
Feshbach resonances are nowadays an ubiquitous tool in cold-atom experiments.
They allow for a �ne tuning of the interactions among particles, opening up the
way to otherwise inaccessible physics regimes.
The �rst experimental observation of a Feshbach resonance in a degenerate gas was
done in 1998 by the group of W. Ketterle [74]. They observed the enhancement of
inelastic losses around a Feshbach resonance on a BEC of Na, and calculated the
corresponding increase in the value of the scattering length. The �rst observation
of magnetic Feshbach resonance in a fermionic spin mixture was done in 2002, by
the group of D. Jin: In [75] they reported on the behavior of the elastic scattering
cross section between the two lowest spin states of40K when the magnetic �eld
was varied around the Feshbach resonance at201 G. In 2004, the �rst observations
of Feshbach resonances in heteronuclear mixtures were reported [76, 77].
Nowadays, many experiments are carried out in vicinity of a Feshbach resonance.
The major research directions are related to the creation of BEC (or DFG) of
Feshbach molecules (see for instance [78, 79, 80]), the study of impurity physics
(for instance [81, 82, 83]), the investigation of few-body physics [84] and the study
of Fermi mixtures in the BEC-BCS crossover, as will be discussed in Sec. 2.4.
It's worthy mentioning that a steadily rising interest is also turned towards the
investigation of p-wave Feshbach resonance (for instance [85, 86, 87]).

2.4 Strongly interacting Fermi gas

Under certain circumstances the energy of an interacting fermionic system can
be minimized by promoting the formation of fermionic pairs. Pairing phenomena
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where two fermions pair up are ubiquitous in nature. The formation of Cooper
pairs in superconductors or the formation of bosonic molecules are examples of
such pairing phenomena. The system of paired fermions will �nd itself in di�erent
phase of matter, depending on several factors, in particular the temperature of the
gas and the kind of interparticle interaction (symmetry, sign and strength). Ultra-
cold Fermi gases are a great platform where to explore fermionic pairing, because
of the high degree of control on the temperature of the gas and on the interactions,
which can be tuned thanks to Feshbach resonances. Limiting the discussion tos-
wave interactions, pairing phenomena can only be explored in fermionic mixtures,
the two components being two spin states of the same species (e.g., spin mixtures
of 6Li and of 40K), two isotopes [88] or two di�erent atomic species (Li-K, Dy-K,
Cr-Li, etc...).
When pairing happens on the attractive side of a Feshbach resonance, i.e., where
the scattering length is negative, the system is said to be in the BCS regime. Here,
an atom with momentum k pairs up with an atom with opposite momentum� k,
forming the so-called Cooper pair, which features zero momentum. The two paired
atoms are correlated in momentum space. Spatially, the two atoms are quite far
apart, and the pairs are overall overlapping. The formation of Cooper pairs is a
many-body e�ect. It is energetically favorable for the system to pair atoms which
are located in the vicinity of the Fermi surface. This mechanism is at the basis
of low-temperature superconductivity (from which the appellation BCS regime).
On the other hand, if pairing happens on the repulsive side of the Feshbach res-
onance (a > 0), the system is said to be in the BEC regime. In this case, the
two fermions pair up and create a molecule. Such a molecule can be considered
as a two-body object. In contrast to the BCS case, the two atoms are correlated
in space, the molecules featuring a small size. Pairing happens also on resonance.
Here the pairs share some properties of the Cooper pairs and some properties of
the diatomic molecules. Resonant pair formation is a subtle topic, still not fully
understood (see for instance [89]).
No matter which is the nature of the interactions (a < 0; a > 0 or jaj ! 1 ),
if the system is cooled down below a certain critical temperatureTc, it becomes
super�uid. In the BCS regime, the onset of super�uidity coincides with the for-
mation of Cooper pairs. The critical temperature is typically few hundredths of
the system Fermi temperature, and exponentially increases with the interaction
strength, Tc / TF exp [� �= (2jajkF )] [90]. In the BEC regime, diatomic molecules
already exist at high temperature. BelowTc, they undergo condensation and form
a molecular BEC, the system entering the super�uid regime. In this case, the crit-
ical temperature is the one for Bose-Einstein condensation. On resonance pairs
start to form below a pairing temperatureT � & Tc. The critical temperature here
is much higher than in the BCS regime, withTc ' 0:17TF for an homogeneous sys-
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tem [91]: Such a relatively high critical temperature makes resonant super�uidity
extremely appealing for experimentalists. Working on resonance also comes with
the advantage of stability against collisional relaxation, as observed for instance in
[92]. Indeed, in contrast to bosons, for which the three-body recombination rate
grows asa4 for large jaj [93], thanks to the Pauli principle the recombination rate
for a fermionic mixture scales asa� s, with s close to 3 [94].
On resonance, where the scattering length diverges, the system enters the so-called
unitary regime: Interactions are so strong that they become limited by the uni-
tarity of quantum mechanics, the scattering cross sections reaching its maximum
value� = 4�=k 2. In the unitary regime the scattering length drops out of the prob-
lem, and the relevant remaining length scales aren� 1=3 and � dB (or, equivalently,
the relevant remaining energy scales are the Fermi energyEF and the tempera-
ture kB T). If, on the one hand, the lack of small parameters makes theoretical
calculations quite hard, on the other hand the system properties no longer depend
on the atomic potential and the thermodynamic quantities hinge onT=TF only
[95, 96]. In this sense, the gas is said to enter the universal regime.The relevant
thermodynamics quantities are related to the ones of a non interacting Fermi gas
via a universal function ofT=TF . In the limit of T = 0, this universal function
reduces to a universal constant (the Bertsch parameter).
It is legitimate to ask whether there is a phase transition between the three afore-
mentioned regimes, or whether a fermionic mixture undergoes a smooth transition
from one regime to the other. In his seminal work [10] A.J. Leggett demonstrated6

a continuous transition of the zero temperature system wave function from the one
of tightly bound diatomic molecules (1=(kF a) ! + 1 ) to the one of Cooper pairs
(1=(kF a) ! �1 ), showing that "nothing special happens when1=(kF a) = 0 ". By
this meaning, the system goes smoothly from the BEC to the BCS regime through
the unitary one. This concept, which nowadays we refer to as the BEC-BCS
crossover, was then extended to non-zero temperatures by Nozières and Schmitt-
Rink [11].
The �rst experimental works on strongly interacting Fermi systems were conducted
on spin mixtures of 40K (at JILA) and 6Li (at MIT, in Innsbruck and in Paris).
Early works on the strongly interacting regime (1=(kF a) . 1) focused on the ex-
pansion dynamics of the cloud [98, 99]. In particular, in [99], it was suggested
that the observed inversion of the aspect ratio could also be interpreted as a signa-
ture of super�uidity. The creation of molecules starting from an ultracold Fermi
gas was �rst demonstrated in 2003 (in potassium [100] and in lithium [101, 102,
92]). The long lifetime of the molecular sample was extremely promising in sight
of the creation of a molecular BEC. The molecular condensate was eventually
obtained shortly after the observation of molecules [103, 104, 13]. Observation

6A mathematical description which follows Leggett's work can be found in [97]
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of pair condensation along the whole BEC-BCS crossover was reported in [15].
The momentum distribution of the pairs was measured for the whole range where
1=(kF a) . 1. The appearance of an energy gap in the excitation spectrum of
the fermionic gas was instead investigated in [40]. The gap energy is a distinctive
character of pair formation on resonance and in the BCS side. The gap energy was
measured via RF spectroscopy for di�erent temperatures, densities and coupling
strength. On resonance and in the BCS regime, a double structure was detected
for temperatures T . 0:5TF . Alongside with the bare atomic component, the
pair signal showed up at higher frequency. For temperature below0:2TF the bare
atomic component disappeared, strongly suggesting that the system was in the su-
per�uid regime. Evidence for the super�uid regime across the BEC-BCS crossover
and in the strongly interacting regime has also been provided by the observation
of collective modes [105, 106] and the formation of vortices upon stirring the gas
[107].
The thermodynamic properties of a Fermi gas for di�erent temperatures and in-
teraction strength became the main subject of study of the majority of the exper-
iments which followed. In particular, a big e�ort was put on the derivation of the
thermodynamic quantities and the equation of state (EoS) for the unitary regime.
This is of great interest, given the universal character of a strongly interacting
fermionic gas: Results obtained in a table-top experiment can be extended for
instance to neutron stars or to the QCD phase diagram [108]. The �rst measure-
ments on the thermodynamics of strongly interacting gas concerned trap-averaged
quantities, such as the heat capacity [109], the potential energy [110, 111], the
trap-averaged critical temperature and the entropy [111], the Bertsch parameter
[110, 17] or the sound velocity [112]. The measurement of trap-averaged quantities
has two drawbacks. On one side, it makes comparison with theories developed for
uniform gases di�cult. On the other side, it prevents the observation of the dis-
continuity of certain quantities at the critical temperature, given that the critical
behavior associated with the phase transition only a�ects the portion of the gas
for which the local Fermi temperatureTF (r ) is such that T . Tc ' 0:16TF (r )
[113]. Both limitations have been overcome in the works done in Paris [114] and
at MIT [115]. In the �rst one, the local pressure of the gas was probed using
in situ images. The EoS for an homogeneous gas was derived within the local
density approximation, according to which the system can be considered locally
homogeneous with local chemical potential� (r ) = � (r = 0) � Vt (r ), Vt (r ) being
the trapping potential. To further benchmark their results, they integrated the
EoS over the trapping potential and deduced the EoS for the harmonically trapped
unitary gas. They found good agreement with previous experiments. In the Zwier-
lein group, experiments were performed in a cylindrically symmetric trap. Such a
geometry allows for a derivation of the three dimensional density distribution via
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inverse Abel transformation. They were able to observe the discontinuity of the
compressibility and speci�c heat at the critical temperature, which they measured
to be Tc = 0:167(13)TF .
Studies on the collective modes have been an independent check of the EoS. In
[116], the �rst sound velocity was measured for a spin mixture of lithium. The fre-
quencies showed a temperature dependence in good agreement with calculations
based on the EoS derived by the MIT group [115]. The second sound velocity
was instead measured in [117]: This was the �rst experimental observation of the
two-component nature of a unitary Fermi gas in the super�uid regime. The two
components (i.e., the super�uid and the normal one) oscillate with opposite phase,
giving rise to an entropy wave whose propagation velocity is a function of the su-
per�uid fraction.
The �rst experimental studies on super�uidity across the BEC-BCS crossover were
all carried on a 50:50 spin mixture of either potassium or lithium and overall aimed
at the experimental investigation of theT-X phase space diagram,T and X be-
ing the temperature of the gas and the interaction parameter (X = 1=(kF a)),
respectively. It is natural to ask what happens in the case of a polarized system.
Indeed, in the case of unequal population not every atom can pair up, and the
two mixture components may have di�erent Fermi levels. The stability of the
super�uid phase against population imbalance was experimentally demonstrated
for instance in [16]. The presence of vortices was used as proof of the super�uid
regime. The authors qualitatively observed that the higher the population imbal-
ance, the lower the number of vortices, the less the super�uid fraction was. They
were able to map out the normal-to-super�uid phase transition as a function of
interaction strength and population imbalance, revealing an increasing robustness
against population imbalance by going from the BCS to the BEC regime. The
ingredient of population imbalance, quanti�ed asP = N1 � N2

N1+ N2
, N i being the total

atom number of thei -th species, brings in new interesting scenarios and the phase
diagram of the system is predicted to become more complex. The phase diagram
of a system featuring population and mass imbalance has been for instance con-
sidered in the work from Stoof and coworkers [23]. Figure 2.1 (a) shows the phase
diagram of a mass-balanced unitary gas. The critical temperature of a polarized
gas is expected to decrease by moving away from the unpolarized case (P = 0).
Moreover, at high enough polarization a tricritical point7 appears, together with a
region characterized by phase separation (referred to as forbidden region in [23]).
All this has been experimentally con�rmed in [18].
The super�uid phase is expected to feature a crossover between the BCS phase

7According to Landau's theory of phase transitions, at a tricritical point the character of
the phase transition turns from being continuous to being discontinuous. A tricritical point is
associated with phase separation.
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Figure 2.1: Phase diagrams of a fermionic mixture under di�erent conditions of
mass ratio and interaction strength. (a) Phase diagram for the mass-balanced
case in the unitary limit (1=kF a = 0). (b) Phase diagram for the mass-balanced
case in the weakly interacting regime (1=(kF a) = � 3). (c) Phase diagram for a
mass ratio 6.7 in the unitary limit. Picture adapted from [23]: the notation for
the di�erent phases of matter follows accordingly (N: Normal phase; SF:
Super�uid phase; FR: Forbidden region; TCP: Tricritical point; LP: Lifshitz
point; SS: Supersolid phase).

(whose excitation spectrum is gapped) to the so called Sarma phase (gapless) [21,
22]. An important aspect of polarized gas is the possibility, under certain con-
dition, to create fermionic pairs which feature non-zero momentum. In a spin
mixture, this is predicted to happen in the weakly attractive regime, at extremely
low temperatures (few thousandths of the Fermi temperature, see Fig. 2.1 (b)).
Such an inhomogenehous phase was predicted by Larkin and Ovchinnikov [118]
and independently Fulde and Ferrell [19] (hence the name FFLO phase), and so
far has been experimentally elusive because of the extremely low temperature re-
quired, which are hard to obtain in the lab. The FFLO phase is a supersolid phase,
because an inhomogenehous super�uid also brakes the translation invariance. The
presence of the FFLO phase in the phase diagram is accompanied by the appear-
ance of a Lifshitz point, at which the homogeneous super�uid phase, the normal
phase and the FFLO phase coexist.
Besides an imbalance in the particle densities, a fermionic mixture can also feature
an imbalance between the masses of the particles. In this case, the phase diagram
is no longer symmetric with respect to polarization, and di�erent phases can build
up depending if there's a majority of heavy or light particles. Mixtures featuring
mass imbalance have drawn an increasing interest in the last years. Indeed, the-
oretical calculations show that mass imbalance enlarges the region of the phase
diagram where the FFLO state is predicted to appear [24]. From Fig. 2.1 (c) it
can be seen that for a unitary system with a majority of light particles, both the
Lifshitz point and the FFLO phase are expected to appear at temperatures which
are realistically attainable in experiments. The higher the mass ratio, the wider
the range of temperatures and polarizations where the FFLO state is predicted to
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be [24]. Also the appearance of the Sarma phase is enhanced by mass imbalance,
and is expected to appear for a majority of heavy particles [23].

2.5 Strongly magnetic lanthanide atoms

The �rst produced ultracold atomic systems were all featuring short-range inter-
actions between the particles. When those systems are brought in the ultracold
regime, only s-wave scattering can take place, with the important consequence
that, because of the Pauli principle, interactions in fermionic systems are possible
only among non-identical particles.
Recently, an increasing interest has been attracted by systems exhibiting strong
dipole-dipole interactions (DDI). In contrast with the van der Waals potential, the
dipole-dipole potentialVdd is long range (Vdd / 1=r3) and anisotropic (for a polar-
ized system,Vdd / (1 � 3 cos2 � ), � being the angle between the orientation of the
dipoles and the direction of the relative distance between the interacting particles).
The main candidates to realize quantum gases with DDI are Rydberg atoms, gases
of heteronuclear molecules (both characterized by an electric dipole moment) or
highly magnetic atomic gas (characterized by a magnetic dipole moment). The
latter are by date the easiest systems to realize and for long time they remained8

the only ones for which degeneracy has been reached. Chromium was the �rst
dipolar element to be Bose-Einstein condensed [119]. It has a magnetic moment
� Cr = 6� B (� B being the Bohr's magneton), six times higher than for alkali, and
it has been the test table to observe several e�ects of dipolar interactions.
In the last years, lanthanide atoms have attracted the attention of atomic physi-
cists: Some of them, indeed, feature a magnetic moment even higher than the
one of chromium. The lanthanide atoms are a family of 15 elements, with atomic
number ranging from 57 to 70. Ytterbium aside, they are characterized by an in-
complete 4f shell, surrounded by two outer �lled shell (6s and 5s). The unpaired
electrons in the 4f shell give rise to a high value of the orbital angular momentum,
which in turns translates into an high magnetic moment. Ytterbium, the last ele-
ment of the series, makes an exception, having the 4f shell complete.
The �rst attempt to trap lanthanides was successfully done in 2004 in the group
of J. Doyle [120], where they magnetically trapped dysprosium, terbium, erbium,
holmium, neodynium, thulium and promethium. The atoms were thermalized with
the helium bu�er gas to a temperature below2 K.
Originally the lanthanides atoms were thought not to be suitable for laser cool-
ing, given their submerged open 4f shell and subsequently complex energetic level
structure. In 2006 the pioneering work of McClelland showed that this was not

8Recently, a degenerate Fermi gas of KRb molecules has been produced in JILA [78].
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true, and the �rst MOT of erbium was obtained [121]. In 2010 also Dy and Tm
were loaded into a MOT, and in 2014 was the turn of Ho ([122, 123, 124]). Dyspro-
sium, holmium, erbium and thulium have, in the order, 10, 11, 12 and 13 electrons
in the 4f shell, which leads to magnetic moments of 9.9� B , 8.9� B , 6.9� B and 4� B .
Dy, Ho and Er 9 share similar optical transitions suitable for laser cooling. A broad
transition ( ' 30 MHz) in the blue follows from the excitation of one of the 6s elec-
trons into the 6p orbital ( 6s2 ! 6s6p(1P0

1)). This is suitable for a �rst stage laser
cooling. A similar transition, this time into the triplet state ( 6s2 ! 6s6p(3P0

1))
is responsible for the intercombination line at' 600 nm: given its narrowness
(' 150 kHz), it is used in the MOT cooling stage to achieve MOT temperatures
as low as few� K. Other important, narrow lines derive from the excitation of a 4f
electron into the 5d orbital. In erbium, for instance, a second stage MOT operat-
ing in the 841 nmline, 8 kHz wide, has been used in [125] to achieve temperatures
as low as841 nK in the MOT itself. In dysprosium, the same kind of transition is
responsible for the line at741 nm. The production of a blue-detuned narrow line
MOT operating on this transition has been reported in [60]10.
An important consequence of the long-range character of the dipole dipole inter-
action, is that in a scattering process all partial waves contribute to the scattering
cross section. For low momentumk, the phase shift is� l / k for all scattering
channels (l � 0) [67]. Interactions between atoms with a large orbital angular
momentum are controlled by anisotropic forces which mix the di�erent scattering
channels (within the parity selection rules), with important implications in the
collision properties of lanthanides gas. In �rst instance, the coupling of the several
scattering channels results in an extremely dense Feshbach spectrum [68], as mea-
sured in several works (see for instance [126, 127]). The drawback of such an high
density of Feshbach resonances is that theoretical predictions of the interaction
properties are almost impossible. Additionally, manipulation of those gas becomes
highly sensitive to magnetic �eld instabilities. A second important consequence is
that the scattering cross section of identical, dipolar fermions does not vanish at
low temperature. In [128] the authors derive that, in the limit of low energies, the
elastic cross section can be written as� el = 16�

45 ( m� 2

4� ~2 )2 + 4�a 2 and � el = 16�
15 ( m� 2

4� ~2 )2

for scattering in even or odd partial waves, respectively. For indistinguishable par-
ticles, a factor of 2 has to be added. In other words, in the limit of low energy, the
dipolar scattering assumes a universal behavior, and only depends on the strength
of the dipoles and on their mass.
Quantum degeneracy has been obtained for the three most abundant bosonic iso-

9Despite those transitions are present also in Tm, to my knowledge they are not exploited in
the works from the russian group.

10In our experiment, the 741-nm transition is used for an in-trap Doppler cooling stage per-
formed after the MOT.
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topes of dysprosium (see for instance [129, 130, 131]). Among the three,162Dy
features the most favourable scattering properties to perform evaporative cool-
ing [132]. Similarly, in 2012168Er was brought to degeneracy for the �rst time
[133], later followed by166Er and 164Er [134, 135]. From the universality of dipo-
lar scattering follows that elastic collisions among identical fermions are no longer
suppressed. As a consequence, dipolar gas of identical fermions can undergo forced
evaporative cooling, as demonstrated in [60, 61].
Degenerate gases of lanthanide atoms have risen immediately a lot of interest in the
ultracold community. As a clear example of the e�ect of a stronger dipolar force,
we mention the cases of bosonic erbium and dysprosium. Indeed, for bosons with
dipolar interactions, an extended version of the Gross-Pitaevskii equation (eGPE)
is required [136]. The eGPE nicely captures the physics of dipolar quantum liq-
uids. In particular it accounts for the formation of quantum droplets, i.e. self-bound
droplets of atoms [137]. Quantum droplets have been observed in Dy [138] and in
Er [134]. The huge e�ort devoted to the study of quantum droplets lead to the ob-
servation of supersolidity, a quantum state of matter where both phase invariance
and translational invariance are lost [139, 140, 141, 142].

2.6 Why a Dy-K mixture

The DyK experiment has been conceived as a new, promising platform for the
exploration of exotic phases of matter in a strongly interacting Fermi gas. In a
heteronuclear Fermi-Fermi mixture, the ingredient of mass imbalance is added to
the tunability of interaction strength and polarization (i.e., population imbalance),
with the great prospects to realize novel super�uid phases.
The decision of mixing dysprosium and potassium followed from several consider-
ations. The choice of the two species was restricted to K, Li, He� , Cr, Sr, Dy, Er
and Yb, i.e., the species that have at least one fermionic isotope for which Fermi
degeneracy had already been demonstrated. Mixtures such as Dy-Er, Dy-Yb or
Yb-Er were discarded, in order to have mass imbalance signi�cantly greater than
1. On the other hand, it was clear that the mass ratio should not exceed' 13.
Indeed, it was shown by E�mov [143] that in a system of two identical fermions (A)
interacting with a third particle (B), the interaction between the two distinguish-
able particles lead to an attractive interaction for the A-A system, which scales
as1=r2. If the mass ratiomA =mB exceeds' 13, this interaction is enough for the
two identical fermions to overcome the centrifugal barrier, and the three particles
can bind together. Near an E�mov resonance (i.e., where a near-threshold trimer
forms) three-body inelastic losses are enhanced [144]. For mass ratios below' 13,
the centrifugal barrier leads to kinetic suppression of three-body recombination.
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In view of this, the remaining options were Li-K, Li-Cr11, K-Dy/Er/Yb or Cr-
Dy/Er/Yb.
Any X-Cr mixture was discarded in favor of the corresponding X-K one, given the
established experience in manipulating potassium shared among the other Inns-
bruck labs and the fact that cooling fermionic cromium is technically involved.
The realization of a collisionally stable, strongly interacting Fermi gas requires the
presence of an entrance-channel dominated Feshbach resonance. Such a resonance
is absent in the Feshbach spectrum of Li-K [148]. No experimental data or the-
oretical predictions are currently available regarding the interaction properties of
the other possible combinations. Still, the dense Feshbach spectrum of Dy and
Er leads to the reasonable assumption that any heteronuclear mixture with any of
the two features a rich spectrum. Dysprosium has two stable fermionic isotopes
(161Dy and 163Dy), while erbium has only one (167Er). Choosing Dy in principle
doubles the chances of �nding a good broad interspecies Feshbach resonance.
Eventually, we decided for a mixture of dysprosium and potassium. We work with
161Dy, which features an inverted hyper�ne structure. For our measurements, both
species are spin-polarized in the lowest hyper�ne level, preventing two-body losses.
The combination of 161Dy and 40K turned out to be a really good one, both in
terms of experimental handling and scattering properties. The Dy-K mixture is
indeed easy to handle. Dysprosium comes with some technical advantages. Among
the others we mention the fact that, after the MOT on the 626-line, the Dy cloud is
naturally polarized, and the fact that, thanks to universal dipolar scattering, evap-
oration of spin polarized161Dy is possible. The low-�eld region provides several
spots where the Dy-K elastic collision properties are favorable to evaporation. In
[27] we reported on the presence of a broad interspecies Feshbach feature at217 G.
Such a feature is a promising candidate where to observe exotic super�uidity. The
great properties of the Dy-K mixture led us to important results, part of which
are reported in this thesis.

