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ABSTRACT

Ultracold atomic Fermi gases are a unique experimental tool for simulating and
studying many-body systems. Since they are very well controllable and clean sys-
tems with tunable interactions, they can serve as quantum simulators for effects
that occur in solid states and usually arise from the quantum nature of the Fermi
gas of electrons. Different phenomena such as high-temperature superconductivity,
Josephson junctions and ferromagnetism can be explored using degenerate Fermi
gases. Even in the context of particle physics, Fermi gases can be used to simulate
the behavior of quarks inside a nucleus.

In the past decade, experiments with a single fermionic (either 8Li or “°K) species
have led to ground breaking results. In the past five years, several experiments
have been set up that combine the two fermionic alkali species. Additionally to the
capabilities offered by a single-species experiment (such as tuning of interaction
strength, spin polarization, trap parameters), the two-species mixtures open up
control of new parameters — the most obvious being the mass ratio. Due to the mass-
imbalance, the Fermi-spheres would no longer overlap, and thus exotic quantum
phases emerge. So far experimentally unobserved effects include superfluidity,
phase separation, crystalline phases, exotic pairing mechanisms and long-lived
trimers. More practically, a mixture would allow to species-selectively apply optical
trapping potentials.

This thesis presents the experimental efforts from creating an ultracold Fermi-
Fermi mixture of °Li and “°K to the creation of heteronuclear molecules. Three
published articles are contained in this thesis.

In the first article we report on the observation of Feshbach resonances in an
ultracold mixture of two fermionic species, ®Li and *°K. The experimental data are
interpreted using a simple asymptotic bound state model and full coupled channels
calculations. This unambiguously assigns the observed resonances in terms of
various s- and p-wave molecular states and fully characterizes the ground-state
scattering properties in any combination of spin states.

In the second article we investigate the collisional stability of a sample of 4°K
atoms immersed in a tunable spin mixture of °Li atoms. In this three-component
Fermi-Fermi mixture, we find very low loss rates in a wide range of interactions as
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long as molecule formation of ®Li is avoided. The stable fermionic mixture with
two resonantly interacting spin states of one species together with another species
is a promising system for a broad variety of phenomena in few- and many-body
quantum physics.

In the third article we present the essential experimental steps of our all-optical
approach to prepare a double-degenerate Fermi-Fermi mixture of °Li and *°K atoms,
which then serves as a starting point for molecule formation. We first describe the
optimized trap loading procedures, the internal-state preparation of the sample,
and the combined evaporative and sympathetic cooling process. We then discuss
the preparation of the sample near an interspecies Feshbach resonance, and we
demonstrate the formation of heteronuclear molecules by a magnetic field ramp
across the resonance.
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CHAPTER 1

INTRODUCTION

Almost all visible matter in the universe (in contrast to dark matter) is built up of
up/down quarks, electrons and electron neutrinos. All of these elementary particles
are fermions, i.e. they are particles with half-integer spin having anti-symmetric
wave functions under exchange of identical particles. Combined, they form atoms
which again can be fermions or composite bosons. Therefore, the physics of bosons
can be regarded as a special case of fermion physics, where pairs are tightly bound
and the fermionic character of the constituents is no longer relevant. This simple
argument already shows that the physics of fermions is in general much richer than
the physics of bosons.

In many areas of physics, interacting systems of fermions can be found, for
example in condensed-matter physics (e. g. superconductors), in nulcear physics
(protons and neutrons), in primordial matter (quark-gluon plasma), and even in
astrophysics (white dwarfs and neutron stars). All these many-body systems are
very challenging to describe theoretically. Therefore, ultracold Fermi gases with
tunable interactions and controllable confinement are unique model systems for
the experimental study of the rich physics of fermions.