2.7 Storyline of my PhD work

I joined the DyK team in January 2017, when the experiment was in its �nal
building phase. Few days after my arrival, while I was still orientating myself in
the new environment, the �rst dual fermionic MOT of Dy and K was obtained.
Around May, we were able to e�ciently load the two species in the dipole trap:
excited times were about to start.
The �rst goal of the experiment was the determination of the dynamic polarizabil-

11The Li-Cr mixture is actually extremely interesting given the mass ratio mCr =mLi ' 8. For
a mass ratio mA =mB = 8 :172::: non-E�movian trimer states are expected to appear [145, 146].
Experimental investigation of this mixture is currently pursued in Florence [147].
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ity of dysprosium at � = 1064 nm. This wavelength is of particular interest for
laser trapping experiments. By that time, there was a big discrepancy between the
theoretically predicted value and the measured ones, obtained by trap frequencies
measurements. Our double-species experiment was o�ering an elegant opportu-
nity to settle this issue by using potassium as a reference species. Our result lies
between the two available theoretical values [149, 150]. Our measurements are
reported in Ch. 3.
The polarizability measurements were performed on a thermal gas of40K and the
bosonic dysprosium isotope164Dy. Given that our experiment aims at the investi-
gation of a Fermi-Fermi mixture in the unitary regime, in 2018 time had come to
change to161Dy and move in that direction. In Ch. 4 is described how we can pro-
duce a deeply double-degenerate Fermi gas, reachingT=TF ' 0:2 and T=TF ' 0:1
for potassium and dysprosium, respectively.
It took a lot of time and patience before a suitable interspecies magnetic Fesh-
bach resonance was found. The magnetic properties of Dy and the absence of
theoretical predictions made the task quite challenging. We performed loss and
thermalization scans in almost all the magnetic �eld range from zero to250 G,
before drawing the conclusion that the broad resonance centered at217 Gwasour
resonance. It followed a careful characterization of the resonance and study of the
mixture's behavior around the resonance pole. Our �ndings are reported in Ch. 5.
The pursuit of super�uidity requires lower temperatures and could bene�t from
some technical adjustments, such as optical levitation [151], an increased trap fre-
quency ratio [25], boxlike trapping schemes [152, 153]. Those solutions can be
implemented employing light at 626 nm, where the presence of the dysprosium
intercombination line provides the handle to tailor the desired optical potential.
With this in mind, in spring 2020 it followed an accurate measurement of the
dynamic polarizability of 161Dy near its 626-nm transition [154]. For this mea-
surement we use modulation spectroscopy in an optical lattice. This scheme relies
on the same basic principle as introduced in our 2018 work, but is independent of
the sign of the polarizability. Given my minor contributions to the measurements,
this work has been omitted from this thesis.
An ultracold atom experiment relies on a virtually in�nite number of devices, each
of which could fail at any time. A breaking laser is probably one of the most
annoying thing that could happen, because it often translates in repairing costs
and delays. What is nice about a double species experiment, is that you can still
temporarily turn your experiment in a single-specie machine. That's what hap-
pened to us in the summer 2020, when our potassium 767-nm laser system needed
to be sent back to the manufacturer. We employed this time to investigate the loss
properties of161Dy alone in the low magnetic �eld region (i.e., below1 G). In the
rich Feshbach spectrum of161Dy we identi�ed three relatively isolated resonances
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and use them as a case study for getting a better general understanding of all the
others. Our �ndings are reported in Ch. 6.
Finally, in Ch. 7 I'll give an overview of the next steps we are planning to take in
the experiment.

My PhD work has been carried on within the Doctoral Programme (Doktoratskol-
leg) Atoms, Light, and Molecules (DK-ALM project). Among the others, this
project o�ered me the great opportunity to spend six months abroad in a leading
research center. In agreement with my supervisor, I joined the group of Professor
Martin Zwierlein at MIT (Boston). Here, supervised by Dr. C. Robens, I worked on
a side project aiming to phase lock two767 nmdistributed Bragg re�ector (DBR)
lasers, whose linewidth was previously narrowed thanks to optical feedback. The
results achieved during my six-months staying are reported in App. C.
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We report a measurement of the dynamical polarizability of dysprosium atoms
in their electronic ground state at the optical wavelength of 1064 nm, which is of
particular interest for laser trapping experiments. Our method is based on collec-
tive oscillations in an optical dipole trap, and reaches unprecedented accuracy and
precision by comparison with an alkali atom (potassium) as a reference species. We
obtain values of 184.4(2.4) a.u. and 1.7(6) a.u. for the scalar and tensor polariz-
ability, respectively. Our experiments have reached a level that permits meaningful
tests of current theoretical descriptions and provides valuable information for fu-
ture experiments utilizing the intriguing properties of heavy lanthanide atoms.

3.1 Introduction

The dipole polarizability is a quantity of fundamental importance in light-matter
interaction, as it characterizes the linear response of a neutral particle to an elec-
tric �eld. The polarizability is related to other important physical quantities, like
the van-der-Waals dispersion coe�cient, and its knowledge is of great relevance
for a deep understanding of many-electron systems, for example in heavy atoms,
molecules, and clusters [155]. The static polarizability characterizes the response
to a constant electric �eld by a single real number. The dynamic polarizability
(DP) describes the response to an oscillating �eld and is represented by a com-
plex frequency-dependent function. Naturally, the DP is much richer and contains
much more information on the properties of a particle, in particular on its reso-
nance behavior. While various di�erent methods have been established to measure
the static polarizability with high accuracy [156, 157], measurements of dynamic
polarizabilities are notoriously di�cult. Accurate laser-spectroscopic methods only
provide access to di�erential polarizabilities, whereas other methods like de�ection
from a laser beam su�er from the problem of characterizing the interaction region
well enough.

In the realm of ultracold atoms, both the real and imaginary part of the DP
play an essential role for controlling the external and internal atomic degrees of
freedom. The imaginary part is related to the absorption and scattering of light.
The real part gives rise to Stark shifts, which are primarily utilized for constructing
optical dipole traps [158] in a wide range of di�erent geometries. Zero crossings
of the DP, which occur at tune-out wavelengths, can be used to engineer species-
selective traps [159]. Optical lattice clocks operate at a so-called magic wavelength,
where the di�erential DP between the two relevant atomic states vanishes [45]. The
DP also enables coherent spin manipulation, which is the basis of many spin-orbit
coupling schemes [160].

The optical manipulation of ultracold magnetic lanthanide atoms has attracted
considerable interest [123, 129, 133, 60, 161, 122, 162, 138, 163]. Their exceptional
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magnetic properties arise from a partially �lled, submerged 4f shell. They feature
a very rich atomic spectrum, including narrow-line optical transitions, and a large
orbital angular momentum gives rise to substantial non-scalar contributions to the
polarizability. These special properties make magnetic lanthanide atoms excellent
candidates to implement advanced light-matter coupling schemes, such as spin-
orbit coupling [164, 165], and to realize novel regimes of quantum matter. The
electronic con�guration makes advanced calculations of the DP very challenging
and interesting [149, 166, 150, 167]. To benchmark theoretical models, measure-
ments are highly desirable with uncertainties on the percent level. Experimental
results have been reported for dysprosium [129, 131, 168] and erbium [169], in the
latter case also demonstrating the anisotropic nature of the DP. However, all these
measurements have been subject to large systematic uncertainties, imposed by the
methods at hand.

In this Letter, we report on the accurate determination of the real part of the
dysprosium DP at a wavelength of particular interesting for cooling and trapping
experiments. We utilize an idea often applied in precision metrology, performing
a measurement relative to a known reference. We use potassium as a reference
species, for which the DP is known on the permille level, and measure the trap
frequencies of both species in the same single-beam optical dipole trap (ODT). The
frequency ratio is then independent of major experimental systematics and imper-
fections. In a further set of experiments, we determine the tensor contribution to
the DP.

3.2 Dynamical polarizability

The interaction of atoms with the electric �eld ~E of laser light is described by
the Hamiltonian H = � 1

2
~E y ! � ~E, where ! � is the dynamical polarizability tensor

operator [170]. The state-dependent energy shift is

U(r ; ! L ) = �
2�a 3

0

c
I (r )~� (! L ); (3.1)

where! L is the laser frequency,I (r ) the position-dependent intensity,a0 the Bohr
radius, andc the speed of light. Here we de�ne~� (! L ) as a dimensionless quantity
corresponding to the real part of the DP� in atomic units (1a.u. = 4�� 0a3

0, where
� 0 is the vacuum permittivity). For a Gaussian laser beam, the central region (trap
depth Û) can be approximated by a harmonic potential. The corresponding radial
trap frequency

! r =

s
4Û

mw2
0

=

s
16a3

0

c
P
w4

0

~� (! L )
m

(3.2)



Accurate Determination of the Dynamical Polarizability of Dysprosium 37

is determined by the laser beam parameters (powerP and waist w0) and atomic
properties (polarizability ~� and massm) [158].

For linearly polarized light and for atoms in a stretched state1 we can decom-
pose~� into two contributions ~� S and ~� T , commonly referred to as the scalar and
tensor polarizability [150],

~� (! L ) = ~� S(! L ) +
3cos2� � 1

2
~� T (! L ); (3.3)

here � is the angle between the polarization axis and the quantization axis, the
latter being de�ned by the magnetic �eld. Note that within a hyper�ne manifold
~� S and ~� T only depend on the wavelength.

The usual method to measure the dynamical polarizability in an ODT [129,
131, 169] is to determine the trap frequency! r by observing collective oscillations
in a trap with a given powerP and a well-de�ned waistw0, and to use Eq. (3.2).
A major complication arises from the strong dependence~� / w4

0. An accurate
determination of w0 at the position of the atoms is crucial, but very di�cult to
achieve in practice. In addition, any aberrations from an ideal Gaussian beam
are not accounted for. Moreover, a real cloud with its �nite spatial extent will
experience some anharmonicity, which will alter the measured oscillation frequency.
The combination of these systematic problems typically limits the accuracy of such
DP measurements to a few10%[169].

The above limitations can be overcome by referencing the trap frequency of the
particle of interest (or state [171]) to a species with a known polarizability [172,
173]. Figure 3.1 illustrates the situation for two species in the same optical trapping
�eld, where di�erent potential depths result from the di�erent polarizabilities.
Within the harmonic trap approximation, the DP of the unknown species, in our
case Dy, is then obtained as

~� Dy = ~� K
mDy

mK

�
! Dy

! K

� 2

; (3.4)

where~� K is the polarizability of the reference species (in our case K), andmDy =mK

is the known mass ratio. Experimentally, one only has to measure the frequency
ratio ! Dy =! K , which eliminates the need to determinew0 or P. This scheme also
removes the e�ects of anharmonicity provided that the ratio of the temperature
to the trap depth is the same for both species. In this ideal case, illustrated in
Fig. 3.1, the two thermal clouds �ll exactly the same region in the trap, and thus
experience the same relative e�ect of anharmonicity. Introducing another species
with a di�erent mass may lead to a di�erent gravitational sag and thus to a shift of

1Angular momentum projection on the quantization axis equals plus or minus the total angular
momentum (jmJ j = J )
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Figure 3.1: Schematic illustration of the species-dependent optical trapping po-
tential U �lled with potassium or dysprosium atoms in a beam with a Gaussian
pro�le. Here, in the ideal case, the ratioT=Û is equal for the two species, the
atoms explore exactly the same region in the trap, and thus experience the same
anharmonicity and beam aberrations.

the frequency ratio. This e�ect, however, can be suppressed by using a su�ciently
deep and tight trap.

3.3 Experimental setup

In our experiments, we use the isotopes164Dy and 40K, with a mass ratiomDy =mK =
4:102. For trapping we use the standard near-infrared wavelength of 1064.5 nm.
At this wavelength the polarizability of potassium 2 is ~� K = 598:7(1:1) [174,
175]. Based on the available theory values for Dy [149, 150], we can estimate
~� K =~� Dy � 3:2 and ! K =! Dy � 3:6.

We produce a thermal cloud of either164Dy or 40K atoms in a single-beam
ODT. For dysprosium, we employ a laser cooling and trapping scheme similar
to Refs. [176, 163]. After loading the ODT and some evaporative cooling, we
typically trap 106 atoms, spin-polarized in Zeeman substatejJ = 8; mJ = � 8i ,
at about 8 � K. For potassium, after a sub-Doppler cooling stage [177] which also
enhances ODT loading, we have3� 105 unpolarized atoms at� 30� K. The trapping
laser (Mephisto MOPA 18 NE) operates on a single longitudinal mode, is linearly
polarized, and its power is actively stabilized. All measurements reported here are
performed with P = 2:5 W, w0 � 30� m, and a magnetic �eld strength of 250 mG.

We measure the trap frequencies by exciting a center-of-mass (CoM) oscillation,
the so-called sloshing or dipole mode. In a harmonic potential, this mode does
not involve a compression of the cloud and the frequency is thus not a�ected by

2At 1064:5 nm the polarizability of potassium is without any signi�cant tensor contribution.
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the interactions within the cloud or by its quantum statistics [178]. We excite
a pure radial sloshing oscillation by displacing the trap position abruptly in the
vertical direction using an acousto-optic modulator. The displacement amounts to
approximately 2� m, which is smaller than the in-trap radial cloud size of about
� r = 6 � m. After a variable hold time we switch o� the trap and perform standard
time-of-�ight (ToF) absorption imaging. The cloud position is extracted from the
images by performing an one-dimensional Gaussian �t to a vertical slice taken
from the central part of the elongated trap. Both species are imaged using the
same optical path and camera.

A typical measurement run for both dysprosium and potassium is shown in
Fig. 3.2. The magnetic �eld is chosen to be parallel to the polarization of the
trapping light ( � = 0), and therefore from Eq. (3.3) we get~� = ~� S + ~� T . We �t
the oscillations with an exponentially damped sine wave to extract the frequency
! �t and the damping time� of the oscillation. The two species oscillate at di�erent
frequencies because of their di�erent mass and polarizability. By relative scaling of
the horizontal axes of Fig. 3.2 with the expected factor of3:6 the oscillations exhibit
a nearly identical behavior. This already con�rms that the theoretical values of
Refs. [149, 150] provide a good estimate for the Dy polarizability. The identical
damping behavior, with ! �t � being the same for both species, is consistent with
our assumption that the main source of damping is dephasing resulting from the
trap anharmonicity 3.

3.4 Systematic e�ects

The measured frequency ratio exhibits a residual anharmonicity e�ect if the ratio
of temperature and trap depth is not exactly equal for both species. We take
this into account by a small correction to the dysprosium oscillation frequency.
For a given potassium temperatureTK the corresponding dysprosium temperature
would be (~� Dy =~� K )TK . A deviation from this ideal value can be quanti�ed by
� TDy = TDy � (~� Dy =~� K )TK . The anharmonic frequency shift depends on the slope
� = d ! Dy =dTDy , which gives a corrected frequency ratio

! K

! Dy
=

! �t
K

! �t
Dy � � � TDy

: (3.5)

With this correction, Eq. (3.4) allows to determine~� Dy =~� K in an accurate way.
In order to determine � , we vary the temperature of the dysprosium atoms

and measure the oscillation frequency. The temperature, determined by standard
3See Sec.3.7 for tests of the absence of density-dependent e�ects on frequency and damping,

for the investigation of the temperature-dependence of damping, and for more information on
our measurements of the tensor part of the Dy polarizability.



Figure 3.2: Radial sloshing mode oscillation for potassium and dysprosium. The
cloud position after ToF is plotted against the hold time in the trap after the
excitation. We obtain ! �t

K =2� = 2060(10) Hz and ! �t
Dy =2� = 577(2) Hz, � K =

1:1(1) ms and � Dy = 3:8(2) ms. The temperatures areTK = 36(3) � K and TDy =
8:3(2) � K, and the ToF is 0.3 ms for K and 2 ms for Dy. Note that the time scales
for K and Dy di�er by a factor of 3.6. The error bars show the sample standard
deviation of �ve individual measurements at the same hold time.
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Figure 3.3: Anharmonicity e�ect on the trap frequency. The Dy CoM oscillation
frequency is plotted as a function of the cloud temperature. The weighted linear
�t takes both frequency and temperature errors into account, and yields a slope
�= 2� = � 5:1(7)Hz/ � K.

TOF expansion, is changed by an evaporation ramp down to a variable trap power
followed by a re-compression to the standard power and a hold time for thermal-
ization. We observe a frequency decrease with increasing temperature, as is shown
in Fig. 3.3. From this set of measurements and a second one taken under similar
conditions (not shown in Fig. 3.3), we obtain the combined result�= 2� = � 4:5(4)
Hz/ � K. Note that the anharmonicity shifts the measured Dy frequency, for our
typical temperatures and trap depth, by about5% as compared to the harmonic
approximation of Eq. (3.2).

Possible remaining systematics a�ecting the frequency ratio could include density-
dependent interactions, the �nite excitation amplitude, and the e�ect of gravity.
We do not observe a density dependence of the oscillation frequency of Dy when
varying the atom number over a wide range, con�rming that the frequency shift
observed in Fig. 3.3 can be fully attributed to a change in temperature. The fre-
quency ratio should not be a�ected by the excitation amplitude, because, for an
equal amplitude, both species are a�ected in the same way. In addition, we varied
the excitation amplitude for a single species (Dy) and we did not observe any sig-
ni�cant shift for the amplitude used here. The estimated gravitational frequency
shift in our trap is � 0:1% 4, which we neglect in our analysis. Moreover, we
noticed that the �tted frequency may slightly depend (on the subpercent level)
on the time interval chosen for the analysis. To avoid systematic deviations in
the comparison of both species, we choose the time intervals to follow the scaling
factor of 3.6. With 0-2.2 ms for K and 0-8 ms for Dy, the intervals then correspond

4The relative frequency downshift caused by the gravitational sag can be approximated by:
� 2(g=w0! 2)2
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Figure 3.4: Repeated measurements of the frequency ratio! K =! Dy , including small
anharmonicity corrections. The two symbols (blue dots and green squares) repre-
sent the data sets taken on two di�erent days. The temperatures areTK = 36(3) � K
and TDy = 8:3(2) � K on the �rst day, and TK = 30(2) � K and TDy = 7:6(3) � K on
the second day. The solid line marks the weighted average! K =! Dy = 3:632(12),
with the dashed lines showing the corresponding statistical error range. Note that
the total error is about twice larger if uncertainties in temperature and anhar-
monicity coe�cient(not included in the error bars) are taken into account.

to about twice the respective1=edamping time � K or � Dy .

3.5 Determination of the polarizability

We now turn our attention to an accurate and precise determination of the fre-
quency ratio ! K =! Dy . We measure the potassium and dysprosium CoM oscillation
frequency, in the same trap, in an alternating fashion to eliminate possible slow
drifts over time, and repeat this 10 times. The resulting frequency ratios, including
small anharmonicity corrections, are shown in Fig. 3.4. The data were taken on two
di�erent days, which were one week apart, and the consistency shows the robust-
ness of the presented method. The di�erential anharmonicity e�ect from Eq. (3.5)
yields a small correction of about 1.4% and 2.2% for the frequency ratio of the
two data sets. The combined result for the frequency ratio is! K =! Dy = 3:632(22).
Here the largest contribution to the total error comes from the uncertainties in the
anharmonicity correction, which are mainly due to uncertainties in the K temper-
ature.

In a second set of experiments, we measure the frequency ratio! k=! ? for Dy
in a magnetic �eld parallel and perpendicular to the polarization of the laser �eld.
In this way, we can identify the tensor part which is expected to be more than
100 times smaller [150] than the scalar part. Here we perform in total 11 pairs of
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measurements, alternating the angle� between 0 and�= 2. We obtain the combined
result ! k=! ? = 1:0070(24), which signi�cantly deviates from one and thus reveals
a tensor contribution.

From the measured frequency ratios and Eqs. (3.1-3.3), it is now straightfor-
ward to derive the polarizability ratios (~� S + ~� T )=~� K = 3:217(40) and (~� S +
~� T )=(~� S � ~� T =2) = 1:014(5). Solving for the scalar and tensor part and using the
reference value for~� K , we �nally obtain ~� S = 184:4(2:4) and ~� T = 1:7(6).

Our result for the scalar polarizability lies between the two theoretical values
of 180 a.u. [149] and 193 a.u. [150], being consistent with both of them within the
corresponding error estimates of a few percent [179, 180]. For the small tensorial
part, our result is consistent with the theoretical value of 1.34 a.u. [150].

3.6 Conclusion

Already in its present implementation, the experimental uncertainty of our method
to determine the DP of a magnetic lanthanide atom is smaller than the uncertain-
ties of theoretical calculations. This, in turn, means that our new result already
provides a benchmark and sensitive input for re�ned theoretical calculations. In
extension of our work, much more information on the DP can be obtained by mea-
suring at other optical wavelengths [169], which is straightforward to be imple-
mented experimentally. Furthermore, experimental uncertainties may be reduced
considerably by using the well-de�ned environment of optical lattices instead of
macroscopic trapping schemes. Further advanced DP measurements could provide
a wealth of accurate information on the interaction of light with atoms that feature
a complex electronic structure, which would go far beyond the present state of the
art.

In our future experiments, we are particularly interested in mass-imbalanced
Fermi-Fermi mixtures and possible new super�uid pairing regimes [181, 182, 183,
184, 185, 23, 186, 24]. For the combination of161Dy and 40K and not far from our
present experimental conditions, a �magic" wavelength is expected to exist where
the polarizability ratio for the two species corresponds to the inverse mass ratio.
An optical dipole trap operating at this particular wavelength would automatically
match the Fermi surfaces of both species after deep evaporative cooling. Based
on Refs. [149] and [150] for Dy and [174] for K, we would expect this wavelength
to be at 982nm or 954nm, respectively, and our present measurement suggests it
to be in between these two values. The precise location will be subject of further
studies.
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3.7 Supplemental material

In Sections 3.7.1 and 3.7.2 we present measurements on Dy testing systematic
e�ects introduced by atomic density and temperature. Section 3.7.3 provides ad-
ditional information on our measurement of the tensor part of the polarizability
of Dy. Section 3.7.4 reviews the di�erent contributions to the uncertainty on our
measurement of the polarizability of Dy.

3.7.1 Absence of density e�ect on oscillation frequency

Throughout our determination of the polarizability of Dy we assume that the fre-
quency of the CoM oscillations is independent of the atomic density, as is expected
in a harmonic potential. In this section we test this basic assumption by investi-
gating the e�ect of density on our frequency measurements. We prepare samples
of largely di�erent atom number and determine the frequency for the same trap
depth as used in the main text. The atom number is controlled through the MOT
loading time. We use a standard (reduced) loading time of 4 s (0.2 s), resulting
in a cloud of about1:1 � 106(4:5 � 105) atoms. We measure alternately using one
loading time, then the other one, and repeat the procedure to eliminate the e�ect
of possible slow drifts. After each individual measurement the temperature of the
cloud is measured by ToF expansion. Based on these temperatures, the measured
trap frequencies are corrected to account for the e�ect of anharmonicity of the
trap, using the coe�cient � de�ned in the main text. Note, however, that we do
not observe a signi�cant correlation between temperature and atom number. The
results are presented in Figure 3.5. A linear �t gives a slope of 0.28(70)% per
million of atoms, which is consistent with the absence of a density e�ect. This
con�rms our assumption of a density independence of the oscillation frequency on
the level of 1% for our standard experimental condidtions.

3.7.2 Damping of oscillations

In the main text we introduce the assumption that the damping of the CoM oscil-
lations originates essentially from the anharmonicity of the trap: Di�erent classes
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Figure 3.5: Test of the e�ect of atomic density on the oscillation frequency. The
measured frequency is plotted against the atom number. The solid line is a linear
�t, and the dashed line shows the 68% (1� ) con�dence band.

of atoms explore di�erent regions of the trap as they oscillate, hence experienc-
ing slightly di�erent trap frequencies and eventually dephasing. Such a behavior
would mean that the CoM oscillations that we observe result from a superposi-
tion of pure single-particle oscillations. This assumption is supported by the equal
damping behavior of the two species, as pointed out in the main text, and by an
estimation based on our experimental settings of the collision rate of dysprosium
atoms, which yields 80s� 1 (a similar calculation for potassium gives a collision
rate of about 90 s� 1). Given the radial trap frequency of about 600 Hz (2 kHz for
K), the radial motion in our trapped samples is far away from the hydrodynamic
regime. Here we further test our assumption on the origin of the observed damping
by considering the density and temperature dependence of the damping rate of the
CoM oscillations.

From the analysis of the set of experiments presented in Sec. A we also obtain
the damping rate of the oscillations. Its behavior as a function of atom number is
plotted in Figure 3.6. A linear �t gives a slope of +0.008(30)s� 1 per million atom
and thus does not show any signi�cant density dependence on the 10% level for
our standard atom number. This observation support our assumption of damping
being essentially due to dephasing e�ects.

We now turn our attention to the study of the dependence of the damping rate
on the temperature. From straightforward arguments, one expects the damping
rate to be proportional to the temperature. Indeed, for small oscillation ampli-
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Figure 3.6: Density independence of the damping rate. The solid line is a linear
�t, and the dashed lines show the 68% (1� ) con�dence band.

tudes, the anharmonic frequency shift of a particle in a Gaussian potential scales
linearly with its energy, such that the width in Fourier space of the CoM oscil-
lation increases linearly with the temperature of the cloud, �nally leading to a
linear dependence of the damping rate on the temperature. In the main text, we
present a measurement of the dependence of the frequency on the temperature
of the cloud (see Figure 3 in the main text). The analysis of the corresponding
oscillation data also allows us to investigate the dependence of the damping rate
of the oscillations on the temperature. The results are shown in Figure 3.7. We
observe an increase of the damping with temperature. A linear �t without o�set
gives a slope of 0.409(15)ms� 1� K � 1, and a reduced� 2 of 0.96, showing that our
simple model �ts well to the data. This behavior also supports our interpretation
on dephasing being the main source of damping.

3.7.3 Error budget of the frequency ratio measurement

We measure the trap frequency ratio in two sets of data obtained on two di�erent
days. Each set of data is corrected for the residual anharmonicity, based on the
anharmonicity coe�cient � and on the measured temperatures of the two species.
A part of the uncertainty originates from the statistical distribution of the mea-
sured frequency ratios! K =! Dy . The rest of the uncertainty originates from the
error in the anharmonicity correction and has �ve contributions: the error on the
anharmonicity coe�cient � , and the error on the measured temperatures of the
K and Dy clouds. The respective contributions to the absolute uncertainty on
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Figure 3.7: Temperature dependence of the damping time. The solid line is a
linear �t without o�set, with weights taking both horizontal and vertical error
bars into account.

parameter value uncertainty uncertainty
in parameter in frequency ratio

TDy set 1 8:3 � K 0:2 � K 0:003
TK set 1 7:6 � K 0:3 � K 0:004
TDy set 2 35:7 � K 3:2 � K 0:015
TK set 2 30:3 � K 2:0 � K 0:008

� � 4:50 Hz=� K 0:43 Hz=� K 0:006

Table 3.1: Error budget for the measurement of! K =! Dy .

! K =! Dy are listed in Table 3.1.

The total absolute uncertainty that results from the anharmonicity correction
is 0.019, and the statistical uncertainty from the 10 combined individual measure-
ments is 0.012. These two errors are quadratically combined, which �nally yields
the quoted uncertainty of 0.022.

3.7.4 Measurement of the tensor contribution

We measure oscillation frequencies for two di�erent orientations of the magnetic
�eld: Always being perpendicular to the propagation axis of the trapping laser,
the �eld is either aligned with the polarization axis of the trapping laser, or per-
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Figure 3.8: Repeated measurements of the frequency ratio! k=! ? . The �rst �ve
points have been measured on one day, the remaining six ones on a second day.
The solid line shows the weighted average! k=! ? = 1:0070(20)with the dashed
lines showing the corresponding statistical error range.

pendicular to it. All other parameters are kept identical. The strength of the �eld
is in both cases 250 mG. In the latter case we take care that the spin state of the
atoms adiabatically follows the rotation of the magnetic �eld. We measure alter-
nately the trap frequency for one orientation of the �eld, then for the other one,
and repeat the procedure to eliminate systematic e�ects from possible slow drifts.
We measure in total 11 pairs of trap frequencies over two di�erent days, which
gives us 11 values for the frequency ratio, as shown in Figure 3.8. A weighted
average yields(as + at )=(as � at=2) = 1:0140(48).



4Production of a Degenerate
Fermi-Fermi Mixture of
Dysprosium and Potassium Atoms

Published as:
C. Ravensbergen, V. Corre, E.Soave, M. Kreyer, E. Kirilov and R. Grimm
Phys. Rev. A 98, 063624 (2018)
Erratum: Phys. Rev. A 101, 059903 (2020)

Author contribution: The author took part in the measurements and con-
tributed to the general lab work, the interpretation and analysis of the data and
the discussions during the writing of the manuscript.

Note: With respect to the published version corrections have been made accord-
ing to the errata.

49



50

We report on the realization of a mixture of fermionic161Dy and fermionic 40K
where both species are deep in the quantum-degenerate regime. Both components
are spin-polarized in their absolute ground states, and the low temperatures are
achieved by means of evaporative cooling of the dipolar dysprosium atoms together
with sympathetic cooling of the potassium atoms. We describe the trapping and
cooling methods, in particular the �nal evaporation stage, which leads to Fermi
degeneracy of both species. Analyzing cross-species thermalization we obtain an
estimate of the magnitude of the inter-speciess-wave scattering length at low mag-
netic �eld. We demonstrate magnetic levitation of the mixture as a tool to ensure
spatial overlap of the two components. The properties of the Dy-K mixture make
it a very promising candidate to explore the physics of strongly interacting mass-
imbalanced Fermi-Fermi mixtures.

4.1 Introduction

Strongly interacting systems composed of imbalanced fermions o�er an increased
complexity as compared to the balanced case by adding e�ective exchange interac-
tion and dissimilar dispersion of the constituents. The physics emanating from new
pairing mechanisms is rather enriched compared to the standard population and
mass-balanced case, described by the established Bardeen-Cooper-Schrie�er (BCS)
attractive interaction [187]. Appearing in various �elds, such systems have been
predicted to generate exotic pairing such as breached and inhomogeneous pairing,
the last exhibiting a spatially varying order parameter [188]. In nuclear physics the
possibility for neutron-proton correlations and Cooper pair condensation has been
investigated in several contexts ranging from heavy-ion collisions to astrophysical
processes [189]. Inhomogeneous superconductivity has been argued to exist for
asymmetric nuclear matter in supernovae and neutron stars [190]. In quantum
chromodynamics, a phenomena coined color inhomogeneous superconductivity is
expected to take place [191, 192, 193, 194, 195]. Because of its ubiquity, such
states of matter are also discussed and searched for in condensed matter physics,
where experimentally favorable systems include heavy-fermion, organic, or high-Tc

superconductors [191].
In the context of ultracold two-component Fermi gases, some exotic phases like
the paradigmatic Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) [19, 20, 196], Sarma
[21] as well as interior [181] and exterior gap breached-pair phases [197], have been
theorized. Speci�cally, the FFLO phase seems to be experimentally achievable in
mass-imbalanced systems at unitarity, because of the higher super�uid transition
temperature [23, 198, 199, 24] relative to the equal- mass case. In general the
mass-imbalanced strongly interacting fermionic mixtures based on cold atoms, as
a result of the generated Fermi surfaces and single-particle dispersion mismatch,
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exhibit a rich phase diagram, which includes a Lifshitz point and population-
dependent asymmetry [184, 200, 201, 202]. Such systems can be also employed
to study itinerant ferromagnetism [203], a phenomenon where microscopic under-
standing is still evolving [204]. As a further example, a crystalline phase of weakly
bound molecules consisting of heavy and light fermions has been predicted [205],
countering the intuitive expectation of a gas phase.
Fermionic mixtures of ultracold atoms are also well suited to tackle impurity
physics and the polaron problem [203]. One open aspect is an impurity cou-
pled to a non-equilibrium Fermi gas, where multicomponent cold gases are well
suited to explore the non-equilibrium Anderson catastrophe and the in�uence of
the environment on the impurity dynamics [206, 207]. Fermionic mixtures made
out of di�erent atomic species additionally allow for the use of a species-selective
optical lattices [159]. This handle opens the possibility in multicomponent systems
for the realization of Kondo-related physics in transport measurements [208]. It
should also be emphasized that two-component Fermi gases also o�er a variety
of interesting few-body e�ects such as atom-dimer resonant scattering [209, 210]
and con�nement-induced E�mov resonances in systems with mixed dimensionality
[211].
Up to now, the 40K- 6Li mixture has represented the only tunable mixture of
fermionic species realized in the laboratory [212, 213, 214, 215]. The mass ratio
makes this combination in principle attractive for pursuing many of the above
goals. In this system, e�ects of strong interactions near Feshbach resonances (FR)
have been observed in hydrodynamic expansion [216], in impurity physics [82,
83, 217], and in three-body interactions [210]. However, at resonant interspecies
interaction, this mixture su�ers from lifetime limitations owing to the narrow char-
acter of the FR [148, 218]. The width of the FR, together with Pauli suppression
of few-body collisions [71, 73, 94, 219, 220, 221], is a prerequisite for achieving
long lifetimes in strongly interacting fermionic atomic mixtures and weakly bound
dimers made of fermionic atoms. This enhanced stability against inelastic de-
cay has been observed in numerous experiments of both single-species [222, 99,
102, 92, 223] and recently also in dual-species experiments [224]. This facilitated
the realization and exploration of numerous research avenues, including molecular
Bose-Einstein condensation, BEC-BCS crossover physics, the unitary Fermi gas,
and super�uid pairing [225, 226, 227].
Here, we introduce a di�erent mass-imbalanced Fermi-Fermi mixture, namely, the
dysprosium-potassium (Dy-K) mixture 1. For creating a Fermi-Fermi mixture, a
number of combinations could be selected from the variety of chemical elements

1Mixture experiments with magnetic lanthanide atoms represent a new frontier in the research
�eld. The only other experiment reported so far has been carried out on mixtures of Er and Dy
and reported quantum-degenerate Bose-Bose and Bose-Fermi mixtures [135]
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that have been brought to Fermi degeneracy [59, 32, 33, 31, 55, 56, 228, 60, 61,
57]. The important criteria to adhere to are as follows: (i) mass ratio well below
13.6 to suppress E�mov-related losses [221], (ii) tunable interactions, and (iii) col-
lisional stability [224]. Complying with these criteria narrows down the possible
combinations to 161Dy-40K, 163Dy-40K, 167Er-40K, and 53Cr-6Li. We have chosen
speci�cally the Dy-K combination, anticipating a favorable scattering spectrum,
which is on one hand not chaotic, but it is conveniently dense, extrapolating from
[229]. We note that, combinations utilizing a closed-shell fermion (171Yb,173Yb, or
87Sr) in its electronic ground state with an alkali-metal atom o�er only extremely
narrow resonances [230, 231], and therefore are not suited for our purpose.
In this article, we present the preparation and cooling of a Fermi-Fermi mixture
of 161Dy and 40K atoms, reaching deep quantum degeneracy for both species. In
Sec. 4.2, we �rst summarize the laser cooling procedures that provide the starting
conditions for subsequent evaporation. In Sec. 4.3, we then report our main re-
sults. We �rst demonstrate deep cooling of spin-polarized161Dy based on universal
dipolar scattering. Then we investigate cooling of a mixture of161Dy with 40K,
where the K component is cooled sympathetically by thermal contact with Dy.
We also demonstrate the e�ect of magnetic levitation as an interesting tool for
future experiments, and we present a �rst measurement of the interspecies scat-
tering cross section. In Sec. 4.4, we �nally give a brief outlook on future steps to
realize a strongly interacting, mass-imbalanced fermionic mixture.

4.2 Laser cooling and dipole trap loading

In this section, we summarize the laser-cooling steps in our experimental sequence,
which prepare the starting point for subsequent evaporative cooling in an optical
dipole trap. In Sec. 4.2.1 we describe the loading of dysprosium and potassium
atoms into two respective magneto-optical traps (MOTs). In Sec. 4.2.2 we discuss
the procedure used to transfer the atoms into a large-volume optical dipole trap,
where they coexist in a mixture.

4.2.1 Magneto-optical traps

Our dysprosium preparation scheme is similar to the one described in Refs. [163,
176]. As a source of Dy atoms, we use a high-temperature e�usion oven operating
at about 1000 � C combined with a Zeeman slower operating on the broad line
(natural linewidth of 32 MHz) at 421 nm. Dy atoms are collected in a MOT
operating on the narrow (� 626 = 2� � 135 kHz) intercombination transition at
626nm. Further details on the apparatus can be found in Sec. 4.5.1. The MOT
uses a magnetic �eld gradient of about 2 G/cm along the strong vertical axis. We
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use 35-mm-diameter (1=e2 intensity drop) beams, with an intensity of 170I sat;626

per beam (whereI sat;626 = 72 � W cm� 2 is the saturation intensity of the 626nm
line). The laser is detuned by a few MHz to the red of the transition2 and
subsequently spectrally broadened by a high-e�ciency electro-optical modulator
to increase the loading e�ciency [176]. Using these parameters we typically load
2:2 � 107 atoms of 161Dy atoms in 3 s. After loading, the MOT is compressed by
abruptly switching o� the spectral broadening and, within 170 ms, ramping the
detuning closer to resonance, the power down toI � 0:5 I sat;626, and the gradient
of magnetic �eld down to 1:4 G/cm. The atoms are then held in the compressed
MOT for 80 ms. During this hold time, the Dy atoms are naturally optically
pumped into the stretched statejF = 21=2; mF = � 21=2i [163]. The temperature
after the compressed MOT is approximately8 � K.
The source of K atoms is a two-dimensional MOT in a glass cell, connected to the
main chamber via a di�erential pumping tube, similarly to [215]. In the chamber
the atoms are collected in a three-dimensional MOT operating on the D2 line at
a wavelength of767 nm. The K MOT beams combine the cooler and repumper
frequencies (the latter being created by a free-space electro-optical modulator).
They have an intensity ofI cool = 6 I sat;767 and I rep = 0:3 I sat;767, and are detuned
by � cool = � 4:4 � 767 and � rep = � 2:7 � 767 relative to the F = 9=2 ! F 0 = 11=2
and F = 7=2 ! F 0 = 9=2 transitions, respectively. HereI sat;767 = 1:75 mW cm� 2

is the saturation intensity of the D2 line of K, and� 767 its natural linewidth. The
gradient of magnetic �eld is set to9:6 G/cm along the strong axis. We typically
load the MOT for 3 s, which gives0:9 � 106 atoms of 40K. Once loaded, the K
MOT is compressed by simultaneously ramping up the gradient of magnetic �eld
to 25 G/cm, ramping down the detunings to � cool = � 1:1 � 767 and � rep = 0 and
the powers down toI cool = 0:5 I sat;767 and I rep � 0:01 I sat;767, all in 4 ms. At the
end of the compressed MOT phase the temperature of the K cloud is110(30)� K.
We then perform gray molasses cooling on the D1 line, which allows us to lower
this temperature to approximately 30 � K. Details on the gray molasses stage are
given in Sec. 4.5.3.

4.2.2 Sequential dipole trap loading

The transfer of atoms from a MOT or a molasses into an optical dipole trap is
a common procedure in cold-atom experiments. The optimum transfer strategy
depends on the particular properties of the atomic species and on the cooling
scheme applied prior to the dipole trap loading. In many dual-species experiment,
however, the optimum loading conditions for both components are incompatible

2We de�ne detunings as � = ! laser � ! atom , such that a red (blue) detuned laser corresponds
to a negative (positive) detuning
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Figure 4.1: Optical dipole traps scheme. The two beams of the large volume RDT
propagate in the horizontalx-y plane and intersect under an angle of18� , while
the two orthogonal beams of the CDT propagate in thex-z plane. The lower right
scheme shows a view from the top.

with each other, such that a sequential loading scheme is necessary. In the case of
Dy and K atoms, the main constraint is imposed by the vastly di�erent gradient
of the magnetic �eld required in the respective MOTs. Indeed, the larger gradient
used to load K atoms would induce a strong compression of the Dy cloud, which
in turn would lead to large losses. We therefore sequentially load the K atoms and
then the Dy atoms into a reservoir optical dipole trap (RDT).
The RDT is created by two intersecting beams derived from a single, longitudinally
multimode, �ber laser (IPG YLR-100-LP, wavelength1070nm) and crossing in the
horizontal plane under an angle of 18� ; see Fig. 4.1. The RDT is already switched
on during the K-MOT stage, with a power per beam of11:5 W, corresponding
to a depth UK

RDT =kB = 260 � K. After compression of the K MOT (Sec. 4.2.1),
the atoms are transferred into the RDT, while being cooled by the gray molasses
(App. 4.5.3). We typically load 2:2 � 105 40K atoms, corresponding to a transfer
e�ciency of 20%, at a temperature of 33(1)� K 3.
After the gray molasses, a0:8-ms laser pulse is applied to optically pump the
atoms in the jF = 9=2; mF = � 9=2i state. The pulse has� � polarization with a
small admixture of � polarization, and has frequency components resonant with
the D1 transitions F = 7=2 ! F 0 = 9=2 and F = 9=2 ! F 0 = 7=2, such that the

3In the absence of dipole trap, the D1 cooling allows us to reach temperatures as low as
8(1) � K
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jF = 9=2; mF = � 9=2i state is a dark state. During the pulse, the gradient of
magnetic �eld is turned o� and a homogeneous �eld of approximately1 G is applied
along the direction of the beam. The optical pumping only has a minor e�ect on
the temperature of the cloud: We measure an increase of the temperature on the
order of 1 � K. To check the polarization of the K sample we perform resonant
absorption imaging at high magnetic �eld (155 G), where the splittings between
the di�erent jF; mF i ! j F 0; mF 0 = mF + 1i transitions are large compared with
the natural linewidth. After the pulse we still observe approximately10%of atoms
left in j9=2; � 7=2i .
We then load the Dy MOT for 3 s, while holding the K atoms in the RDT. As
we start loading Dy, the power of the RDT is increased, resulting in a depth
UDy

RDT =kB � 110� K for Dy and UK
RDT =kB � 360� K for K [232]. This compression

increases the temperature of K to37(2) � K. Since the Dy MOT forms below the
zero of the quadrupole magnetic �eld, it is spatially separated from the K cloud and
does not a�ect the lifetime of the K atoms in the dipole trap, which is measured to
be4 s. Finally, the compression of the Dy MOT (Sec. 4.2.1) moves it upward, such
that it overlaps with the RDT, where Dy atoms are transferred. At this stage the
central region of the RDT typically contains4:5� 106 Dy atoms at a temperature of
17(1) � K, corresponding to a loading e�ciency of 10%, and approximately9� 104

K atoms at a temperature of28(2) � K. The fact that the temperature of the K
sample decreases during the3 s hold in the RDT is also observed in the absence
of Dy and is presumably an e�ect of plain evaporation allowed by the remaining
spin polarization imperfection. We do not observe interspecies thermalization on
the considered time scale at this point.
At the end of the Dy MOT stage, all resonant light is switched o� and the gradient
of magnetic �eld is set to zero. A homogeneous magnetic �eld of approximately
430 mG is applied along the vertical direction to de�ne a quantization axis and
to maintain the polarization of the two clouds. At this point, we do not observe
any population in higher spin states of K and Dy, which we attribute to rapid
intraspecies and interspecies dipolar relaxation. The conditions after the loading
of both species in the RDT are summarized in Table 4.1.