Ultracold Fermi gases are very clean systems that can be controlled extremely
well in the lab. Standard laser cooling and trapping techniques [Met99] are available
for many years now and have become a tool for the exploration of a wide variety
of physical phenomena. The ability to control the interaction of cold atoms by
means of a magnetic Feshbach resonance have made it possible to access a regime
called the unitarity limit: At resonance the scattering length diverges and the cross
section reaches its maximum value 47/k?, where k is the relative momentum of
the scattering atoms. These properties are universal because they are independent
of any feature of atomic potentials [Ho04]. Therefore ultracold atoms very close
to a Feshbach resonance share the same universal properties as other quantum
many-body systems such as a neutron star or an electron gas in condensed matter.
For reviews about Feshbach resonances see for example [Chil0, Koh06, Tim99]. For
a review about ultracold Fermi gases see [Ing08,/Gio08] and references therein.

This Chapter gives a brief introduction into the field of ultracold Fermi gases. In
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Section|[I.1]the development of single-species experiments is shortly reviewed. In
Section|1.2|an overview is given of the recent development of experiments with
mixtures of two fermionic species and some theoretical proposals, promising rich
and new physics, are presented. Section gives an overview of the content of
this thesis. Finally, Section[1.4] gives an outlook over the currently ongoing mea-
surements in the Innsbruck FeLiKx (Fermionic Li-K experiment) experiment. In
Appendix[A]schematic drawings of the cooling and imaging frequencies used in the
experiment are documented.

1.1. Single Species

The field of ultracold Fermi gases is rapidly expanding. Worldwide more than 13
groups have reported creation of degenerate Fermi gases with the most common
species being the two naturally abundant alkali metal fermionic isotopes ®Li and
40K Apart from those two elements, degenerate Fermi gases have been created from
3He* [McNO06] and 73Yb [Fuk07]. After the creation of a Bose-Einstein codensate
(BEC) of 34Sr [Ste09} [Esc09], creation of the first quantum degenerate Fermi gas of
an earth alkaline metal (37Sr) is at reach.

The scattering of atoms is described by the scattering phase and the angular
momentum quantum number /. For a derivation of basic scattering theory see a
textbook or review [CT77,Ing99]. At very low energies, collisions can occur only
with the lowest [ = 0,1,2,... called s, p, d-wave scattering. In a gas of identical
fermions, due to the anti-symmetric wave function, only odd partial waves (odd )
contribute to the scattering process. However, in an ultracold gas, the contribution
of higher partial waves is frozen out and thus the dominant scattering process is
s-wave scattering. In a system of identical fermions, s-wave scattering is prohib-
ited. Therefore the behavior of such a gas is collisionless, which means that the
atoms freely move in the trap without scattering. Bosonic atoms exhibit a different
dynamic behavior since s-wave scattering is allowed. Depending on the scattering
rate of the atoms, a Bose gas shows either collisionless or hydrodynamic behavior.
Hydrodynamic behavior means that the gas behaves like a fluid under free expan-
sion. This happens either when the scattering rate is very high or when the gas
becomes superfluid. A BEC shows superfluid hydrodynamic behavior.

Since identical fermions cannot undergo s-wave collisions, ultracold Fermi gases
of a single species are usually prepared as a mixture of two internal spin states. This
leads to a rich dynamic behavior of the gas. It allows for s-wave scattering between
different spin states and continuous tuning of the scattering length by means of
a Feshbach resonance. Also in a mixture of two spin states the Pauli exclusion
principal plays an important role. Although s-wave collisions are allowed between
different atomic states, the available phase space for scattering is reduced if the
Fermi gas is degenerate. This reduces the scattering rate and eventually leads again
to collisionless behavior of the gas.

Formation of pairs can dramatically change the dynamic behavior of the gas. One
pairing mechanism is the formation of molecules. Here we consider a very weakly
bound molecular state where the binding energy can be tuned using an external
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Figure 1.1. The upper panel shows the s-wave scattering length between °Li atoms in the
lowest two energy states for magnetic fields close to the 834 G-Feshbach resonance [Bar05].
The resonant behavior of the scattering length comes along with a weakly bound molecular
state which connects to the free atom continuum at the position of the Feshbach resonance.
The lower panel shows the binding energy divided by the Boltzmann constant E/ kg of this
molecular state. The fact that the molecular state is connected to the free atom continuum
allows to adiabatically convert the fermionic atoms into bosonic molecules. Furthermore
the Feshbach resonance smoothly connects the molecular BEC regime with the BCS regime.