4.3 Evaporative cooling

In this Section, we present our main results on evaporative cooling down to deep
degeneracy of both fermionic species. We evaporatively cool fully spin-polarized
Dy [60, 164] (see also related work on fermionic Er [61, 233]), relying solely on
universal dipolar scattering [128]. The K component, for which the optical trap
is much deeper, is cooled sympathetically. This cooling scheme is closely related
to earlier experiments on the attainment of quantum degeneracy in Yb-Li mix-



56

161Dy 40K
�!= 2� 154(6)Hz 558(22)Hz

URDT =kB 110(8) � K 360(20)� K
N 5:3(4) � 106 8:8(9) � 104

T 17(1) � K 28(2) � K
npeak 1:0(1) � 1013 cm� 3 5:3(9) � 1011 cm� 3

PSD 3:5(9) � 10� 4 8(1) � 10� 5

Table 4.1: Cloud parameters after transfer into the RDT. The given parameters
describe the cloud in the RDT immediately after the Dy MOT is turned o�. URDT

refers to the depth of the optical potential,npeak to the peak density in the center
of the trap, PSD to the phase-space density. The errors innpeak and in the PSD
result from the propagation of the errors inN and T, whereas the systematic errors
in URDT and in �! are not propagated.

tures [234, 235, 236], where the heavy lanthanide species experiences a shallower
trapping potential than the light alkali-metal species. As in our work, evaporative
cooling acts on the heavier species, which then cools the lighter one in a sympa-
thetic way. The main di�erence to our work is the origin of elastic collisions among
the heavier atoms, which in the Yb cooling scenarios result froms-wave collisions
between identical bosons or non-identical fermions, and not from universal dipolar
scattering between identical fermions.
We employ a sequence of two optical dipole traps. A �rst evaporative cooling step
is performed in the RDT. Atoms are then transferred into the main dipole trap,
where evaporative cooling continues. In Secs. 4.3.2 and 4.3.3, we characterize the
evaporation process in two situations: We �rst describe the evaporation of161Dy
atoms alone, and then the evaporation of the mixture. In Sec. 4.3.4 we discuss the
e�ect of gravity and its compensation by a levitation �eld. Finally, in Sec. 4.3.5
we show the results of an interspecies thermalization measurement, from which we
give an estimate of the inter-speciess-wave scattering cross section, a quantity of
primary importance in the e�ciency of the simultaneous cooling of the two species.

4.3.1 Transfer from reservoir into main dipole trap

With the phase-space density reaching values in the10� 4 range for each species,
the RDT provides favorable starting conditions for evaporative cooling. However,
the large waist of the beams forming the RDT does not allow us to maintain a
large enough collision rate in this trap when its power is lowered. Aside from this,
as a technical issue, the RDT is created by a longitudinally multimode laser, where
evaporation of Dy is known to be hindered by heating processes [131, 237]. We
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161Dy 40K
�!= 2� 456(18)Hz 1460(60)Hz

UCDT =kB 130(5) � K 419(17)� K
Ncenter; Narms 7:9(4) � 105; 1:3(1) � 106 2:8(2) � 104 ; � 5 � 104

T 24(1) � K 28(1) � K
npeak 2:7(2) � 1013 cm� 3 4:4(4) � 1012 cm� 3

PSD 6:1(9) � 10� 4 6:6(9) � 10� 4

Table 4.2: Starting conditions for the evaporation in the CDT.Ncenter gives the
number of atoms in the central region of the trap, whileNarms corresponds to the
atom number trapped outside the region where the two beams cross, in the arms
of the potential. UCDT refers to the depth of the optical potential created by he
CDT, npeak to the peak density and PSD stands for phase-space density. As in
Table 4.1, the errors innpeak and in the PSD are obtained from the errors inN in
T only.

therefore perform a two-step evaporation: After a �rst evaporation ramp taking
place in the RDT, the atoms are transferred into a tighter crossed dipole trap
(CDT), where the evaporative cooling continues.
The CDT is created by a longitudinally single-mode Nd:YAG laser (Mephisto
MOPA 18 NE) at 1064 nm. The con�guration of dipole traps is depicted in
Fig. 4.1. One beam of the CDT overlaps in the horizontal plane with one beam
of the RDT and has a waist of approximately 30� m, while the second beam
propagates along the vertical axis and has a waist around 60� m.
During the �rst 20 ms after completion of the RDT loading, the power of the RDT
is kept �xed while the powers in the horizontal and vertical beams of the CDT
are ramped up from 0 to1:6 and 0:7 W, respectively. This results in a depth of
approximately 54� K for Dy, and of 174� K for K. From that point, as illustrated
in Fig. 4.2, the power of the RDT is reduced in an exponential ramp to1:6 W per
beam in100ms, while the power in the horizontal beam of the CDT is ramped up
to 3:5 W. The power in the vertical beam is kept constant during this time. At the
end of these ramps, the RDT is turned o�. At its full power, the CDT has a depth
UDy

CDT =kB = 130 � K and the trap frequencies are[! x ; ! y; ! z] = 2� � [88; 1040; 1037]
Hz for Dy. Typically, 9 � 105 Dy atoms and3 � 104 K atoms are loaded into the
CDT, with a temperature of 24(1) � K for Dy and 28(1) � K for K. The phase-space
density after the transfer is on the order of10� 3 for both Dy and K. The cloud
parameters immediately after transfer into the CDT, i.e., the starting conditions
for the subsequent evaporative cooling, are summarized in Table 4.2.
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Figure 4.2: Evaporative cooling sequence. Power in the RDT (black) and in the
horizontal (red or dark gray) and vertical (orange or light gray) beam of the CDT.
The origin of time (t = 0) corresponds to the start of the evaporation in the CDT.
The power in the RDT and in the horizontal beam of the CDT is decreased in
exponential ramps. The sequence is identical for the pure Dy cloud and for the
Dy-K mixture.

4.3.2 Evaporative cooling of a pure 161Dy cloud

We now turn to the second phase of the evaporation, which is carried out in the
CDT. We �rst consider the e�ciency of the evaporative cooling of pure161Dy, i.e. in
the absence of K atoms. As soon as the RDT is switched o�, the evaporation ramp
is started. The magnetic �eld is kept at430mG, thus avoiding crossing any major
Feshbach resonance [126]. The evolution of the power in the two dipole traps is
depicted in Fig. 4.2 and is optimized in terms of the �nal temperature ratioT=TF

achieved, wherekBTF = ~�! (6N )1=3 is the Fermi temperature (in the following,
we use the atom number in the central region of the CDT to calculateTF ). We
adopt a standard evaporation scheme in which the power in the horizontal beam
of the dipole trap is decreased while the power in the vertical one is increased [238,
239, 129, 133]. The power in the horizontal beam of the CDT is lowered in an
exponential ramp to150mW within 15 s, while the power in the vertical beam is
�rst increased linearly to 1:17 W within 10 s and then to1:75 W within 5 s.

Figure 4.4 shows a time-of-�ight image of the degenerate cloud obtained at the
end of the evaporation ramp (a brief description of our imaging scheme is presented
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in Sec. 4.5.2). The two panels on the right show cuts along two orthogonal axes
through the two-dimensional (2D) density pro�le. The solid red lines result from a
�t of the density pro�le by a polylogarithmic function. We obtain 3:5� 104 atoms
at a temperature of 60(10) nK, corresponding toT=TF = 0:085(10). The trap
depth at this point is U = kB � 720nK and the trap frequencies are[! x ; ! y; ! z] =
2� � [133; 248; 176]Hz, both calculated including the e�ect of gravity. The peak
number density is7 � 1013 cm� 3.

In Fig. 4.3 we show the evolution of the atom number in the central region of
the trap, of the temperature T, and of the ratio T=TF during the evaporation in
the CDT. After approximately 10 s, we observe a change of slope in the evolution
of the atom number in the central region [see Fig. 4.3(a)]. We attribute this e�ect
to the presence of atoms in the arms of the trapping potential. Att = 0, around
1:3 � 106 trapped Dy atoms are present in the horizontal arms. In the �rst10 s,
these atoms are then preferentially evaporated, cooling also the cloud in the central
region. After 10 s, the arms of the trap are found to be empty and, from that
point on, the evaporation takes place in the central region of the potential only.
The initial fast gain in phase-space density [PSD/ (T=TF )� 3] associated with the
slow decrease of the atom number in the central region suggests that the atoms in
the arms play an important role in the e�ciency of the forced evaporative cooling.

The temperatures shown in Fig. 4.3(b) are extracted from the observed column
density pro�les by Gaussian �ts or by polylogarithmic �ts. The �rst ones are
applied at higher temperatures, the second ones at lower temperature. The �t
by a polylogarithmic pro�le provides two parameters: the size� , related to the
temperature T, and the fugacity � . The Fermi temperature is obtained from the
measured atom number and the calculated averaged trap frequency. The fugacity
on the other side gives direct access toT=TF = [ � 6Li(� � )]� 1=3. The ratio T=TF

shown in Fig. 4.3(c) is obtained from the measuredT and the calculatedTF . A
comparison with the second method using the fugacity is presented in the inset
for the lowest temperatures achieved, and shows good agreement between the
two methods. The change between the Gaussian and polylogarithmic �t models
happens forT=TF � 1. The ratio T=TF levels o� after 14 s of evaporation. At
this point, the trap depth is on the order of the Fermi energyEF = kBTF and we
enter the spilling regime, where e�cient evaporation stops.

In Fig. 4.3(b) we compare the measured temperatureT with the calculated
trap depth U (where the e�ect of gravity is taken into account). We �nd that the
forced evaporation is well characterized by a truncation parameter� = U=kBT � 7
throughout the whole evaporation process.

The trapping potential created by the CDT is deformed by gravity. In par-
ticular, the trap depth is reduced and, in the very �nal stage of the evaporation,
the trap frequency along the vertical axis is lowered. In our scheme, after14 s of



Figure 4.3: Evaporative cooling of161Dy. Atom number, temperature and temper-
ature ratio T=TF of the pure dysprosium cloud during the evaporation of the CDT.
In (b) and (c), green diamonds show the temperature extracted from a Gaussian
�t of the column density, while blue circles are extracted from a polylogarithmic
�t. In (b), the solid black line shows the calculated trap depth reduced by a factor
of 7. In (c) the inset shows a zoom-in on the �nal part of the evaporation ramp.
Blue circles show the temperature ratioT=TF obtained from the size of the poly-
logarithm �t, while black triangles show the ratio obtained from the �tted fugacity
through the relation T=TF = [ � 6Li(� )]� 1=3. In all �gures, the error bars show the
standard error derived from10 repetitions. The time t = 0 refers to the beginning
of the evaporation in the CDT.
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evaporation, the depth of the CDT is reduced from5:3 � K (depth without gravity)
to 720nK, and the trap frequency along the vertical axis is reduced from210 to
176 Hz. The reduction of the trap depth is actually bene�cial for the evapora-
tive cooling, as pointed out with cesium atoms in [240]. Indeed, the reduction
achieved by decreasing the laser power is inherently accompanied by a lowering
of the trapping frequencies, which in turn implies a lower collision rate and a less
e�cient evaporative cooling. Gravity reduces the trap depth essentially without
a�ecting the con�nement strength of the trap (the lowering of the trap frequencies
only appears at very low trap depth), and allows us to maintain a higher collision
rate at low trap depths.

We achieved the lowest temperatureT=TF = 0:085(10)after 14 s of evapora-
tion. For longer evaporation times, the decreasing trap depth reaches the Fermi
energy and we observe spilling of the dysprosium cloud. As in earlier work on
evaporative cooling of fermions (see, e.g., [241]), we �nd that the optimal cooling
is achieved just before the onset of spilling.

Figure 4.4: Deep evaporative cooling of pure161Dy. The density pro�le on the
left-hand side is an average of ten absorption images of clouds of approximately
3:5� 104 161Dy atoms taken after14 s of evaporation in the CDT and a subsequent
release from the trap (time of �ight of 10 ms). The images on the right-hand side
show cuts through the two-dimensional optical depth along thex and y axes.
The solid lines show the corresponding pro�les resulting from a two-dimensional
polylogarithmic �t. From the �t we extract T=TF = 0:085(10).
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4.3.3 Evaporative cooling of the 161Dy-40K mixture

We now characterize the combined cooling of the Fermi-Fermi mixture. Starting
with both components loaded into the RDT, the experimental procedure is iden-
tical to the one described for Dy alone, as we �nd that it also provides the best
results for the mixture, provided that the K atom number is kept small (typically,
MOT loading time shorter than 3 s, resulting in a �nal atom number of a few103).
Indeed, we observe that an increase of the K atom number (achieved by extending
the K MOT loading) compromises the cooling of the Dy sample. As before, the
strength of the magnetic �eld is set to430mG.
We �rst describe the process of evaporative cooling. The atom number in the
central region of the trap and the temperature of the two samples in the CDT
are shown in Fig. 4.5. In these measurements, the atoms are held at �xed power
during 10 ms before a time-of-�ight expansion is performed. The behavior of the
number of Dy atoms is essentially the same as observed in the evaporation of pure
Dy, with the same change of slope after10 s of evaporation. The number of K
atoms on the other hand decreases very slowly, its �nal value being approximately
half the initial one. Given the deep potential seen by the K atoms, we can exclude
evaporation losses, and we therefore attribute the decrease in K atom number to
inelastic processes.
The equality of the two temperatures seen in Fig. 4.5(b) demonstrates the e�-
ciency of the sympathetic cooling. However, we observe that the temperature of
the K sample decouples after approximately13 s in the evaporation ramp from the
temperature of the Dy component. While the temperature of the Dy follows the
evolution of the trap depth, the K temperature decreases much more slowly. As
a consequence of this behavior, the ratioTK =TF;K essentially levels o�, at a value
close to 0.2. This observed decoupling is not an e�ect of a spatial separation of
the components induced by the gravitational sag [236], as we veri�ed by applying
a levitation �eld that ensures full spatial overlap (see Sec. 4.3.4). This e�ect may
indicate a relatively weak thermal coupling between the two species, which is then
further reduced by Pauli blocking in the deeply degenerate regime. Further inves-
tigation is needed to understand the �nal limitations of our cooling scheme.
Figure 4.6 shows our �nal cooling results for the evaporation ramped discussed
before. The absorption images were taken after14:2 s of evaporation and a time
of �ight expansion of 2:5 ms for K and 7:5 ms for Dy. The lower panel shows
cuts through the 2D pro�le, and the solid lines show the corresponding �ts by a
polylogarithmic function. We obtain 3:9 � 103 K atoms and 1:8 � 104 Dy atoms.
At this point the two Fermi energies are calculated to beEF;K =kB = 830 nK for
K and EF;Dy =kB = 370 nK for Dy. We measure temperatures ofTK = 250(10) nK
and TDy = 45(4) nK, respectively, corresponding toT=TF = 0:30(3) for K and
T=TF = 0:12(1) for Dy.



Figure 4.5: Sympathetic cooling of40K by the evaporatively cooled161Dy. Atom
number, temperature and temperature ratioT=TF of the 40K (red circles) and
161Dy (blue diamonds) samples during the evaporation of the CDT. As in Fig-
ure 4.3, the solid black line in (b) shows the trap depth for Dy reduced by a factor
7. The error bars show the standard error derived from ten repetitions. As in
Figure 4.3, the timet = 0 refers to the beginning of the �nal ramp of the CDT.
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Figure 4.6: Deep cooling of the161Dy-40K mixture. Density pro�le of a cloud of
161Dy (40K ) atoms after a time-of-�ight expansion of 7:5 ms (2:5 ms) for a ratio
TDy =TF;Dy = 0:09(1) (TK =TF;K = 0:22(2)). Atom numbers areNK = 3:96(4) � 103

and NDy = 1:8(2) � 104. The upper panel shows the averaged column density
of six images obtained with resonant absorption imaging. The lower panels show
cuts of the column density along thex (top) and z (bottom) axes. The solid lines
are cuts of a 2D �t with a polylogarithmic function.
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By varying the K MOT loading time we can control the number of40K atoms in the
RDT and the resulting population ratio of the two species at the end of the evap-
oration. Indeed, after the transfer in the RDT, the K cloud is hotter than the Dy
one and a larger number of K atoms thus represents a larger heat load for the Dy
cloud, a�ecting its evaporation dynamics. For �nal number ratiosNDy =NK from
approximately 4 (corresponding to the situation described in Figs. 4.5 and 4.6)
down to 2, we obtain similar cooling performance, with the two species as cold
as T=TF � 0:2. Then, if we further reduce the number ratio by increasing the
initial number of K atoms, the K component reaches lowerTK =TF;K ratios at the
expense ofTDy =TF;Dy . The absolute temperaturesTDy and TK achieved actually
only weakly depend on the population imbalance. The main e�ect of the number
ratio on the respectiveT=TF comes from the dependence of the Fermi temperature
on the atom number. In the extreme case where the Dy atom number is zero at
the end of the evaporation, we achieveT=TF � 0:15 for K.

4.3.4 E�ect of magnetic levitation

Mixing two species in an optical dipole potential requires careful consideration of
the e�ect of gravity [236]. The e�ect on the total potential seen by each species is
twofold: its minimum is shifted in the vertical direction (referred to as gravitational
sag), and its depth is reduced. Because of the di�erent masses and polarizabilities,
these two e�ects have di�erent magnitudes for the two species. In our mixture,
gravity has a much stronger e�ect on Dy than on K, because of both the larger
mass and the weaker polarizability. As discussed in Sec. 4.3.2, when we reach
optimum cooling results for Dy after 14 s of evaporation, the potential depth is
reduced by gravity to only 14% of the optical potential depth. In contrast, the
K trap depth is only reduced to88%of the optical potential depth. At the same
point, the potential seen by the Dy atoms is shifted by approximately 7� m, which
is already comparable to the size of the two clouds, while the sag experienced by
the K atoms is small (around500nm).
When considering a single paramagnetic species, the common way to cancel the
e�ect of gravity is to apply a gradient of magnetic �eld such that the spatially
varying Zeeman energy creates a force opposing the gravitational force [242, 29].
The atomic cloud is then levitated. Because of their di�erent magnetic dipole
moments and masses, the strength of the gradient of magnetic �eld for levitation
is di�erent for two di�erent atomic species. Yet, there exists a �magic� value of
the gradient such that the gravitational sag of the two species is identical for any
power of the optical dipole trap [241]. In the case of Dy and K, the much stronger
dipole moment of Dy atoms brings this �magic� value (2:69 G/cm) very close to
the value for the levitation of dysprosium (2:83 G/cm).

We demonstrate the e�ect of the levitation gradient by performing the following
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Figure 4.7: E�ect of levitation on evaporative cooling. The temperature of a cloud
of Dy is measured during the evaporation of the CDT in the absence of levitation
(purple diamonds) and when the levitation �elds are switched on below0:3 W
(blue points). The solid green line is a �t of the temperature below0:30 W by an
adiabatic cooling model assuming that the temperature for a powerPf in the trap
is proportional to the average trap frequency�! at this power: T(Pf ) = b �! (Pf ) (see
main text). The error bars show the standard error derived from six repetitions.

experiment. We evaporate dysprosium atoms in the CDT down to a given �nal
power of the horizontal beam and turn on a levitation �eld when the ramp of
power reaches below a threshold value set to0:3 W. We then hold the cloud in
the trap for 100 ms and �nally release it for 8 ms. We extract the temperature
from a polylogarithmic �t to the two-dimensional density pro�le. The measured
temperatures are presented in Fig. 4.7. We observe that the evaporation essentially
stops when the levitation is turned on, which is a consequence of the corresponding
increase of the trap depth. With decreasing power, the temperature still decreases
slowly. The green line in Fig. 4.7 is a �t of the temperature for �nal powers
lower than 0:3 W by a function of the form T(Pf ) = b �! (Pf ), where �! (Pf ) is
the calculated average trap frequency for a �nal trap powerPf , and b is a �t
parameter. The good agreement between the �t and the measured temperatures
shows that the decrease of the temperature in the presence of levitation can be
fully attributed to the adiabatic opening of the con�nement.
Levitation is an e�cient technique to ensure the spatial overlap of two species, and
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will be a very useful tool in further experiments investigating the physics of Fermi-
Fermi mixtures, where full overlap of the two constituents is required. Yet, in our
scheme, even in the absence of levitation the two species remain in thermal contact
throughout the evaporation ramp, as shown by the e�ciency of the sympathetic
cooling. This means that we can apply the levitation after the evaporation ramp
and bene�t from both the positive e�ects of gravity on evaporative cooling and of
levitation on the spatial overlap.

4.3.5 Interspecies scattering cross section

To determine the cross section for elastic collisions between161Dy and 40K atoms we
perform an interspecies thermalization measurement [243, 244, 245]. We interrupt
the evaporation process in the CDT when the power in the horizontal beam reaches
350 mW. At this point, there are no atoms left in the arms of the CDT. Then we
recompress the trap by increasing the power in the horizontal beam to 680 mW to
stop plain evaporation. The two atom numbers areNK � 9� 103 andNDy � 5� 104.
The two components are in the thermal regime and their temperatures are equal,
around 2 � K. The average trap frequency is�! = 2� � 1007Hz for K atoms, and
the peak densities arenK = 1:6 � 1013 cm� 3 and nDy = 1:4 � 1013 cm� 3. We then
suddenly displace the horizontal beam in the vertical direction using an AOM and,
after a time �t , suddenly displace it back to its original position. After this sequence
of two trap displacements, we hold the atoms in the CDT for a variable time and
�nally measure the temperature of the two components. By setting�t = 2�=! Dy

z
the energy injected in the Dy cloud by the two successive kicks ideally vanishes,
while it does not for the K cloud. This kinetic energy of the K atoms is transformed
after some typical time� in thermal energy through collisions with Dy atoms. We
measure this thermal energy after a variable hold time by measuring the size of
the K cloud after a time of �ight expansion. Following the model developed in
[243] and considering the zero energy limit for elastic collisions, the total collision
rate is obtained from� coll = � elvrel I , where � el is the scattering cross section for
elastic collisions between Dy and K atoms,vrel is the mean relative velocity of
two colliding atoms and I =

R
nK nDy dV. The relation between the measured

thermalization time � and the total collision rate is described in Sec. 4.5.4.
Figure 4.8 shows a thermalization curve, where the measured size of the K sample
is interpreted in terms of a temperature4. The temperatures of the two species
approach each other as we hold the cloud in the trap. Because of the number ratio
NDy =NK � 5, the dominant e�ect is observed as a reduction of the K temperature,

4Since the 40K cloud cannot thermalize by itself after the excitation, interspecies collisions
are needed to reach thermal equilibrium. For shorter times, the40K cloud can therefore not be
described by a temperature in a strict thermodynamic sense. Here we use an e�ective temperature
as a measure of the cloud's kinetic energy in the center-of-mass frame.
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Figure 4.8: Cross-species thermalization measurement. The temperatures of the
40K (red diamonds) and161Dy (blue circles) are shown versus the hold time after
the species-selective heating by the trap displacements (see text). The solid green
line is a �t of the temperature of the K atoms by an exponential curve for a hold
time bigger than 80 ms. The dashed line extrapolates the �t.

while the Dy temperature only slightly increases. Our observation is consistent
with a simple heat transfer from the K sample to the Dy one. Atom numbers of
both species are constant on the time scale of the measurement.
The temperatures of the two species enter in the value ofvrel and of the overlap
integral I ; see Sec. 4.5.4. It turns out that, given the mass and polarizability ratios
of Dy and K, the opposite e�ects of temperatures onvrel and I nearly balance each
other and thus lead to an almost constant value of� coll for a temperature ratio
TK =TDy . 2. Since at these temperatures the elastic scattering cross section is
almost constant, the measured temperatures evolve in a quasi-exponential way
during the thermalization process. From an exponential �t of the temperature of
K for hold times larger than 80 ms we extract a thermalization time constant of
� = 130 ms. This corresponds to an elastic scattering cross section of� el � 1:4 �
10� 16 m2, with an estimated error of15% including all statistical and systematic
errors. We calculate the cross section for elastic dipolar collisions between Dy and
K atoms to be two orders of magnitude smaller than the measured cross section5.

5The elastic dipolar cross section for interspecies collisions is obtained from� dip =
(16=45)�a 2

D + (16=15)�a 2
D , where the two terms represent the contributions of even and odd



Production of a Degenerate Fermi-Fermi Mixture of Dysprosium and Potassium
Atoms 69

We therefore attribute the measured cross section to the contact interaction and
deduce the corresponding scattering lengthjaDyK j � 62 a0. We point out that
the measured interspecies cross section is one order of magnitude smaller than the
dipolar cross section for elastic collisions between identical161Dy atoms (� dip ;Dy =
7:2 � 10� 16 m2).

4.4 Conclusion and outlook

We have demonstrated how a deeply degenerate Fermi-Fermi mixture of ultracold
161Dy and 40K atoms can be e�ciently produced in an optical dipole trap. The
cooling process relies on the evaporation of the spin-polarized Dy component, with
elastic collisions resulting from universal dipolar scattering. The K component is
sympathetically cooled by elastics-wave collisions with Dy. In this way, we have
reached conditions with about2 � 104 Dy atoms and about5 � 103 K atoms at
temperatures corresponding to� 10% and� 20% of the respective Fermi tempera-
ture. This represents an excellent starting point for future experiments aiming at
the realization of novel quantum phases and super�uid states in mass-imbalanced
fermionic mixtures.
The next challenge in our experiments will be the implementation of interspecies
interaction tuning by means of magnetically tuned Feshbach resonances [12]. Al-
though the particular interaction properties of our mixture are yet unknown, one
can expect many Feshbach resonances to arise from the anisotropic electronic struc-
ture of the Dy atom [246, 68]. The key question, which we will have to answer in
near-future experiments, is whether su�ciently broad Feshbach resonances exist
to facilitate interaction tuning along with a suppression of inelastic losses. Reason
for optimism is given by the fact that rather broad Feshbach resonances have been
found in single-species experiments with Er and Dy [127, 247, 248].
If nature will be kind to us and provide us with a good handle to control in-
teractions in the resonant regime, then the future will look very bright for novel
super�uid phases in Dy-K Fermi-Fermi mixtures. A very favorable property of this
mixture, as we pointed out already in Ref. [232], is the fact that the polarizabil-
ity ratio of the two species in an infrared optical dipole trap nearly corresponds
to the inverse mass ratio. This will allow to easily match the Fermi surfaces of
both species even in the inhomogeneous environment of a harmonic trap, and to
investigate pairing and super�uidity of unequal mass particles in the crossover
from molecular BEC to a BCS-type regime. Moreover, our preparation naturally
produces a situation with a majority of heavier atoms, which is exactly what will

partial waves respectively. The dipolar lengthaD is given by aD = � 0� K � Dy mr =(4� ~2). Here � 0

is the permeability of vacuum, � K and � Dy are the magnetic dipole moments of K and Dy atoms
in the relevant spin states, andmr is the reduced mass. We calculate� dip = 7 :2 � 10� 19m2
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be needed to realize FFLO states in mass- and population-imbalanced fermionic
mixtures [199, 24].
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4.5 Appendix

4.5.1 Apparatus

Here, we describe brie�y our apparatus. We use two independent and spatially
separated atomic sources for the two species, which provide collimated atomic
beams in the main vacuum chamber through two di�erent ports. As mentioned
in Sec. 4.2.1, our source of Dy atoms consists of a commercial high-temperature
e�usion oven operating at about1000� C combined with a Zeeman slower. The
atomic �ux through the Zeeman slower is increased by a transverse cooling stage
applied at the exit of the oven, operating on the same broad transition as the
Zeeman slower.
The K source is a two-dimensional MOT in a glass cell [249], loaded from the
background pressure created by commercial isotopically enriched K dispensers (Al-
vatec), placed directly inside the glass cell. The glass cell is connected to the main
vacuum chamber by a di�erential pumping tube. The two-dimensional MOT op-
erates on the D2 line of K, and is created by two perpendicular retro-re�ected
elliptical laser beams and by a two-dimensional quadrupole magnetic �eld realized
by two pairs of coils. The transversally cooled atoms are trapped around the line
of zero magnetic �eld, forming a cigar-shaped cloud. An additional beam pushes
the cloud through the di�erential pumping tube in the main chamber.
The K and Dy three-dimensional MOT beams are overlapped in a four �ber clus-
ter, which distributes the light to the four MOT beam paths. The MOTs are
created by two retro-re�ected orthogonal beams in the horizontal plane, and by
two counter-propagating vertical beams. The narrow character of the626nm line
causes the Dy cloud to sit below the zero of the magnetic �eld, hence requiring
the large diameter MOT beams (35 mm in our case). The laser light at 626 nm
is spectrally broadened by a high-e�ciency electro-optical modulator resonant at
104 kHz, which adds around 30 sidebands.
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4.5.2 Imaging of the atomic cloud

The K and Dy atoms are imaged through the same imaging set-up, on a single
sCMOS camera (Andor Neo), along an axis that lies in the horizontal plane (about
40� to the x axis). We use resonant absorption imaging on the D2 line of wavelength
767nm for K, and on the broad line at421nm for Dy. The two probe beams are
overlapped on a dichroic mirror and have� � polarization. The imaging sequence
involves four laser pulses and one background picture: each species requires one
pulse to image the atoms followed by one normalization pulse. The background
picture without probe light is taken in the end of the imaging sequence. From
the moment where the CDT is switched o�, we wait a time corresponding to the
time of �ight for K, and shine the pulse imaging K atoms for10 � s. We then wait
a variable time which sets the di�erence between the two values for the time of
�ight applied to K and Dy, and shine the pulse imaging Dy atoms for10 � s. The
minimum time between the two pulses is500ns. The two normalization pictures
are taken 40 ms after the respective pictures of the atoms. In both cases, the
scattering cross section is assumed to be the resonant cross section for a two-level
system.

4.5.3 Cooling 40K on the D1 line

After preparation in the MOTs, the K and Dy components have very di�erent
temperatures. However, optimal e�ciency of the subsequent evaporative cooling
stage requires similar starting conditions for the two species. In order to reach this
situation, we perform after the MOT stage sub-Doppler cooling of the K atoms in
the form of a gray molasses on the D1 line. While this cooling technique has been
demonstrated in free space [177], we describe here its successful implementation in
the presence of our large-volume reservoir optical dipole trap (Sec. 4.2.2). In this
situation, the dissipative nature of the molasses cooling improves signi�cantly the
phase-space density reached after transfer into the optical dipole trap. We account
for the e�ect of the space-dependent light shift by ramping the laser parameters,
as we describe in the following.
The laser beams creating the gray molasses are overlapped on polarizing beam
splitters with the MOT beams, which �xes their polarization to circular with
opposite helicity compared to the MOT beams. The cooler and repumper beams
are blue-detuned relative to theF = 9=2 ! F 0 = 7=2 and F = 7=2 ! F 0 = 7=2
transitions respectively. We de�ne� as the detuning of the cooling beam relative
to the bare (in the absence of light shift)9=2 ! 7=2 line and � = ! rep � ! cool +
! hf , where ! cool is the frequency of the cooling beam,! rep is the frequency of
the repumper, and! hf is the hyper�ne splitting in the ground state of 40K; see
Fig. 4.9(a).
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Figure 4.9: D1 cooling of40K. (a) Levels structure of the D1 transition and laser
scheme. (b) Atom number and temperature at the end of the D1 cooling step in
the RDT, as a function of the detuning� , when � is kept to zero.

After the compression of the K MOT, the gradient of magnetic �eld is set to
zero, and residual homogeneous magnetic �elds are canceled to the level of10 mG.
The D2 light is switched o� and D1 light is switched on. The RDT is turned on
beforehand during the MOT and its power is kept unchanged (see Sec. 4.2.2). At
this point, the cloud sits on top of the crossed RDT, though being larger.

Because the polarizability of the excited state at1064 nm is negative, the
transition is shifted to higher frequency by the ac Stark shift in the center of the
trap compared to the wings of the potential. We therefore use a two-step D1
cooling scheme, in which the intensities and the detuning� are �rst kept constant
and then tuned in linear ramps. During the initial capture phase of0:6 ms, the
power and detunings are kept constant atI cool = 5:8 I sat;770; I rep = 0:11 I sat;770 and
� = 0; � = 3 � 770 (whereI sat;770 = 1:70 mW cm� 2 is the saturation intensity of the
D1 line of K and � 770 its natural linewidth), which are the parameters found to be
optimal for D1 cooling in free space. In the second phase, powers are ramped down
in 20 ms to I cool = 0:18 I sat and I rep � 0:01 I sat while the cooler and repumper are
detuned further to the blue. The ramp of frequencies thus allows us to cool atoms
from the outer region into the trap. Figure 4.9(b) shows the �nal atom number
and temperature of the K cloud as the �nal value of� is varied. We achieve a
temperature of27(1) � K for a �nal value � = 9 � 770.
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4.5.4 Interspecies thermalization

We summarize here the model developed by Mosket al. [243], which describes
the thermalization between two species in a harmonic trap (we assume here that
the two species have the same central position). We reproduce in particular the
relation between the elastic cross section� el and the thermalization time � . First,
we calculate the total collision rate� coll = � elvrel I . The mean relative velocity is
obtained as

vrel =

s
8kB

�

�
TK

mK
+

TDy

mDy

�
: (4.1)

Assuming a thermal density distribution of the two components, one calculates
the overlap integral

I = NK NDy �! 3
Dy

�
2�k BTDy

mDy

� � 3=2 �
1 +

� Dy

� K

TK

TDy

� � 3=2

: (4.2)

Based on the ratios of polarizabilities, masses, and temperatures, we de�ne the
quantity

A =
�

1 +
mDy

mK

TK

TDy

� 1=2 �
1 +

� Dy

� K

TK

TDy

� � 3=2

: (4.3)

Combining (4.1-4.3) we deduce the collision rate

� coll = � rel
mDy �! 3

Dy

� 2kBTDy
NDy NK A : (4.4)

We assume [243] that the average energy transfer during one Dy-K collision is
given by � E = �k B(TK � TDy ), where� = 4mDy mK =(mDy + mK )2 accounts for the
e�ect of the mass imbalance. Using this expression, we obtain the relation relating
the collision rate � coll and the thermalization time � :

� � 1 =
1

� T
d
dt

� T = �
NDy + NK

3NDy NK
� coll : (4.5)

One �nally �nds the relation

� � 1 = � el
�

3� 2

mDy �! 3
Dy

kBTDy
(NDy + NK ) A (4.6)

between the thermalization time and the scattering cross section. Given the mass
and polarizability ratios of Dy and K [232], there is only a weak dependence of
A on the temperature ratio for the range of temperatures that we consider. We
calculateA � 1:5, which allows us to analyze the near-exponential thermalization
curve presented in Fig. 4.8.
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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 of161Dy and 40K, we identify a broad Feshbach resonance centered
at a magnetic �eld of 217 G. Hydrodynamic expansion pro�les in the resonant in-
teraction 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.

5.1 Introduction

Ultracold Fermi gases with resonant interactions have attracted a great deal of
attention as precisely controllable model systems for quantum many-body physics
[225, 226, 227]. The interest spans across many di�erent �elds, from primor-
dial matter, neutron stars and atomic nuclei to condensed-matter systems, and in
particular concerning super�uids and superconductors [188]. Corresponding ex-
periments in ultracold Fermi gases require strongs-wave interactions, which can
be realized based on Feshbach resonances [12] in two-component systems. The vast
majority of experiments in this �eld relies on spin mixtures of fermionic atomic
species, which naturally imposes equal masses. Beyond this well-established sit-
uation, theoretical work has predicted fermionic systems with mass imbalance to
favor exotic interaction regimes [199]. Mass-imbalanced systems hold particular
promise [198, 24] in view of super�uid states with unconventional pairing mech-
anisms, most notably the elusive Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state
[19, 118, 196].
A key factor for experiments on resonantly interacting Fermi gases is the colli-
sional stability that arises from a suppression of inelastic loss processes at large
scattering lengths. This e�ect is a result of Pauli exclusion in few-body processes
at ultralow energies [94, 219]. To act e�ciently in an experiment, the suppres-
sion requires a broads-wave Feshbach resonance with a su�ciently large universal
range [219, 250]. For the mass-balanced case, suitable resonances exist in spin
mixtures of 6Li or 40K, and such systems are used in many laboratories worldwide.
In a mass-imbalanced fermion system, the same suppression e�ect can be expected
[220]. However, the onlys-wave tunable Fermi-Fermi system realized so far is the
mixture of 6Li and 40K [216, 210], for which the Feshbach resonances [148, 214,
218] are too narrow to enable strong loss suppression [224].
The advent of submerged-shell lanthanide atoms in the �eld of ultracold quantum
gases [129, 133, 60, 61] has considerably enhanced the experimental possibilities.
While most of the current work focuses on interactions that result from the large
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Figure 5.1: Interspecies scattering lengtha for 161Dy-40K near the broad Feshbach
resonance centered atB0 � 217G. The shaded region indicates the regime where
a exceeds all other relevant length scales (see text).

magnetic dipole moment or the complex optical transition structure, the avail-
ability of additional fermionic atoms is of great interest in view of novel ultracold
mixtures and strongly interacting systems [135, 223]. We have recently introduced
the mixture of 161Dy and 40K [232, 26] as a candidate for realizing a collisionally
stable, strongly interacting Fermi-Fermi mixture. Many narrow Feshbach reso-
nances can be expected for such a system as a result of anisotropic interatomic
interactions [246, 229]. 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 the161Dy-40K
mixture with its center found near 217 G. We have identi�ed this resonance (see
Fig. 5.1) as the strongest one in a scenario of three overlapping resonances 5.7,
with the other two at 200 G and 253 G. Some weak (only few mG wide) inter-
species resonances do also exist in the relevant region, but they can be ignored for
understanding the general structure of the broad scenario. We have characterized
the three resonances by interspecies thermalization measurements, as reported in
detail in 5.7. Close to the center of the strongest resonance, the tunability of the
interspeciess-wave scattering length can be well approximated by

a = �
A

B � B0
a0 ; (5.1)

wherea0 is Bohr's radius. Our best knowledge of the pole position and the strength
parameter isB0 = 217:27(15)G and A = 1450(230)G 5.7.
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5.2 Sample preparation

The starting point of our experiments is a degenerate mixture of161Dy and 40K,
prepared in a crossed-beam optical dipole trap according to the procedures de-
scribed in our earlier work [26]. Evaporative cooling is performed at a low magnetic
�eld of 225 mG. Both species are in their lowest hyper�ne and Zeeman substates,
which excludes two-body losses. The transfer of the system into the high-�eld
region above 200 G is challenging, because many Dy intraspecies [126, 164] and
Dy-K interspecies resonances have to be crossed in a fast ramp of the magnetic
�eld. 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 �eld
to 219.6 G 1, where the system is given a time of a few 10 ms to settle and es-
tablish thermal equilibrium. We then apply a very fast (2-ms) small-amplitude
ramp to the target �eld, where the experiments are carried out. Throughout the
whole sequence after evaporation, a magnetic levitation �eld is applied to compen-
sate for the relative gravitational sag of both species [26]. In this way, we reach
typical conditions of NDy = 20 000 and NK = 8 000 atoms at a temperature of
T = 500 nK 2 in a slightly elongated trap (aspect ratio� 2) with mean oscillation
frequencies of�! Dy =2� = 120 Hz and �! K =2� = 430 Hz 3 and depths corresponding
to 3:5� K and 10� K, respectively. With Fermi temperatures ofTDy

F = 290 nK and
TK

F = 750 nK, our experimental conditions are near-degenerate of (T=TDy
F = 1:7

and T=TK
F = 0:65).

5.3 Interaction characterization

Interaction regimes close to resonance, where scattering is limited by unitarity
[251, 252], 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 motion1=�krel = ~=(mr �vrel), where �vrel =

p
8kB T=(�m r ) is

the mean relative velocity andmr denotes the reduced mass. The typical interpar-
ticle distance sets another length scale, for which we adopt a common de�nition
for two-component Fermi gases,d = (3 � 2ntot )� 1=3, wherentot is the total number
density of both species in the trap center. At zero temperature,d corresponds
to the inverse Fermi momentum1=kF . For our typical experimental parameters,

1At 219.6 G interspecies thermalization is su�ciently fast and Dy background losses show a
pronounced minimum.

2Thermometry is based on time-of-�ight images taken at high magnetic �elds in regions where
interspecies interactions are weak.

3The ratio of the trap frequencies for K and Dy is essentially determined by the mass ratio
and the polarizability ratio, which results in a �! K =�! Dy = 3 :60 [232].



78

we obtain similar values1=�krel � 2100a0 and d � 2500a0, which correspond to
near-degenerate conditions. The resonant interaction regime where the scattering
length exceeds both scales is realized in a magnetic detuning range of roughly
� 0:6G.
A further length scale is set by the e�ective range of the resonance [12] and can
be characterized by the range parameterR� as de�ned in Ref. [65]. 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 reasonable values for the magnetic moment, we show in Sec. 5.7 thatR�

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 e�ective range to be negligible for the universal interaction
physics in the resonant regime.

5.4 Hydrodynamic expansion

A striking e�ect of the resonant interspecies interaction shows up in the expansion
of the mixture. In the experiments, the sample was released from the trap right
after switching to the target �eld strength. The absorption images in the upper
row of Fig. 5.2 illustrate the case of weak interactions (a � � 40a0), realized atB =
235:4G. 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. 5.2) both components
expand with similar sizes. Evidently, the interaction between the two species slows
down the expansion of the lighter species and accelerates the expansion of the
heavier species. Such a behavior requires many elastic collisions4 on the timescale
of the expansion and thus can be interpreted as a hallmark of hydrodynamic
behavior.

A closer inspection of the spatial pro�les of the hydrodynamically expanding
mixture reveals an interesting di�erence between the heavy and the light species;
see pro�les in Fig. 5.3. 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 sur-
rounded by a larger cloud of ballistically expanding lighter atoms.

To elucidate the origin of this surprising e�ect we have carried out a Monte-
Carlo simulation [253], accounting for the classical motion and the quantum me-
chanically resonant collisional cross section, which is only limited by the �nite rel-

4We estimate the collision rate for a K atom in the center of the Dy cloud by considering the
resonant elastic scattering cross section� res = 4 �= �k2

rel , the Dy peak number density n̂Dy , and
the mean relative velocity �vrel . For our typical conditions, n̂Dy � res �vrel � 104 s� 1.



Figure 5.2: Comparison of the expansion of the mixture for weak (upper) and
resonant (lower) interspecies interaction. The absorption images show the optical
depth for both species (Dy left, K right) after a time of �ight of 4.5 ms. The �eld
of view of all images is240� m � 240� m.
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Figure 5.3: Pro�les of the hydrodynamically expanding mixture for resonant in-
teraction, (a) experimentally observed and (b) from a corresponding Monte-Carlo
simulation. Shown are the probability densities of doubly-integrated pro�les for
both Dy (solid blue lines) and K (red curve with �lling).

ative momentum of a colliding pair [251, 252]. For our near-degenerate conditions,
we neglect Pauli blocking and interactions beyond two-body collisions. The sim-
ulation results in Fig. 5.3(b) reproduce the experimental pro�les (a) without any
free parameter. The simulation con�rms our interpretation in terms of a hydrody-
namic 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 di�usion 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 bimodality e�ect 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 expansion on the scattering
length, we recorded two-dimensional expansion pro�les (such as in Fig. 5.2) for
various values ofB in a 2-G wide range around the resonance center. We focus
our analysis on the K pro�les as they reveal the hydrodynamic core, while the Dy
pro�les only show a slight increase in width. As a quantitative measure we de�ne
the �central fraction� as the fraction of K atoms in a circle of particular radius.
For the latter we use the

p
2� width of the noninteracting Dy cloud (� 34� m

at a 4.5-ms time of �ight). We �nd a marked increase of the central fraction
from its non-interacting background value 0.22 to a resonant peak value of about
0.40. As a function of the magnetic detuningB � B0, the central fraction shows a
pronounced resonance behavior, which closely resembles a Lorentzian curve. From
a �t we derive the centerB0 = 217:04G and a width (half width at half maximum)
of 0.37 G. We �nally use Eq. (5.1) with the �xed value A = 1450G to convert
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Figure 5.4: Enhancement of the central fraction of K atoms in the expanding
mixture. Experimental results for the resonance behavior (�lled black symbols)
are shown in comparison with Monte-Carlo simulation results (red open symbols).

the magnetic detuning scale into an inverse scattering length and plot the data as
shown in Fig. 5.4.

For comparison, we have also employed our Monte-Carlo approach to calculate
the central fraction as a function of the scattering length. Figure 5.4 shows the
simulation results (red open symbols) together with the experimental data (black
closed symbols). We �nd that the simulation reproduces the experimental observa-
tions very well. This agreement between experiment and theory strongly supports
our qualitative and quantitative understanding 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 fea-
tures than simple thermalization [254]. While our expansion measurement yielded
217:04(1)G for the resonance centerB0, the thermalization measurement 5.7 re-
sulted in a value of217:27(15)G, somewhat higher and with a statistical uncer-
tainty more than an order of magnitude larger. Whether the apparent deviation is
a pure statistical e�ect (about 1.5� ), whether it is caused by magnetic-�eld control
issues5, or whether there are unknown systematic e�ects behind it requires further
investigation. We note that anisotropic expansion e�ects in our nearly spherical
trap remain very weak and are barely observable. The anisotropic expansion of a

5Day-to-day �uctuations, drifts in the calibration, and residual ramping e�ects may cause
magnetic-�eld uncertainties of the order of 100 mG.
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Figure 5.5: Decay of the resonant Dy-K mixture (a) in comparison with a pure Dy
sample (b) at magnetic �eld B = 217:5G, very close to the resonance pole. The
solid lines show �ts by a phenomenological model 5.7.

hydrodynamic, strongly interacting Fermi-Fermi system has been studied in our
earlier work on a resonant6Li-40K mixture [216].