magnetic field; see Fig. Close to a Feshbach resonance, the scattering length
directly depends on the binding energy of the molecular state [Chil0]. The center of
the Feshbach resonance is located at the magnetic field where the molecular state
reaches the energy continuum of free atoms. Beyond the point where the molecular
state reaches the atom continuum, pairing is still possible by a many-body mecha-
nism described by Cooper [Coo56]; these pairs are therefore called Cooper pairs.
Due to the Cooper pairs, the gas becomes superfluid at low temperature when a
Bardeen-Cooper-Schrieffer (BCS) superfluid forms [Bar57b), Bar57al. Close to the
Feshbach resonance, where the gas cannot be considered as dilute, the nature of
the strongly interacting pairs is more complex than simple molecules or Cooper
pairs. The pairing mechanisms are illustrated schematically in Fig.

With decreasing temperature, superfluid behavior of the system emerges. On
the BEC-side of a Feshbach resonance, two fermions form a composite boson
and a molecular BEC forms [Joc03, (Gre03, Reg03a, Zwi03]. On the BCS-side of the
resonance, many-body pairing makes the gas become superfluid at low temperature
when a Bardeen-Cooper-Schrieffer (BCS) superfluid forms [Bar57b}Bar57a]. These
two regimes are smoothly connected via the Feshbach resonance by changing the
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Figure 1.2. [llustration of the BEC-BCS crossover. Shown is the Li 834-G Feshbach resonance
and schematic images of the pairing mechanisms on the BEC-side of the resonance, in the
unitarity regime and on the BCS-side of the resonance. On the BEC side of the resonance,
diatomic molecules form, while on the BCS side, pairing occurs in momentum space and is

a many-body effect. In the unitarity regime right on resonance, the pair size is comparable
to the interatomic distance.

magnetic field. The intermediate region between the BEC and the BCS regime is
called the BEC-BCS crossover region [Eag69, Leg80, Noz85, Eng97]. In this region
the scattering length exceeds the interparticle spacing and therefore the gas cannot
be considered as dilute anymore. In this region we can observe a strongly interacting
Fermi gas.

Since the first experiments reporting on quantum degenerate Fermi gases in
2001 [Scho01] and 2002 [O’HO02], there has been tremendous progress in experi-
ments investigating strongly interacting Fermi gases. The first experiments focused
on the realization of pair condensates both in the molecular regime [Joc03,Gre03,
Reg034, [Str03}Zwi03] and on the BCS side of the Feshbach resonance [Reg04, Zwi04),
Zwi05b]. Measurements of the cloud size [Bar04] and the expansion of the cloud
[Bou04] showed that there is a smooth crossover from the BEC to the BCS regime.
Using radio frequency (rf) spectroscopy, several experiments were performed to
study the pairing gap [Chi04, Shi07, Sch08a], the size of the pairs [Sch08b], and
single-particle excitations [Ste08]. Pairing throughout the crossover was further
studied using optical molecular spectroscopy [Par05]. The excitation spectrum was
investigated using a magnetic field modulation technique [Gre05]. Thermodynamic
properties like the heat capacity [Kin05] and the entropy [Luo07] were measured.
The momentum distribution of the gas in the crossover regime was studied using
expansion measurements both in the low temperature limit [Reg05b] and as a func-
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tion of the temperature [Che06a]. The potential energy of the gas was determined
by measuring its expansion [Ste06]. The first experimental measurements of the
equation of state of a uniform gas have been reported by [Nas09] together with
a detailed comparison with existing theories. Recent experiments applied Bragg
spectroscopy to probe the dynamic and static structure factor [Vee08| and thus are
able to determine the critical temperature using fast magnetic field ramps [Ina08].

The entropy of a trapped Fermi gas with resonant interactions was calculated
by [Che05a]. Experimentally it is very difficult to measure such quantities of a
strongly interacting gas. Usually, a way to determine the temperature of an ultracold
gas would be fitting a Thomas-Fermi profile to the density distribution measured
after free expansion. In practice this can be very complicated since most of the
information about the temperature is hidden in the wings of the density distribution,
right where absorption images can be very noisy. Therefore it would be very useful
to have a weakly interacting probe, that can be treated as a classical gas which is in
thermal contact with the strongly interacting gas. In Chapter[3|we present such a
method, which also inspired the group from Paris to use “Li as a temperature probe
for ®Li [Nas09].

A very powerful tool for measuring the dynamic behavior of strongly interacting
Fermi gases is the observation of collective oscillations. The frequency and damping
of different oscillatory modes can give insight in the pairing mechanism at different
interaction strength across the BEC-BCS crossover. This way it was possible to per-
form high-precision measurements and observe the transition from hydrodynamic
behavior at low temperature to collisionless behavior at higher temperature and
compare the result to theoretical model calculations. Different collective modes
such as sloshing modes, compression modes, quadrupole modes and the scissors
mode have been used (see [Rie08] and references therein).

The dynamic behavior of the strongly interacting gas was also studied by measur-
ing the sound velocity [Jos07] and investigating irrotational flow during expansion
[Cla07]. A direct proof of superfluidity of the crossover gas was gained by the forma-
tion and observation of a vortex lattice [Zwi05a]. In subsequent experiments the
behavior of the superfluid gas under expansion [Sch07] and the critical velocity for
superfluid flow was explored [Mil07].

One of the current hot topics in single species experiments is the behavior of
imbalanced Fermi gases. When the two populations of fermions are unequal, not
every particle can find a partner, raising the question of whether superfluidity can
persist in response to such a population imbalance. Already in 1962, Chandrasekhar
and Clogston predicted an upper limit for the magnetic field, beyond which su-
perconductivity with equal spin densities will break down [Clo62, (Cha62]. Fulde
and Ferrell [Ful64], and independently Larkin and Ovchinnikov [Lar65], proposed a
more stable configuration of the superconductor that allows for unequal densities,
the FFLO or LOFF state containing nonzero-momentum Cooper pairs. First exper-
imental observation of phase separation between a superfluid paired core and a
polarized shell in an imbalanced Fermi gas was reported in 2006 [Par06, Shi06]. Of
particular interest is the phase transition between the superfluid and the normal
phase and whether it is of first or second order [Sar63]. The superfluid regime of
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the imbalanced gas has been mapped out for a broad range of spin imbalance
and interaction strength [Zwi06]. In particular, the intermediate phase in the tran-
sition between the paired core and polarized shell yields interesting effects like
the formation of fermionic quasiparticles known as polarons [Sch09, Nas09] that
have also been described theoretically [Lob06, Che06b, Com08, Pro08]. The Fermi
polaron consists of an impurity immersed in a noninteracting Fermi sea analogous
to the condensed matter case of an electron immersed in a bath of noninteracting
(bosonic) phonons. Another famous example of an impurity problem is the Kondo
effect [Kon64], where an enhanced resistance in metals is caused by immobile spin
impurities.

Recently, experiments on three-state Fermi gases investigated the collisional
stability in the strongly interacting regime [Ott08, Huc09].

1.2. Heteronuclear Mixtures

In recent years several groups around the world (Amsterdam, Innsbruck, MIT,
Munich and Paris in alphabetical order) have started to set up experiments on
mixtures of two different fermionic species. These heteronuclear mixtures have
gained a lot of interest due to additional parameters inaccessible in single-species
experiments. Combining two different elements leads to a mass-imbalanced system.
Furthermore, a heteronuclear mixture allows to apply species-selective trapping
potentials [LeB07]. By confining one species in one or two dimensions using an
optical lattice that does not interact with the three-dimensional background Fermi-
sea of the other species it is possible to introduce a so-called mixed dimensionality,
leading to very rich physics as will be described in more detail in Section[I.2.2]

In the following two Sections, the current experimental situation will be presented
and an overview of theoretical proposals that are relevant for future experiments
will be given.

1.2.1. Experiments

Figure shows the atomic ground-state energy structure of °Li and *°K. For sim-
plicity we label the energy levels Li|i) and K| j), counting the states with rising energy.
This notation is used throughout this thesis.