5.5 Lifetime

We now turn our attention to the lifetime of the mixture in the resonance region.
In general, we �nd the magnetic-�eld dependence of losses to exhibit a very com-
plex behavior 5.7. Both Dy-K interspecies and Dy intraspecies losses show strong
�uctuations with a variation of the magnetic �eld. 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
6Li [222, 98, 255] and40K [254], which have been understood as a 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 par-
ticular choice of the magnetic �eld. Nevertheless, several good regions exist close
to the center of the broad Feshbach resonance under conditions, where losses are
relatively weak ands-wave scattering is deep in the unitarity-limited regime.

As an example for long lifetimes attainable in the resonance region, Figure 5.5
shows a set of measurements taken at �eld strength of 217.5 G, for which we esti-
mate a large negative scattering length of� 3000a0 or even larger. We have �tted
and analyzed the decay of the atom numbers following the procedures detailed in
5.7. 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 of4 � 10� 25 cm6/s ( 3 � 10� 25 cm6/s) for the
event rate coe�cients. These values are very small compared with other resonant
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three-body systems that do not involve identical fermions. In Feshbach-resonant
Bose-Bose [256, 257, 258] or Bose-Fermi mixtures [259, 260, 261, 262, 263], event
rate coe�cients have been measured exceeding10� 23 cm6/s, i.e. at least two orders
of magnitude more. In preliminary experiments [264] on Bose-Fermi mixtures of
Dy-K (bosonic isotope162Dy), we have also observed a dramatic increase of reso-
nant three-body losses by orders of magnitude. We attribute the low values of the
three-body rate coe�cients and thus the long lifetimes in our Fermi-Fermi system
to the Pauli suppression of inelastic losses [94, 219, 220].

The decay of the Dy component in the mixture, displayed in Fig. 5.5(a) by
the blue data points and the corresponding �t curve, shows a peculiar behavior.
Since we �nd 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 Figure 5.5(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 coe�cient of3:4 � 10� 25 cm6/s in the presence
of K, but only 0:8 � 10� 25 cm6/s without K 5.7. 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 signi�cant changes in
the observed loss behavior. Another hypothesis is based on a spatial contraction
(density increase) of the Dy cloud caused by strong interaction e�ects with K
atoms. Considering the zero-temperature limit, we have developed a model 5.7
for such an e�ect, but its applicability is questionable at the temperatures of our
present experiments. The explanation of the mysterious enhancement of Dy losses
induced by K remains a task for future experiments.

5.6 Discussion and conclusion

Already our present experiments, carried out near quantum degeneracy (T=TK
F

� 0:65), demonstrate that mass imbalance can make a qualitative di�erence in the
physical behavior of a strongly interacting fermion mixture. The bimodality ob-
served in the hydrodynamic expansion pro�le of the lighter component is seemingly
similar to observations in population-imbalanced spin mixtures near the super�uid
phase transition [265]. However, while in the latter case bimodality signals super-
�uidity, the reason is a di�erent one in our case. Detailed understanding of the
expansion dynamics of a Fermi-Fermi mixture in di�erent classical and quantum
regimes is thus essential for interpreting the expansion pro�les in future work aim-
ing at super�uid regimes.
For reaching lower temperatures and deeper degeneracy, work is in progress to
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eliminate heating in the transfer from low to high magnetic �elds and to imple-
ment 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 the217 G resonance as we have
achieved at a low magnetic �eld [26]. With some improvements, conditions for su-
per�uid regimes seem to be attainable. To give an example, a Lifshitz point [198,
23] 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 species6.
In conclusion, we have shown that the161Dy-40K mixture possesses a broad Fesh-
bach resonance o�ering favorable conditions for experiments on strongly interact-
ing fermion systems with mass imbalance. In particular, the system features a
substantial suppression of inelastic losses near resonance, which is a key require-
ment for many experiments. Novel interaction regimes, including unconventional
super�uid phases, seem to be in reach.
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5.7 Supplemental material

5.7.1 Feshbach resonance scenario

To date, no theoretical model is available that would describe the scattering prop-
erties of our Dy-K mixture. Our experimental characterization in the region of
interest therefore relies on a combination of various observables, like the posi-
tions of resonance poles and zero crossings, and measurements of the interspecies
thermalization time. Our basic model assumption is a scenario of three partially
overlappings-wave Feshbach resonances.



Figure 5.6: Thermalization scan revealing magnetic-�eld dependent resonances
in interspecies elastic scattering. The mixture is initially prepared in a non-
equilibrium situation, where the161Dy component (1.3� K) is much colder than the
40K component (4� K). Within a short hold time of 50 ms, interspecies thermaliza-
tion is observed. Fast thermalization is found to reach essentially equal tempera-
tures at three points (solid arrows), which reveals the existence of three relatively
broad Feshbach resonances. Indications of further, much narrower resonances are
observed as well (two examples marked by dashed arrows). The broadest reso-
nance, centered near 217 G is the one of main interest for the creation of strongly
interacting Fermi-Fermi systems.
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Wide-range thermalization scan

Figure 5.6 shows a thermalization scan over the wide magnetic �eld range from 155
to 255 G. After evaporatively cooling the mixture at low magnetic �elds down to a
temperature of about 1.3� K, a short period (60 ms) of species-selective parametric
heating by trap power modulation was applied to increase the temperature of the
1.4� 104 K atoms to about 4� K, leaving the temperature of the 2.9� 104 Dy atoms
essentially unchanged. For carrying out the measurements in the high-�eld region,
we then quickly (within 12 ms) ramped up the magnetic �eld to the variable target
�eld, where (partial) thermalization took place. After a hold time of 50 ms, the
magnetic �eld was quickly (within 1 ms) ramped to 235.4 G. At this �eld, chosen
for thermometry, the interspecies interaction is very weak and the sample expands
ballistically after release from the trap. Temperatures were measured by standard
time-of-�ight imaging.

The thermalization scan reveals a scenario dominated by three broad Feshbach
resonances, at the centers of which very fast interspecies heat exchange occurs and
the temperatures become nearly equal. The corresponding positions are located
near 200, 217, and 253 G (see solid arrows in Fig. 5.6). While the �rst resonance
(near 200 G) is quite strong and has considerable overlap with the 217-G reso-
nance (second resonance), the third resonance (near 253 G) is clearly weaker and
well separated from the two other ones. Further, much narrower resonances exist
(dashed arrows), with negligible e�ect on the overall scenario. The resonance near
217 G is the strongest one and thus the feature of main interest in our present
work.

Model of three overlapping resonances

The magnetic-�eld dependence of the scattering length in a scenario of overlapping
Feshbach resonances, assuming a constant backgroundabg, can be represented by
the product formula [266, 267]

a(B) = abg

nY

i =1

B � ci

B � pi
; (5.2)

where the parameterspi and ci denote the positions of the poles and zero crossings,
respectively. A straightforward transformation gives the equivalent sum formula
[267]

a(B) = abg

 

1 �
nX

i =1

� i

B � pi

!

(5.3)

6Note that in Ref. [198] temperatures are given in units of a reduced Fermi temperature,
which at the Lifshitz point is a factor of 3.4 higher than the Fermi temperature of the heavy
species.
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with

� i = ( ci � pi )
nY

j 6= i

cj � pi

pj � pi
: (5.4)

A practical advantage of the product formula is that it explicitly contains the
positionsci of the zero crossings, which are often good observables in an experiment
[268, 269]. An advantage of the sum formula is that the parameters� i provide a
measure for the relative strengths of the di�erent resonance contributions. In
the case of a single, isolated resonance� 1 = c1 � p1 corresponds to the common
de�nition [12] of the Feshbach resonance width.

Determination of poles and zero crossings

The poles (zero crossings) associated with Feshbach resonances can be identi�ed as
points of fastests (slowest) thermalization in scans like the one shown in Fig. 5.6.
We have carried out further scans with higher resolution in narrower magnetic �eld
ranges near the resonance centers, and obtained valuesp1 = 200:1(2)G and p2 =
217:27(15)G for the poles of the two broadest resonances. Here, because of the fast
thermalization, we used short hold times of 50 ms (15 ms) for the determination of
p1 (p2).

For the observation of zero crossings, close to which thermalization is very slow,
long hold times are favorable. In a scan with a hold time of 1.2 s, we determined
the position c1 = 203:0(2)G for the zero crossing between the polesp1 and p2.

The third resonance (near 253 G) is found in a region where the local back-
ground scattering length is very small. This is a consequence of the near cancella-
tion of the global background scattering lengthabg by the e�ect of the two broad
resonances. While the pole positionp3 can be determined in a straightforward way
from the point of fastest thermalization, a determination of the two zero crossings
c2 and c3 solely based on the observation of thermalization minima turns out to be
rather inaccurate. We therefore investigated thermalization in a wide range cover-
ing c2, p3, and c3 and analyzed the resulting data based on the model introduced
in Ref. [243] and applied to our mixture in [26] (see also Sec. 5.7.1).

The model is based on the assumption of thermalization described by an ex-
ponential decrease of the temperature di�erence with increasing hold time, with a
relaxation rate being proportional to the elastic scattering cross section and thus
being proportional to a2(B ). The temperature di�erence� T = TK � TDy can then
be written as a function of the magnetic �eld strength,

� T(B) = � T0 exp
�
� Ca2(B )

�
; (5.5)

where� T0 is the initial temperature di�erence. The parameterC is proportional
to the hold time and further determined by a combination of the experimental
parameters, as described in Refs. [243, 26].



Figure 5.7: Thermalization scan in the region of the third resonance. The tem-
perature di�erence � T was measured for a long hold time of 1.2 s. The solid line
represents a �t based on the thermalization model described in the text, from
which we obtain the pole position (minimum of� T) and the positions of the two
neighboring zero crossings (maxima). Note that we have applied a rejection algo-
rithm based on repeated application of Chauvenet's criterion [270] to reduce the
e�ect of outliers and barely resolved narrow Feshbach on the �t. This removed 17
data points (open symbols) of in total 393 data points and resulted in very robust
parameter values.
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i p i (G) ci (G) � i (G)
1 200.1(2) 203.0(2) 7.9(7)
2 217.27(15) 243.4(4) 24.6(6)
3 252.79(8) 257.5(4) 1.2(1)

Table 5.1: Parameters characterizing the scenario of three overlapping resonances.
The given 1� uncertainties include the �t errors and estimates for model-dependent
errors. Additional magnetic-�eld uncertainties from the calibration and from day-
to-day �uctuations are estimated on the order of 0.1 G.

The measurements in Fig. 5.7 were taken in a wide range between 229 and
275 G under similar initial conditions as in Fig. 5.6, but with a much longer hold
time of 1.2 s. Thermometry was performed in the same way as in Fig. 5.6. We �tted
the data based on the thermalization model [Eq. (5.5)] and the product formula
[Eq. (5.2)] for a(B). The parametersp1, p2, and c1 were �xed to their separately
determined values (see above discussion). The �t (solid curve in Fig. 5.7) yielded
the parameter valuesp3 = 252:79(8)G, c2 = 243:4(4)G, and c3 = 257:5(4)G.

The complete set of resonance parameterspi and ci for our three-resonance
model is summarized in Table 5.1. Based on Eq. (5.4), we also calculated the
parameters� i , which characterize the strengths of the resonances. The resulting
values (last column) con�rm that the second resonance is the strongest one. The
�rst resonance is about three times weaker, and the third resonance is about 20
times weaker than the strongest one.

Background scattering length

Having determined the poles and zero crossings describing our three-resonance
scenario, the remaining task is to determine the background scattering length
abg, which is left as the only unknown quantity in Eqs. (5.2) and (5.3). For this
purpose, we carried out thermalization measurements in a similar way as described
in Ref. [26]. We selected magnetic �eld regions, where thermalization takes place
on experimentally convenient timescales and which are free of narrow Feshbach
resonances, and determined the absolute valuesja(B)j of the scattering length
for nine di�erent values of the magnetic �eld strength. The corresponding signs
uniquely follow from our three-resonance model. In this way, we obtained the nine
measured values shown in Fig. 5.8. We �nally �tted Eq. (5.2) to these data points
with abg being the only free parameter. This yields the value ofabg = +59(3) a0,
where the given uncertainty includes the �t error and the e�ect of the uncertainties
in the resonance parameterspi and ci .

We estimate that systematic uncertainties in the experimental parameters
(mainly uncertainties in the atom numbers and trap frequencies) and model-
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Figure 5.8: Magnetic-�eld dependence of the scattering length in the range of
interest. The solid lines represent our model of three overlapping Feshbach reso-
nances, with all parameters being determined experimentally. The experimental
data points result from measurements of the scattering cross section by interspecies
thermalization.

dependent errors result in an additional relative uncertainty of 15%, which dom-
inates the error budget. Therefore, our �nal result for the background scattering
length in the 200-G region isabg = +59(9) a0. It is interesting to note that our pre-
vious measurement [26], which was carried out at a low magnetic �eld of 430 mG,
gave essentially the same value (jabgj � 60a0) , although the background scattering
length may slowly vary with the magnetic �eld.

Analysis of thermalization measurements

The basic idea of our cross-species thermalization measurements to determine the
Dy-K elastic scattering cross section (see example in Fig. 5.9) is the same as
reported in [26], but here we have to deal with the additional complication that
strong Dy losses occur during the thermalization process.

Our model was originally introduced in [243] and can be expressed in terms of
a di�erential equation for the temperature di�erence � T = TK � TDy ,

d
dt

� T = � � 2
el

�q
3� 2

mDy �! 3
Dy

kBTDy
(NDy + NK ) � T; (5.6)

where� el = 4�a 2 is the cross section for elastic Dy-K collisions and� = 4mDy mK =(mDy +
mK )2 accounts for the e�ect of mass imbalance in the collisional energy transfer.



Figure 5.9: Example for cross-species thermalization (B = 229:5G) and the �t
analysis to extract a value forjaj. (a) Observed time evolution of the atom numbers
NDy (blue open squares) andNK (red open circles) together with �ts by simple ex-
ponential functions with a constant o�set. (b) Time evolution of the temperatures
TDy and TK ; the increasing Dy temperature is again �tted by a simple heuristic
model function. (c) Evolution of the temperature di�erence� T = TK � TDy with
a numerical �t based on Eq. (5.6).
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The factor q depends on the ratio of polarizabilities, masses, and temperatures
[26]. Under our experimental conditions, this factor can be well approximated by
a constantq = 1:45.

A typical data set for the time evolution of the atom numbersNDy , NK and
the temperaturesTDy , TK is shown in Fig. 5.9(a) and 5.9(b). As a �rst step in
the analysis, we independently �t the observed decay ofNDy , the slow decrease of
NK , and the increase inTDy with simple exponential model functions, which we
generally �nd to describe the data well. As a second step, we �t a numerical solu-
tion of Eq. (5.6) to the decreasing temperature di�erence� T, with the evolution
of TDy and NDy + NK described by the �t functions obtained before. Figure 5.9(c)
illustrates that the �t with the two free parameters � el and � T0 matches the exper-
imental data very well. For our speci�c example (B = 229:5G, �! Dy =2� = 180Hz),
we obtain a best estimate for� el corresponding tojaj = 87 a0.

217-G resonance: Strength and universal range

For the experiments described in the main text, we are mainly interested in the
interspecies scattering length near the pole of the 217-G resonance. Here, the
scattering length can be well approximated by

a(B) = �
A

B � B0
a0 ; (5.7)

whereB0 = p2 = 217:27(15)G and A = � 2 abg=a0 = +1450(230) G.
For discussing the character of this Feshbach resonance in terms of entrance-
channel or closed-channel dominated behavior [12], it is useful to introduce a
characteristic length as de�ned by the range parameter [65]

R� =
~2

2mra0 �� A
: (5.8)

Here mr = 32:04a.m.u. is the reduced mass and�� the (unknown) di�erential
magnetic moment. The universal range of a Feshbach resonance is reached if
jaj � R� , which also represents a necessary condition for a strong Pauli suppression
of few-body losses [224].
The properties of the molecular states underlying our Feshbach resonances are
currently unknown and require further in-depth investigation. For now, to get an
idea of the universal range, we use a conservative guess for the di�erential magnetic
moment �� = 0:1� B , where � B is Bohr's magneton. This yieldsR� � 300a0

as a conservative estimate for the range parameter. We thus conclude that the
universality condition jaj � R� is rather easy to ful�ll near the pole of our 217-G
Feshbach resonance. We note that also the many-body conditionkF R� � 1 for
universality in a fermionic system (Fermi wave numberkF ) is well ful�lled under
realistic conditions.
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Figure 5.10: Loss scan in the resonance region. The plots show the number of Dy
atoms (upper panel) and K atoms (lower panel) left in the trap (�! Dy = 2� � 130Hz)
after a hold time of 150 ms at a �xed magnetic �eld. The initial atom numbers
are NDy = 24 000 and NK = 6000, and the initial temperature is T = 500 nK.
The solid lines are Gaussian �ts to the broad loss feature, excluding narrow loss
features. The shaded region indicates the1� -uncertainty in our knowledge of the
pole position of the strong 217-G resonance.

5.7.2 Decay

Overview of losses in the resonance region

The loss scan in Fig. 5.10 presents an overview of the complex magnetic-�eld
dependence of losses in the region of the 217-G resonance. Here the number of Dy
and K atoms was recorded after a hold time of 150 ms in the trap at a constant
magnetic �eld. Interspecies losses show up as correlated features in the loss spectra
of both species.

A broad loss feature appears for both species about 0.5 G below the resonance
center, where we estimate a scattering length of roughly+3000a0. This feature
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resembles observations made in spin mixtures of6Li [222, 98, 255] and40K [254] and
indicates the formation of weakly bound dimers, which after secondary collisions
decay to deeply bound molecular states. The fact that such losses appear not at
the center of the resonance, but on the side with large positive scattering length, is
intrinsic to two-component fermion systems near broad Feshbach resonances with
strong Pauli suppression of inelastic few-body processes.

The loss spectrum also reveals several narrow interspecies features. Some of
them appear as resolved resonances, but other structures rather resemble a �uc-
tuating background. In between features of increased losses, good regions can be
identi�ed where the lifetime exceeds 100 ms. Besides interspecies losses, we have
observed intraspecies losses for Dy. This can be seen from the background atom
number (NDy � 9500) in Fig. 5.10, which is a factor of2:5 below the initial atom
number. These Dy losses generally show a �uctuating background behavior, as
observed in [164].

From the timescale of losses (on the order of 100 ms), we conclude that recom-
bination processes are no problem for experiments on short time scales (typically
below 10 ms), such as the hydrodynamic expansion studied in the main text. For
experiments on longer timescales, however, it may be important to choose good
spots, where both intraspecies and Dy interspecies losses are minimized. The data
of Fig. 5 in the main text were recorded on such a spot at 217.5 G.

Model for �tting decay curves

For extracting three-body rate coe�cients from atom number decay curves, one
has to take into account the heating of the sample [271]. Our simple model to
avoid this complication is based on the initial behavior neart = 0, which can
be characterized by the initial numberN0 = N (t = 0) and the initial decay rate
1=� = � _N (0)=N(0). To extract optimum values for these parameters from a �t
to the observed decay, we follow a heuristic approach based on the di�erential
equation

_N
N0

= �
1
�

�
N
N0

� �

; (5.9)

where the phenomenological exponent� is a �t parameter, which absorbs possible
heating and other e�ects. We �nd that the solution

N (t) =
N0

� � 1
p

1 + ( � � 1) t=�
(5.10)

�ts our loss curves for all single- and mixed-species cases very well and is thus ap-
plied to all cases discussed in the present work. The calculation of rate coe�cients
is then based on the values for the �t parametersN0 and � .
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Decay of K in the mixture

Here we analyze losses of K observed in the Dy-K mixture in terms of three-body
processes and extract upper limits for the corresponding rate coe�cients. Three-
body decay of K alone is known to be very weak and can be neglected here.

We �rst assume that losses are caused by processes involving one K and two
Dy atoms. This leads to the loss equation

_NK = � K 0
Z

d3r n K n2
Dy : (5.11)

We approximate the number density distributionsni (i = K, Dy) in the harmonic
trap (mean frequencies�! i ) by thermal Gaussian distributions with spatial widths
� i = �! � 1

i

p
kB T=mi . After integration we obtain

_NK

NK
= � K 0N 2

Dy

 
� 0

2�� K � 2
Dy

! 3

; (5.12)

where� 0 = ( � � 2
K + 2� � 2

Dy )� 1=2.
In an analogous way, we now assume that losses are caused by processes in-

volving two K atoms and one Dy atom (two K atoms lost per event). This leads
to the loss equation

_NK = � 2K 00
Z

d3r n 2
K nDy ; (5.13)

which after integration simpli�es to

_NK

NK
= � K 00NK NDy

�
� 00

2�� 2
K � Dy

� 3

; (5.14)

where� 00= (2 � � 2
K + � � 2

Dy )� 1=2.
To obtain values (upper limits) for the event rate coe�cients, we analyze the

decay curves displayed in Fig. 5(a) in the main text. By using the above �t
model, we extract values for the initial K decay time� = � NK = _NK = 350(150) ms,
the initial K atom number NK = 3100(200), and the initial Dy atom number
NDy = 16 700(400). From Eqs. (5.12) and (5.14) and the experimental parameters
(! Dy = ! K =3:6 = 2� � 130Hz, T = 540 nK) we �nally obtain

K 0 � 4 � 10� 25 cm6=s (5.15)

K 00 � 3 � 10� 25 cm6=s

as upper limits for the interspecies three-body event rate coe�cients.
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Decay of Dy

Here we analyze the observed Dy decay (data shown in Fig. 5.5 of the main text)
under the assumption that these losses are caused by collisions of three Dy atoms.
The corresponding loss equation reads

_NDy = � 3K 3

Z
d3r n 3

Dy ; (5.16)

which after integration simpli�es to

_NDy

NDy
= � 3K 3 N 2

Dy

 
1

2�
p

3� 2
Dy

! 3

: (5.17)

From the �t to the Dy decay shown in Fig. 5.5(a), we extract� = 320(50)ms
and NDy = 16 700(400)and obtain the value

K 3 = 3:4(5) � 10� 25 cm6=s

for the event rate coe�cient. Analyzing the data in Fig. 5.5(b) of the main text
in the same way, with the �t yielding � = 1000(150)ms and NDy = 19 700(400),
we obtain the value

K 3 = 8:1(1:2) � 10� 26 cm6=s:

The fact that he former value (with K present) is about four times larger cannot
be explained by three-body loss events involving K atoms, as their contribution
is too weak. However, our data show that K atoms somehow catalyze Dy losses.
The underlying mechanism is currently not understood.

5.7.3 Interaction-induced contraction

Here we introduce a model that describes the contraction of the mixture induced
by the resonant interaction in the unitarity limit under the assumption of zero
temperature. The results point to a possible mechanism how the presence of K
atoms can enhance three-body losses in the Dy component.

Theoretical model

We calculate the number density distributionsnDy (r ) and nK (r ) of the trapped
interacting species in the Thomas-Fermi limit, in which kinetic energy terms re-
lated to density variations can be neglected and the local density approximation
can be applied. This also allows us to reduce the situation to a spherical trap; the
solutions can then be scaled to the real, anisotropic trap.
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The functional for the total energy can be written as

E =
Z

d3r (UDy nDy + UK nK + � Dy + � K + � int ) ; (5.18)

whereUDy (r ) = 1
2mDy �! 2

Dy r 2 represents the Dy trap potential and

� Dy =
3
10

(6� 2)2=3 ~2

mDy
n5=3

Dy (5.19)

denotes the kinetic energy density of Dy without interaction. For the K component,
UK and � K are de�ned analogously.

For the interaction energy density we use the approximation

� int = � b�
3
10

(6� 2)2=3 ~2

2mr

nDy nK

(n2
Dy + n2

K )1=6
: (5.20)

This expression was introduced in [199] to �t the equation of state of a non-
super�uid mass-balanced system [272]. Remarkably, we noticed that the same
expression also provides a very good �t to the equation of state for the imbalanced
mixture with mass ratio 40/6, which was published in [185]. The only di�erence
seems to be a slight di�erence in the optimum value of the prefactorb. While
b = 1:01 provides an optimum �t for the mass-balanced case [199], we found
the slightly higher value b = 1:04 for the mass-imbalanced (40/6) case. In the
representation of Eq. (5.20), the interaction term seems to be nearly independent
of the mass ratio. Therefore, we are con�dent that it can be readily applied also
to our mass ratio of 161/40.

The number density distributions nDy (r ) and nK (r ) are found by minimizing
the energy functional. This is done by varying the densities with the gradient
descent method under the constraint that the atom numbersNDy and NK are
�xed. We represent the densities on a spatial grid, of which the step size is below
10� 3 of the typical Thomas-Fermi radius of the clouds. The number of iterations
in the minimization algorithm guarantees a relative precision of10� 4 for number
densities and derived quantities.

Density increase and loss enhancement

Figure 5.11 shows the e�ect of interaction forNK =NDy = 0:12, which has been
chosen to demonstrate that even a small fraction of K atoms can have a consid-
erable e�ect. The interaction-induced contraction is clearly seen in pro�les. The
central Dy (K) density is increased by a factor of1:64 (1:70). To quantify the
total enhancement of three-body decay of Dy and K within the whole trap, we
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Figure 5.11: Radial density distributions for the Dy and K components, with
(solid lines) and without (dashed lines) interaction for a number ratioNK =NDy =
0:12. All pro�les are normalized to the quantities r0 and n0, which represent the
Thomas-Fermi radius and the central density of the non-interacting Dy component,
respectively.

relate the total three-body decay rate to the case without interspecies interaction
(Thomas-Fermi pro�le nTF ), and de�ne the corresponding factors

� i �

R
d3r n 3

i (r )
R

d3r n 3
TF ;i (r )

; (5.21)

where i = Dy, K. These factors can describe both the e�ect of attractive (� > 1)
or repulsive (� < 1) interaction in the mixture, but here we focus on the case of
the strong attraction on resonance. By numerical integration of the cubed density
pro�les of the two species we obtain� Dy = 2:07 and � K = 2:85. It is remarkable
that the presence of a relatively small minority component of K can have such a
large e�ect on the pro�le and thus three-body recombination rate of the majority
component of Dy.

Within the assumptions of our model, the enhancement factor depends only
on the atom number ratioNK =NDy and the trap frequency ratio�! K =�! Dy . Since, in
our experiments, the latter is �xed to a value of3:6, we can draw universal curves
for � Dy and � K as a function of the global polarization(NK � NDy )=(NK + NDy );
see Fig. 5.12. The solid line that represents the Dy case shows a maximum value
of about � Dy = 4 for a polarization of � 0:7 (NK =NDy = 0:54), which highlights
the possible strength of the e�ect.



Figure 5.12: Enhancement factors for three-body recombination as a function of
the global polarization. The solid curves refer to intraspecies three-body collisions
of Dy and K, while the dashed curves refer to interspecies processes involving both
atoms. The vertical dashed line corresponds to the situation shown in Fig. 5.11.
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Low-�eld Feshbach resonances and three-body losses in a fermionic quantum gas
of 161Dy 101

We report on high-resolution Feshbach spectroscopy on a degenerate, spin-
polarized Fermi gas of161Dy atoms, measuring three-body recombination losses at
low magnetic �eld. For �eld strengths up to 1 G, we identify as much as 44 res-
onance features and observe plateaus of very low losses. For four selected typical
resonances, we study the dependence of the three-body recombination rate coe�-
cient on the magnetic resonance detuning and on the temperature. We observe a
strong suppression of losses with decreasing temperature already for small detun-
ings from resonance. The characterization of complex behavior of three-body losses
of fermionic 161Dy is important for future applications of this peculiar species in
research on atomic quantum gases.

6.1 Introduction

Over the past decade, the exotic interactions of submerged-shell lanthanide atoms
have tremendously boosted experimental research on ultracold quantum gases
[273]. The exciting properties of such atoms result from long-range anisotropic
interactions in combination with tunability of the contact interaction via magnet-
ically controlled Feshbach resonances [12]. Prominent examples for novel states
of matter created in the laboratory are quantum ferro�uids of Dy [138] and su-
persolids realized with both Dy and Er [140, 274, 141]. Progress has also been
made with quantum-gas mixtures of di�erent lanthanide atoms (Dy-Er) [135, 275]
and mixtures of lanthanide and alkali-metal atoms (Dy-K) [26, 27], with a wide
potential for future experiments on exotic states of quantum matter.

For interaction control, magnetic lanthanide atoms o�er a rich spectrum of
Feshbach resonances [127, 126, 164, 276], much denser as compared to alkali-metal
atoms. This experimentally well-established fact is a consequence of anisotropy
stemming both from the strong magnetic dipole-dipole interaction and from the
van-der-Waals interaction for electronic ground states with non-zero orbital angu-
lar momentum [246, 68]. The anisotropic interaction leads to a strong mixing of
di�erent partial waves. If hyper�ne structure is present, such as for the fermionic
isotopes161Dy and 167Er, the Feshbach spectrum is even more complex, and the
blessing of tunability may turn into a curse of omnipresent three-body recombina-
tion losses.

The experiments performed with161Dy in our laboratory are motivated by the
prospect to realize novel super�uid states in mass-imbalanced fermion mixtures
[199, 24, 25]. In a Fermi-Fermi mixture of161Dy and 40K atoms, we have recently
demonstrated hydrodynamic behavior as a manifestation of strong interactions,
realized on top of an interspecies Feshbach resonance [27]. Further experiments are
in progress on the formation of bosonic Feshbach molecules, paired fermionic many-
body states, and collective behavior of the strongly interacting mixture. In all
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these experiments, the Dy-Dy intraspecies Feshbach resonances and accompanying
three-body losses represent a complication and appropriate strategies have to be
developed to minimize unwanted e�ects.

Feshbach resonances in spin-polarized fermionic quantum gases result from
scattering in odd partial waves. Accordingly,p-wave resonances have been ob-
served in early experimental work [87, 86, 277] and studied theoretically [73, 70].
More recent experiments [72, 278] have provided deeper insights into the scaling
laws and universal properties of three-body recombination losses nearp-wave res-
onances. Our present situation of161Dy, however, is more complex because of
the strong coupling between di�erent partial waves and the possible interaction
between di�erent closely spaced or overlapping resonances, which makes a theo-
retical description very challenging. Experiments are needed to �nd out in how
far our resonances in161Dy behave in a similar way.

In this article, we report on the experimental investigation of the ultradense
Feshbach spectrum of161Dy at low magnetic �eld strength (up to about 1 G) with
high resolution (� 1 mG). To minimize the e�ect of �nite collision energies, i.e.
broadening e�ects and the in�uence of higher partial waves, we work in the deeply
quantum-degenerate regime at rather low values of the Fermi energy down to a
few 100nK. In Sec. 6.2, we present the Feshbach loss spectrum, exhibiting nearly
50 loss features in a 1 G wide range. We also identify plateaus of very low losses,
which can be used for e�cient evaporative cooling. In Sec. 6.3, we then present
case studies on four typical resonances, where we report on the dependence of the
three-body rate coe�cient on the magnetic detuning and the temperature of the
sample. Our measurements show that even very small detunings from resonance
of a few mG are su�cient to enter a regime where losses are strongly suppressed
with decreasing temperature.

6.2 Low-�eld Feshbach Spectrum

6.2.1 Sample preparation

All our experiments begin with the production of a degenerate Fermi gas of161Dy
atoms. We follow the procedures described in detail in Ref. [26]: After capturing
the atoms in a magneto-optical trap (MOT) operated at the 626-nm intercombi-
nation line [176], the sample is transferred into a crossed-beam optical dipole trap
(ODT), which uses near-infrared light at a wavelength of1064 nm. Here forced
evaporative cooling is performed by ramping down the trapping potential. Un-
der optimized conditions, we obtain a sample of up toN = 1:5 � 105 atoms in a
nearly harmonic trap (geometrically averaged trap frequency�! = 2� � 150 Hz) at
a temperature ofT = 80 nK. With a Fermi temperature of TF = ~�! (6N )1=3=kB =
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695 nK, this corresponds to deeply degenerate conditions withT=TF = 0:12 and
a peak number density ofn̂ = 1:6 � 1014 cm� 3 in the center of the trap. Our
sets of measurements are taken over typically many hours (sometimes even a few
days), where long-term drifts may reduce the maximum atom number provided
by roughly a factor of two. In a last preparation stage, the ODT is modi�ed by
replacing one of the laser beams (horizontally propagating) with a beam of larger
waist. This modi�cation provides us with more �exibility to vary the trap fre-
quency �! and, in particular, it allows us to realize very shallow traps to work at
lower atomic number densities. For each experiment, the trap is chosen in a way to
avoid residual evaporation. The particular conditions for each set of measurements
are listed in App. 6.5.1.

The cloud is fully spin polarized in the lowest hyper�ne Zeeman sub-level
jF; mF i = j21=2; � 21=2i as a result of optical pumping during the MOT stage
[163] and subsequent rapid dipolar relaxation of residual population in higher spin
states in the ODT [60]. For the fully spin-polarized sample, inelastic two-body
losses are suppressed already at very low magnetic �eld values. The minimiza-
tion of three-body losses, essential for e�cient evaporative cooling, depends very
sensitively on the particular magnetic �eld applied. Our evaporation sequence is
performed at a magnetic bias �eld of230 mG, which we found to work slightly
better than at 430 mG, as applied in Ref. [26].

6.2.2 Loss Scan

We study the low-�eld Feshbach spectrum by measuring atom losses for a variable
magnetic �eld strength [12] in the range between 0 and1 G. After preparation of
the sample in a very shallow ODT (for experimental parameters see App. 6.5.1),
we ramp the magnetic �eld from the evaporation �eld to the variable target one
in 20 ms. The low trap frequency of�! = 2� � 100 Hzis chosen to minimize losses
induced by the magnetic �eld ramp. We hold the cloud for7 s, and then release it
from the ODT. An absorption image is taken after a time of �ight of10 ms.

The magnetic-�eld stability is essential for resolving narrow loss features. Using
radio-frequency spectroscopy1 we identi�ed a 50-Hz ripple in the ambient magnetic
�eld as the main source of noise, with a peak-to-peak value of1:7 mG. Other noise
sources, such as noise in the current of our coils, stay well below an estimated rms
level of 1 mG.

In Fig. 6.1 we plot the remaining atom number as a function of the magnetic
�eld. We count ' 44 loss features, which we assign to Feshbach resonances. On

1We investigate the magnetic-�eld stability by performing radio-frequency spectroscopy on
40K. The possibility to work with potassium in the same setup follows from the fact that our
apparatus is designed for mixture experiments [26, 27].
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resonance the three-body recombination rate is greatly enhanced and leads to
more than a factor of 10 reduction in atom number. At these positions we also
observe substantial heating (not shown). The resonances seem to mostly gather
in groups, with �at, typically tens of mG wide, plateaus between them. Within
these plateaus, losses are rather weak and stay within a few percent even for the
long hold time of 7 s applied.

The recorded Feshbach spectrum resembles previous observations in submerged-
shell lanthanide atoms (Er [127, 276], Dy [126, 164], Tm [279]), which are known
to exhibit a dense and very complex resonance spectrum. In the cases of the
fermionic isotopes161Dy and 167Er, where hyper�ne structure is present, the reso-
nance density is extremely high. While for167Er a density of about 25 resonances
per gauss has been reported in the range between 0 and4:5 G [127], previous work
on 161Dy has revealed between about 10 resonances per gauss in a range between
0 and6 G [126] and up to about 100 resonances in a 250-mG wide range near34 G
[164]. With our 44 resonances in a range between 0 and1 G, we apparently resolve
more resonances than in Ref. [126], which we attribute to our higher magnetic �eld
resolution. We believe that a further improved magnetic �eld stability to well be-
low 2 mG would reveal even more resonances and a substructure of some of our
observed features. The complex spectrum of resonances may be further analyzed
using statistical methods [276, 279], which is beyond the scope of the present work.

6.3 Case Studies of Selected Resonances

We now perform a systematic investigation of theK 3 coe�cient as a function of
the magnetic-�eld and the temperature for selected resonances. In Sec. 6.3.1 we
�rst show how, from atom number decay measurements, we obtain the value of the
three-body recombination coe�cient K 3. In Secs. 6.3.2 and 6.3.3 we investigate the
dependence ofK 3 on the magnetic �eld and the initial temperature, respectively.

6.3.1 Three-body decay curves and loss-rate coe�cients

In the absence of two-body losses, the evolution of the number of trapped atoms
N (t) can be modeled based on the di�erential equation

_N (t) = � � vN (t) � 3K 3

Z
d3r n 3(r ; t); (6.1)

where � v is the one-body loss rate from collisions with rest-gas particles, and
n(r ; t) represents the number density distribution of the cloud. The quantityK 3

denotes the three-body event rate coe�cient, which for a single atomic species is
related to the commonly used three-body loss rate coe�cient byL3 = 3K 3. Note
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that, according to our phenomenological de�nition, theK 3 coe�cient represents a
thermal average over the distribution of collision energies in the sample, and does
not represent the coe�cient for a speci�c collision energy as used in theoretical
work [71]. For our experiments we estimate a rest-gas limited lifetime as long
as 1=� v ' 60 s. Given such a low one-body loss rate,� v can be neglected in
the analysis of near-resonance decay curves, while it is relevant for cases on the
long-lived plateaus.

In Fig. 6.2 we show three typical decay curves, on resonance (a), near a reso-
nance (b) and far away from any resonance (c). The sample is held in the ODT
at a �xed magnetic �eld. After a variable hold time the cloud is released and
the number of remaining atoms is measured by time-of-�ight imaging. To analyse
the decay curves and to extract values forK 3, we apply a heuristic model (for
details see App. 6.5.2) to quantify the initial slope _N (0). From the initial decay
rate 1=� = � _N (0)=N(0) and knowledge of the experimental parameters att = 0,
we then calculate the resulting values forK 3. This approach, which focuses on
the initial decay, avoids complications by the heating of the sample during the de-
cay. Depending on the experimental conditions under consideration, decay times
can vary from a few ms to many seconds. As an example, the measurement re-
ported in Fig. 6.2(a) was carried out under typical experimental conditions (see
App. 6.5.1) very close to the center of the 679-mG resonance, with initially about
1:2 � 105 atoms. Our �t yields an initial decay time � = 22(6) ms, and for the
three-body rate coe�cient we obtain K 3 = 4(1) � 10� 26 cm6=s. The same mea-
surement, performed few mG detuned from the resonance at995 mGand reported
in Fig. 6.2(b), already shows a signi�cant longer decay time (� = 0:50(9) s). We
calculate a three-body recombination coe�cient valueK 3 = 7(2) � 10� 28 cm6=s,
two orders of magnitude lower than on resonance.

The measurement in Fig. 6.2(c) is carried out at a magnetic �eld of225 mG,
on a minimum-loss plateau, and reveals a very long lifetime. To observe the e�ect
of three-body losses we worked in tightly compressed trap with�! = 2� � 380 Hz,
leading to a peak-density of̂n0 � 6 � 1014 cm� 3, which is exceptionally high for a
degenerate Fermi gas. We measure an initial decay time� = 12(3) s, from which a
value K 3 = 5(3) � 10� 32 cm6=s is obtained. This value is extraordinary low, which
is highlighted by comparison with87Rb as a widely used bosonic species, where
the K 3 coe�cient has been measured to be� 6 � 10� 30 cm6=s [280, 281]. Such an
extremely weak three-body decay, together with the sizeable elastic scattering cross
section from dipolar collisions [128], explains why Fermi gases of submerged-shell
lanthanide atoms facilitate highly e�cient evaporative cooling [61, 26].



Figure 6.2: Typical decay curves. The measurements have been performed (a) on
resonance atB = 678 mG, (b) for small detuning at B = 989 mG, and (c) on a
minimum-loss plateau atB = 225 mG. The solid lines show �ts by the heuristic
model introduced in App. 6.5.2.
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Figure 6.3: K 3 coe�cient as a function of the magnetic-�eld, measured for the four
selected resonances. Note that in (a)-(c) the full range covers 12 mG, whereas in
(d) it is three times wider. Each data point is obtained from an individual decay
curve as discussed in Sec. 6.3.1. The dashed lines indicate the lower limit to the
measurableK 3 value, imposed by one-body losses.

6.3.2 Dependence on magnetic-�eld detuning

In this Section, we discuss selected loss features as typical examples for the many
resonances observed in our Feshbach spectrum. We focus on three resonant fea-
tures that lead to relatively strong losses in the measured Feshbach spectrum (near
358 mG, 677 mGand 999 mG, see loss scan in Fig. 6.1). For reference, we also in-
vestigate a weaker loss resonance (near170 mG), which appears to be well isolated
from other resonances. We consider their line shapes and widths by presenting
measurements on theK 3 values as a function of the magnetic detuning from res-
onance. Here we work in the deeply degenerate regime, withT=TF ' 0:2 at a
low TF ' 400 nK (for details see App. 6.5.1), which minimizes line broadening
stemming from the �nite kinetic energy [276, 282]. Our results are displayed in
Fig. 6.3(a-d). The measured values forK 3 vary over more than four orders of
magnitude. Maximum values are found to exceed10� 25 cm6=s. The presence of
weak one-body losses (see Sec. 6.3.1) imposes a lower limit for the measurableK 3

value, which is in the range of a few10� 30 cm6=s. This lower limit is indicated by
the dashed horizontal lines in Fig. 6.3.

Figure 6.3(a) shows the resonance near170 mG, which is the weakest of the
four selected features. We observe a full width of about3:5 mG 2. The line shape
is essentially symmetric, which may �rst appear surprising in view of the expected
asymmetric line shapes of Feshbach resonances in higher partial waves, which
usually show a sharp edge on the lower side (marking the resonance position)

2We de�ne the width as the full magnetic �eld range where the K 3 value exceeds the geometric
average between its maximum and minimum. This corresponds to the full width at half maximum
on a logarithmic scale.
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along with a tail on the upper side [282, 283, 284, 285]. We assume that the
shape of the weak feature is dominated by the magnetic-�eld �uctuations in our
experimental setup (see Sec. 6.2.2), which may a�ect the observed loss features in a
range of a few mG. The �uctuations will smear out any narrower feature and mask
the true resonance line shape (see discussion on broadening e�ects in App. 6.5.3).
This interpretation is supported by the fact that we never observe any narrower
feature. We therefore believe that the observed behavior of narrower resonances,
such as the 170-mG feature, is dominated by magnetic-�eld �uctuations.

In Fig. 6.3(b) we show a double feature of two resonances, separated by about
4 mG. While the weaker feature near355 mGclosely resembles the one in Fig. 2(a),
the stronger feature near359 mGshows a peak value forK 3 exceeding10� 25 cm6=s,
which is an order of magnitude higher. The stronger feature also shows indications
of the tail expected on the upper side for such resonances. The resonance appears
to be wide enough that its true structure is not fully masked by the magnetic-�eld
�uctuations. Figure 6.3(c) shows a feature near677 mG, which in the Feshbach
scan in Fig. 6.1, appeared to be a single, relatively strong resonance. A closer
investigation, however, reveals a shoulder on the lower side, which is likely to
be caused by another weak overlapping resonance. On the upper side, theK 3

coe�cient falls o� in a way resembling the expected tail. Figure 6.3(d) �nally
displays our strongest observed loss feature; note the three times wider magnetic-
�eld range. We see a double feature separated by about10 mG. The line shapes
of the two resonances correspond to the expectation of a sharper edge on the
lower side and a tail on the upper side. Here, at least for these broader features,
magnetic-�eld �uctuations do not have a substantial e�ect on the line shape.

6.3.3 Temperature dependence

We now turn our attention to the dependence of theK 3 coe�cient on the tem-
perature of the cloud, for di�erent magnetic detunings from the resonance center.
We vary the temperature of the cloud by interrupting the evaporation sequence
in a controlled way and by adiabatically varying the �nal trap frequency. For
these measurements, decay is observed in a 160-Hz and a 400-Hz trap, for lower
and higher temperatures, respectively. TheK 3 coe�cient is obtained according
to Eq.(6.5) or Eq.(6.4), depending on the initialT=TF of the sample. We intro-
duce the e�ective temperature ~T, such that the mean energy per particle is3kB

~T.
This de�nition takes into account that, for a degenerate Fermi gas, the relative
momentum and thus the collision energy stay �nite even atT = 0. In the limit of
a thermal gas, ~T = T, while for a degenerate one we have~T = T Li4(� � )=Li3(� � )
[52], where� is the fugacity andLi i is the polylogarithm of orderi .

Figure 6.4 reports the behavior of theK 3 value as a function of ~T for three
di�erent magnetic detunings relative to the ceter of the 358-mG resonance.
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Figure 6.4: Temperature dependence ofK 3, for various detunings (typical uncer-
tainty 0.2 mG) relative to the center of the 358-mG resonance. For~T . 1� K
the samples have initialT=TF < 1. The decay curves have been measured in a
�!= 2� = 160-Hz (circles) and 400-Hz trap (squares). As a reference, we plot theK 3

resonant peak value, corresponding to the maximum in Fig. 6.3(b). The dot-dashed
line shown forT > 5� K indicates theT � 2 dependence, according to Eq. (6.2), with
� = 0:022. The dashed line indicates the lower limit to the measurableK 3 value,
imposed by one-body losses.