The first experimental team that was able to cool down a Fermi-Fermi mixture to
quantum degeneracy, was the Munich group [Tag08]. Bosonic 8’Rb was used as a
coolant, allowing them to obtain 1.8 x 10° atoms of each species at degeneracies of
T/Tr < 0.4. This degenerate and balanced mixture also served as the starting point
for the first observation of heteronuclear molecules made from fermionic °Li and
40K [Voi09].

Shortly after the Munich group had achieved quantum degeneracy of the ®Li-4°K
mixture, we presented our first results on the interspecies Feshbach resonances
[Wil08]. A total of 13 s- and p-wave resonances in different spin channels was
observed at magnetic fields up to 1000 G and assigned with the help of our collabo-
rators (Tobias Tiecke and Jook Walraven from the University of Amsterdam, Servaas
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Figure 1.3. Electronic ground state energies of °Li and *°K versus magnetic field.

Kokkelmans from TU Eindhoven and Eite Tiesinga and Paul Julienne from NIST).
We characterized the interaction properties of the mixture by means of Feshbach
spectroscopy and two theoretical models. All s-wave resonances observed are rather
narrow and thus closed-channel dominated.

In Amsterdam another experimental team is working with an ultracold mixture
of °Li and “°K. They evaporate their mixture in an optically plugged magnetic trap.
A mixture of Li in the fully stretched state |6) is combined with a three state mixture
of Kin the states [8), |9) and |10). Since K is the element which is evaporated, the
three state mixture assures effective thermalization. Li is sympathetically cooled
by K. After forced evaporation in the magnetic trap they load their sample into an
optical trap and transfer all atoms into the lower hyperfine state.

Together with their collaborators from Eindhoven, the Amsterdam group de-
veloped a computationally light model for assigning Feshbach resonances. This
so-called Asymptotic Bound-State model (ABM), was used in Ref. [Wil08] to identify
thel3 observed interspecies Feshbach resonances. With the ABM it is also possible
to calculate the widths of Feshbach resonances and the Amsterdam group was able
to identify the broadest resonances in the mixture of Li in the absolute ground
state with K in higher spin states [Tiel0]. In the Li|1)K|10) channel they could
also experimentally determine the widths of the Feshbach resonance by finding
the zero crossing of the s-wave scattering length. The measured width of 1.5 G is
comparable with the calculated with of 0.9 G. The theoretical value is known to
slightly underestimate the actual width [Tie09]. It is of great importance to find out
which spin channel yields a strong Feshbach resonance with a width that makes it
experimentally feasible to access the strongly-interacting regime.

In comparison, all three experiments on heteronuclear Fermi-Fermi mixtures,
follow slightly different approaches in order to reach ultracold mixtures. The Munich
group can achieve much higher atom numbers than the Innsbruck experiment,
with equal amounts of about 1.8 x 10° in each species at quantum degeneracy. Both,
the Amsterdam and the Innsbruck experiments, use one of the fermionic species
for sympathetic cooling of the other species. In Amsterdam the coolant is K, while
in Innsbruck the coolant is Li. This way, both experiments end up with a ratio of
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about 10:1 in atom number of the coolant species to the sympathetically cooled
species. Thus, in Innsbruck we have a minority component of K immersed in a
much larger sample of Li atoms. In Amsterdam a minority of Li atoms is immersed
in a large sample of K.

The further steps in the field of heteronuclear Fermi-Fermi mixtures will include
the probing of the strongly interacting regime at an interspecies Feshbach reso-
nance. The 155-G Feshbach resonance in the Li|1)K]|3) channel, which has a width of
about 0.8 G, is a promising candidate for achieving high enough scattering lengths
in order to enter the strongly interacting regime. First measurements on collective
oscillations close to the resonance have been performed in Innsbruck and have
proven to be a powerful tool for localizing the zero crossing of the scattering length
[Nail0].

A very promising route for exploring new and interesting many-body effects is
the implementation of mixed-dimensionality into the 8Li-4°K system. For example.
the minority component of the mixture, in our case K, could be confined in a lower-
dimensional trap while immersed inside a background Fermi sea of Li in a shallow
trap. In the next Section several theoretical proposals are presented that promise
rich physics arising from such mixed-dimensional systems.