We �rst discuss theK 3 behavior in the high energy regime (~T & 3� K). Here the
three curves decrease in a similar manner, showing no dependence on the magnetic
�eld. Such a behavior re�ects the unitarity limit for the K 3 coe�cient, which was
predicted and observed in several resonantly interacting systems, fermionic and
bosonic ones (e.g. [286, 287, 247, 288, 72]). A non-degenerate atomic system
enters the unitarity-limited regime when the thermal de Broglie wavelength� dB =
~
p

2�= (mkB T) becomes comparable to a characteristic length associated with
the resonance at a given magnetic detuning3. We attribute to the competition
between those two length scales the fact that the larger the detuning, the higher is
the temperature at which theK 3 value enters the unitary regime. In this regime
the K 3 value is expected to scale asT � 2 [73]:

K 3 = �
12

p
3� 2~5

m3(kB T)2
: (6.2)

The prefactor � relates to the e�ciency of three colliding atoms forming a dimer
3The length scale that characterizes the interaction is the scattering lengtha for an s-wave

resonance and by
p

jVp jke� in the case ofp-wave Feshbach resonances. HereVp and ke� are the
scattering volume and the e�ective range, respectively.
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and a free atom, and is believed to be a non-universal (i.e. species-dependent)
quantity. A �t to our data, considering only the points with ~T > 5� K, yields a
value � = 0:022(2). In Ref. [278] the authors extracted a value� = 0:09 for 6Li.
Those two results are about an order of magnitude below what has been observed
for Bose gases, where values of� = 0:9; 0:3, and 0.24 have been derived for7Li
[286],39K [287], and 164Dy [247], respectively.

We now discuss the temperature-dependence ofK 3 far below the unitarity-
limited regime. Figure 6.4 demonstrates that even a very small magnetic resonance
detuning of a few mG can have a dramatic e�ect on the low-temperature behavior.
The data taken at � = 6:7mG (typical uncertainty 0.2 mG) show a reduction ofK 3

from a maximum value of the order of10� 27 cm6/s at ~T = 3:5� K to a minimum
of about 10� 30 cm6/s at ~T . 200nK. Note that the minimum value that we can
observe is limited by one-body decay (dashed line), so that the true suppression
will be even larger. A very similar behavior is observed closer to resonance at
� = 2:6mG. Here a maximumK 3 value of � 5 � 10� 27 cm6/s is found at ~T of
the order of 1� K, which is reduced by three orders of magnitude at our lowest
temperature ~T � 200nK. The main e�ect of the smaller detuning appears to be a
shift of the qualitatively similar behavior to lower temperatures.

These observations on the low-temperature behavior can be compared with
recent experimental work studying three-body recombination onp-wave Feshbach
resonances in6Li [72, 278]. For the limit of very low collision energiesEcoll , a
threshold lawK 3 / E 2

coll , as originally predicted in Ref. [73], has been observed in
Ref. [72] for a thermal (T=TF > 1) Fermi gas, whereK 3 / T2. This observation of
threshold-law behavior required a relatively large resonance detuning. In our case,
with rather small detunings, the threshold-law regime would require extremely
low collision energies. This regime, however, remains inaccessible in our present
experiments because of two limitations: The Fermi energy gives a lower limit to
the collision energy (~T = TF =4 at T = 0), and one-body losses do not allow us
to measureK 3 values below� 10� 30 cm6/s. However, beyond the threshold-law
regime, we observe the same steep increase with temperature as seen in Ref. [72]
for relatively large magnetic detunings. The breakdown of the threshold law has
been interpreted [72] in terms of the e�ective range of the resonance.

The case very close to resonance (data points for� = � 1mG in Fig. 6.4) reveals
a di�erent behavior. Here we do not observe any loss suppression with decreas-
ing temperature. The K 3 value appears to level o� at about10� 26 cm6/s. This,
however, does not rule out the possibility of loss suppression at values of~T that
are even lower than what we can realize experimentally in the deeply degenerate
situation. The single data point shown for� = 0 at ~T � 75nK corresponds to the
loss maximum in Fig. 6.3(b). This measurement highlights that three-body losses
can be very strong on top of the resonance, suggesting no suppression at low tem-
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peratures. A similar on-resonance behavior has been observed in Refs. [278, 86],
but in contrast to our work these experiments were limited to the non-degenerate
case.

In the narrow detuning range ofj� j . 1mG, the interpretation of our present
results is impeded by the sensitivity of the experiments to magnetic �eld noise (see
Sec. 6.2.2 and App. 6.5.3). The on-resonance behavior of three-body recombination
at ultralow collision energies, which has also been subject to recent theoretical
investigations [289], thus remains a topic for future research.

6.4 Conclusion

In summary, we have carried out Feshbach spectroscopy on an optically trapped
spin-polarized degenerate Fermi gas of161Dy atoms by measuring three-body re-
combination losses. We have focused on the range of low magnetic �elds up to
1 G, scanned with a high resolution on the order of 1 mG. The ultradense loss spec-
trum revealed a stunning complexity with 44 resolved loss features, some of them
showing up in groups and other ones appearing as isolated individual features. We
also observed low-loss plateaus, which are typically a few 10 mG wide and which
are free of resonances. Here very low three-body losses facilitate highly e�cient
evaporative cooling.

We have studied selected resonance features in more detail by measuring the
three-body recombination rate coe�cient K 3 upon variation of the magnetic res-
onance detuning and the temperature. In general, the observed behavior shows
strong similarities with recent observations onp-wave Feshbach resonances [72,
278]. At higher temperatures (above a few� K) we observed the unitarity limita-
tion of resonant three-body losses. At low temperatures in the nanokelvin range,
we observed a strong suppression of losses with decreasing temperature, provided
a small detuning of just a few mG is applied. Right on top of the resonance,
however, three-body losses remain very strong even at the lowest temperatures we
can realize.

Our work shows that in experiments employing fermionic161Dy gases special
attention must be payed to choosing and controlling the magnetic �eld in a way
to avoid detrimental e�ects of three-body recombination losses. For our speci�c
applications targeting at strongly interacting fermion mixtures of161Dy and 40K
[27], those magnetic-�eld regions are of particular interest where one can combine
near-resonant interspecies Dy-K interaction with low-loss regions of Dy.
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6.5 Supplemental Material

6.5.1 Summary of the initial experimental conditions

In Table 6.1, we report the experimental conditions under which the measurements
reported in Figs. 6.1, 6.2, 6.3 and 6.5 have been carried out. For the measurement
in Fig. 6.4, where the value ofK 3 as a function of the ~T is reported, the di�erent
temperatures have been achieved by interrupting the evaporation in a controlled
way. This unavoidably has led to initial experimental conditions which vary over a
wide range. The initial atom number ranges from5 � 104 to 1 � 106. The coldest
samples haveT=TF ' 0:18 and peak densitieŝn ' 1 � 1014 cm� 3.

6.5.2 Extraction of the loss-rate coe�cient

Here we summarize our method to extract values for the three-body rate coe�cient
K 3 from the decay curves. Basically the same procedures have been applied in
Ref. [27].

The particles that are more likely to collide and leave the trap are the ones in
the center of the trap, with highest density and lowest potential energy. Therefore
losses are accompanied by heating of the cloud, which is known as antievaporation
heating in the thermal case [290] or hole heating in the case of a degenerate Fermi
gas [291]. As a consequence the shape of the density distributionn(r ; t) changes
with time. Taking a time-dependent temperatureT(t) into account, Eq. (6.1) leads
to a set of coupled di�erential equations (see for instance [290]). We circumvent
this complication by focusing on the initial decay rate1=� = � _N (0)=N(0), where
N (0) and _N (0) represent the atomic number and its time derivative, respectively,
both at t = 0. For the initial decay and thus the decay time� only the initial
number density distribution n0(r ) = n(r ; t = 0) is relevant.

Neglecting one-body losses and considering only the initial part of the decay,
Eq.(6.1) leads to

K 3 = �
N (0)

3�

� Z
d3r n 3

0(r )
� � 1

: (6.3)
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For the limit of a thermal (Gaussian) distribution [290], the integration results in

K 3 =
p

3
T3

0

�N 2
0

�
2�k B

m�! 2

� 3

: (6.4)

Here ~ is the reduced Planck constant,kB is the Boltzmann constant,m is the
atomic mass, andT0 is the initial temperature of the sample. For the number
density distribution of a degenerate Fermi gas, we �nd

K 3 =
3� 4

4
1

�N 0

�
~

m�!

� 3 1
� (T0=TF )

: (6.5)

The function � (T=TF ) is de�ned as the three-body integral of a �nite-temperature
Fermi gas normalized to the zero-temperature case:

� (T=TF ) =

R
d3r n3(r )

R
d3r n3

TF (r )
; (6.6)

wheren(r ) describes the density pro�les of non-interacting fermion systems at �-
nite temperature, and nTF (r ) refers to the Thomas-Fermi pro�le at T = 0. By
numerical integration, we �nd that the function can be well approximated numer-
ically for x = T=TF . 1 by � (x) ' (1 + 12:75x2 + 31:05x4 � 8:46x6)� 1.

In order to obtain the initial decay rate, we �t the decay curve with

N (t) =
N0

� � 1
p

1 + ( � � 1)t=�
; (6.7)

which is the solution of the di�erential equation _N=N0 = � � � 1 (N=N0)� for decay
by few-body process of order� . This heuristic model allows us to access the initial
time decay� without making an assumption on the true order of the loss process.
The �t parameter � absorbs the ordern of the recombination process together
with e�ects from heating. The initial atom number N0 is also derived from the
�t, whereas the initial temperature T0 is measured separately. The value ofK 3 is
�nally obtained from Eq. (6.4) or Eq. (6.5).

6.5.3 Broadening E�ects

When dealing with a Feshbach spectrum dense of narrow resonances, it is impor-
tant to understand and possibly eliminate potential broadening e�ects. In our
system, we identify two sources of broadening: magnetic levitation and magnetic
�eld noise. In experiments where a decrease of the trapping frequencies leads to a
trapping potential not deep enough to hold atoms against gravity, magnetic �eld
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Figure 6.5: E�ect of magnetic �eld broadening. TheK 3 value is plotted versus the
magnetic �eld, in the region around358 mG. (a) E�ect of the magnetic �eld gra-
dient used for levitating Dy. (b) E�ect of a sinusoidal magnetic �eld modulation,
with a frequency of600 Hzand an peak-to-peak amplitude of 8 mG.

levitation is often used to cancel (or reduce) the gravitational sag [242]. How-
ever, the presence of a magnetic �eld gradient introduces an inhomogeneity of the
magnetic �eld along the vertical extent of the cloud. Assuming full levitation for
dysprosium (@zB = 2:83 G=cm) and a typical Thomas-Fermi radius� 10� m, our
atomic sample is subjected to a magnetic-�eld variation of� 6 mG over the trap
volume. In Fig. 6.5(a) we demonstrate the e�ect of levitation broadening on the
K 3 coe�cient. We work at the 358-mG resonance. If no gradient is applied we
can resolve a double-peak structure. The two features have a full width of about
2 mG, with peak values of6(3) � 10� 27 and 1:5(4) � 10� 25 cm6=s, respectively. The
presence of the magnetic �eld gradient reduces the resolution and the two peaks
almost merge into a single feature 7.7-mG wide. We can still distinguish two local
maxima, whose values are reduced with respect to the no-levitation case. In view
of this broadening e�ect, we decided to carry out all measurements reported in the
main text without magnetic levitation. To achieve low enough trap frequencies in
the shallow trap where the atoms are transferred at the end of the evaporation, we
employ the second ODT stage with an increased waist of the horizontal trapping
beam, as mentioned in Sec. 6.2.1. Such a trap geometry allows us to reach low
trapping frequencies without too much sacri�cing the trap depth.

In another set of measurements, we investigate the e�ect of magnetic �eld
�uctuations. We arti�cially introduce noise into the system by adding a sinusoidal
magnetic �eld modulation to the bias �eld. We chose a modulation frequency
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of 600 Hz, i.e. faster than the trap frequencies, but still slow enough to avoid
technical complications. We then measure decay curves for di�erent modulation
strengths and magnetic �eld detunings. In Fig. 6.5(b) we report the obtainedK 3

values versus magnetic �eld detunings for 10-mG peak to peak modulation. As
a reference, we plot theK 3 pro�le measured in the absence of arti�cial noise.
The modulation results in a broadening of the feature and consequent loss of �eld
resolution. The peak value decreases and the curve �attens o�.

Regardless of the source of broadening, a magnetic-�eld inhomogeneity (in time
and space) has an averaging e�ect on theK 3 coe�cient, and leads to a broadening
and weakening of the narrow loss features characterizing the dysprosium Feshbach
spectrum.
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Roma non fuit una die condite

In this chapter, I will discuss the near-future plans of the DyK experiment.
Super�uidity and exotic phases of matter remain our long-term goal. In order to
get there one has to proceed step by step, introducing new tools (e.g., new trap-
ping potentials), understanding each single bit of the system, while technically
improving the machine.
Thanks to a continuous series of improvements achieved over almost two years,
by the end of 2020 we were able to approach quite closely the experimental con-
ditions (in terms of temperature and population imbalance) at which resonant
super�uidity is expected to appear. A thorough analysis of the phase diagram for
a Fermi-Fermi mixture featuring mass and population imbalance has been pursued
in [25]. This work is of particular relevance for us: The authors directly treat the
case of the Dy-K mixture, providing us with important quantitative benchmarks
for the normal to super�uid phase transition in the unitary limit, for di�erent con-
dition of temperature and population imbalance. Within at-matrix approach, they
performed calculations assuming both a homogeneous system and a harmonically
trapped one. Population imbalance is accounted via the polarizationp, de�ned as
p = ( nH � nL )=(nH + nL ), nH and nL being the densities of the heavy and light
component, respectively. In the homogeneous case, the critical temperature has a
maximum for a majority of light particles (p < 0). Such a maximum increases with
the mass ratio rm = mL =mH and moves towardp = 0, until the mass-balanced
case is recovered. Limiting the discussion to the Dy-K case, the maximal critical
temperature (in units of T (Dy )

F ) is found for a polarization pmax = � 0:166. For
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Figure 7.1: Red points: DysprosiumT=TF as a function of the global polarization.
A positive polarization P means a majority of Dy. Green line: critical temperature
Tc in units of Dy TF , as calculated in [25].

negative polarization, the critical temperature monotonically decreases. A simi-
lar trend is calculated for positive polarization. Here in addition a reentrance is
expected to appear. This is associated with phase separation and the develop-
ing of the FFLO phase. These results qualitatively agree with those obtained by a
mean-�eld approach1 [23, 24]. For the non-homogeneous case, the authors limit the
discussion to the physical conditions for which super�uidity occurs at the center of
the trap. They calculate the T-P phase diagram (P being the global polarization
P = ( NH � NL )=(NH + NL )) for di�erent trap-frequency ratio r ! . The appearance
of super�uidity is favored by the experimental conditions which promote a local
density polarizationp(0) ' � 0:1, for which pairing is enhanced (in agreement with
the �ndings for the homogeneous case). In Fig. 7.1, we located our results in the
P � T phase diagram on resonance, and compare them with the theoretical pre-
diction for Tc from [25]. It is clear, from that comparison, that temperature-wise
a lot has to be done in order to reach the super�uid regime. Still, super�uidity
seems to be more easily in reach if we change our trapping strategy. Indeed Stri-
nati and coworkers show that an increased trap frequency ratio enlarges the area
in the P � T phase diagram where super�uidity is expected to occur. In particu-
lar, increasingr ! leads to an increased maximum of the critical temperature, and
shifts it towards positive global polarization. So far, a majority of dysprosium
is the "natural" condition for our system. 1064-nm light is used to con�ne the
mixture, providing a trap-frequency ratio r ! ' 3:6 [232]. An increased value of
r ! can be obtained by means of a bichromatic trap: adding an additional beam,

1Quantitatively, the t-matrix approach gives a lower value for the critical temperature.
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close detuned to a potassium line, will help to approach a trapping-frequency ratio
suitable to see super�uidity.
An ongoing project is aiming to set up a box potential, which would allow us to
investigate the phase diagram of the Dy-K mixture in the homogeneous case. We
plan to use a DMD to produce a �at trap potential: further technical details are
still unclear, and require a deeper analysis [292].
From the technical point of view, a lot of e�ort is put on improving the magnetic
�eld stability in the high-�eld region. We recently bought a new power supply
and gain an order of magnitude in B-�eld stability. We observed a �ve-fold im-
provement of the width of the radio-frequency absorption spectrum of K, measured
around 50 G. The improved stability of the magnetic �eld allows for a better reso-
lution of the Feshbach features. As a test bench, we studied the mixture behaviour
around an interspecies Feshbach resonance at' 50:3 G whose width is' 50 mG.
We produced Dy-K Feshbach molecules by sweeping the magnetic �eld from the
BCS to the BEC side of the resonance, and observe them in time of �ight upon
Stern Gerlach separation. So far, the maximum transfer e�ciency is around 20%:
we are con�dent that an improvement of the preparation protocol will lead to a
higher e�ciency. Such an improved magnetic �eld stability should lead to a better
resolution of the narrow Feshbach features also in the200 Gregion. In particular,
we aim at the identi�cation of low-Dy-loss plateau, i.e. , B-�eld regions where the
losses of dysprosium are almost suppressed, similarly to what observed in 6.2.2.
On one side, this should go along with a better lifetime (and less heating) of the
mixture2, while on the other side could provide us with sweet spots where a second
stage forced evaporation can be performed.
In Ch. 5 we provided a careful characterization of the strong DyK Feshbach res-
onance in the217 G region.A direct measurement of the binding energy of the
molecules as a function of the scattering length would provide valuable informa-
tion on the nature of the Feshbach resonance. The plan is to perform magnetic �eld
modulation spectroscopy [293], employing a fast coil located around the bottom
viewport of the vacuum chamber. Preliminary measurements (see App. B) lead to
a lower limit for the di�erential magnetic moment of �� > 0:3� B (corresponding to
an upper limit for the e�ective range R� < 150a0). The improved magnetic �eld
stability should provide a more accurate measurement of the binding energy, and
thus allow for a precise determination of the di�erential magnetic moment and the
range parameter.
The relatively high temperature of the sample and the complicated Feshbach struc-
ture of the mixture will then be the only two remaining obstacles for the production

2The cloud is subjected to an e�ective �eld resulting from the time-averaged magnetic �eld
�uctuations. The vicinity of narrow Feshbach resonances has thus the e�ect of increasing inelastic
collision rates even in regions where losses or heating should be ideally suppressed.
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of a DyK molecular BEC.
The hydrodynamic expansion is the main signature of resonant interspecies in-
teractions. In order to get a deeper insight into the dynamic behaviour of our
system around the resonance pole, we want to look at center of mass oscillations.
An advantage of working with an heteronuclear mixture is the di�erent dynamic
polarizability of the two species. In the non-interacting limit, the two compo-
nents oscillate around the trap center with their own trap frequency and their
motion can be described as two decoupled harmonic oscillators. The presence of
interactions introduce a friction term in the equation, proportional to the rela-
tive velocity of the two components. The system can thus be modeled as two
coupled oscillators, the coupling strength being related to the strength of the in-
teractions. On resonance we expect the two component to oscillate in phase at
the same frequency. In the super�uid regime, this frequency is expected to be
! 2

l = ( mDy ! 2
Dy + mK ! 2

K )=(mDy + mK ) [294].



Appendix A

Useful Constants and Physics
Relations

In this appendix are reported some of the physical constants, quantities and rela-
tions which have been used the most during my PhD work.

Quantity Symbol Value

Speed of light c 299 792 458 m s� 1

Planck constant h 6:626 070 15� 10� 34 J s
Reduced Planck constant

�
h

2�

�
~ 1:054 571 817::: � 10� 34 J s

Boltzmann constant kB 1:380 649� 10� 23 J K � 1

Bohr radius a0 5:291 772 109 03(80)� 10� 11 m
Bohr magneton � B 9:274 010 078 3(28)� 10� 24 J T � 1

Atomic mass constant u 1:660 539 066 60(50)� 10� 27 kg

Table A: Some of the main physical constants relevant to this thesis work.
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Quantity Value

1 G 1� 10� 4 T
� B =h 1:399 624 493 6(4) MHz G� 1

kB =h 2:083 661 912 3� 101 Hz nK� 1

Table B: Some relations among constants relevant to this thesis work.

Quantity Symbol Formula

Thermal de Broglie wavelength(a) � dB

q
2� ~2

mk B T

Phase-space Density(b) PSD n� 3
DB

Scattering length
around isolated FB resonance(c) a abg

�
1 � B zc � B 0

B � B 0

�

Feshbach molecule binding energy
in the universal regime(d) EB

~2

2m r a2

Table C: Some physics relations used throughout this thesis work. (a)m is the
mass,T is the temperature. (b) n is the density. (c) abg is the background scat-
tering length, Bzc and B0 are respectively the Feshbach resonance's zero crossing
and pole positions. (d)mr is the reduced mass.
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Quantity Symbol Formula

Radial trap frequency(a) ! r

q
16a3

0
c

P
w4

~� (! L )
m

Mean trap frequency �! (! x ! y! z)1=3

Harmonic oscillator length ai
ho

q
~

m! i

Cloud width (Gaussian distribution) � i

q
kB T
m! 2

i

Peak density(Gaussian distribution) (b) ncl
0

N
(2� )3=2

Q
� i

Fermi energy(trapped gas) EF ~�! (6N )1=3

Fermi radius R(i )
F

q
2EF
m! 2

i

Peak density(Fermi-Dirac distribution) nF
0

8
� 2

NQ
R i

F

Table D: Some of the main physical relations related to an harmonically trapped
gas. (a) A single Gaussian beam with waistw and powerP is assumed;~� (! L ) is
the dynamic polarizability at frequency! L in atomic units. (d) N is the number
of particles.
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Appendix B

Additional measurements

I report here additional measurements that have been performed during my PhD
work, and which may be of interest for the DyK experiments in the future.

B.1 Feshbach Scans for 161Dy in Various Magnetic
Field Regions

In Figs. B.1, B.2 and B.3 we report the161Dy Feshbach scans for various magnetic
�eld regions. The atoms are in the ultracold regime, and polarized in the lowest
Zeeman substate. After producing a degenerate sample of Dy, the magnetic �eld
is ramped in 10 ms to the target �eld, where the atoms are held for a variable
hold time, in presence of magnetic levitation. We release the cloud from the
trap and let it expand at the �eld. Eventually the remaining number of atoms is
recorded. As expected, we observe an enormous number of loss features, which
we attribute to the presence of Feshbach resonances. We suspect that lots of the
features are actually the combination of more narrower Feshbach resonances, whose
width is below our resolution power. As suggested in [276], such an ultra-dense
spectrum suggests that the the system may be in the Ericson regime, where the
mean resonance width exceeds the mean spacing of the resonances [164, 298].
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