Additionally to the Fermi-Fermi mixtures, it is also possible and very interesting
to study Bose-Fermi mixtures. Both Li and K have bosonic isotopes, namely “Li and
39K, which have high natural abundances and are technically easy to implement by
simply changing the laser detuning.

1.2.2. Theoretical Proposals

Especially in the field of condensed matter physics, Fermi gases may prove to be
unique tools to study many-body effects that are unaccessible otherwise. The
ability to tune the interactions and prepare well-controllable and clean systems
makes exotic phases observable, some of which have been theoretically suggested
decades ago. Perhaps one of the most interesting of a number of exotic polarized
superconducting phases is that proposed over 40 years ago and is now known
as the FFLO phase. Tho original concept by Fulde and Farrell is based on the
formation of cooper pairs with nonzero centre of mass momentum [Ful64]. In a
related model, Larkin and Ovchinnikov describe an oscillating superconducting
oder parameter [Lar65]. Since then, the theoretical models have been under a lot
of development [Cas04]. More recently, theorists consider ultracold trapped Fermi
gases and describe how the FFLO phase could be observed in such systems [Edg09].
An experimental group at Rice University has reported first possible experimental
observation [Lia09].

In the following an overview of theoretical proposals relevant for the field of
heteronuclear Fermi-Fermi mixtures is given.

In the heteronuclear mixtures, exotic pairing mechanisms such as breached-
pair superfluidity are expected [For05]. Furthermore, in systems of large mass-
imbalance, crystalline phases could be observed [Pet07]. Quantitative predictions
for phase separation between a normal and a superfluid phase for a unitary Fermi
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schematically in Fig. What happens at the center of the phase diagram is unknown.

gas with population imbalance and unequal masses are given in Ref. [Bau09]. Su-
perfluid paring between fermions of unequal masses is the topic of another theory
paper [Bar08]. Restricting the mixture to a quasi-two-dimensional geometry would
allow for stable weakly bound trimers with unit angular momentum [Lev09]. A
peculiar atom-dimer p-wave resonance occurs, whose interaction can be tuned
from attractive to repulsive by changing the frequency of the confinement.

Since the mixture of two species allows to create trapping potentials which are
species-selective [LeB07], it is possible to combine confinement in different dimen-
sions. For example, one species could be confined in a two-dimensional plane or
one-dimensional line, while the other species is free in the three-dimensional space.
Several theoretical articles have presented these mixed-dimensional systems also
for the case of °Li-4°K [Nis09a, Nis09b| Nis08]. By confining the heavier K in two
dimensions while Li is free in three dimensions, very rich physics can arise. In the
case of a two-layer combination, formed by a one-dimensional optical lattice for the
K atoms, together with the free background Fermi sea, four interesting regions arise
in the phase diagram depicted in Fig. Depending on the interlayer separation d,
the effective scattering length g and the interparticle distance characterized by kr,
different many- or few-body effects dominate the behavior of the system. At positive
scattering length the mixture can for heteronuclear dimers and Bose-condense. In
the unitary regime, where the scattering length diverges, stable trimers can form
between two layers. On the BCS side of the interspecies Feshbach resonance, two
kinds of superfluidity can be observed. For small layer separation d, Cooper pairs
can be mediated by the Li atoms interacting with K atoms in two different layers,
leading to interlayer s-wave superfluidity. For larger d, intralayer p-wave superflu-
idity is induced by the interspecies interaction. These four phases are illustrated
schematically in Fig. Experimentally, such a mixed-dimensionality could be
realized by adding a one-dimensional optical lattice that acts only on K with almost
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a) b) % %

C) d)

Figure 1.5. Phases of a bilayer Fermi gas at different positions of the phase diagram plotted
in Fig. Four different situations are illustrated schematically: a) intralayer p-wave
superfluidity, b) BEC of dimers, ¢) mediated interlayer s-wave superfluidity and d) a gas of
fermionic trimers.

no effect on the Li. A laser with a relatively small detuning of only a few nm from
the K wave length of 767 nm with very low optical power of a few mW would add
sufficient confinement on the K in order to be treated as a two-dimensional gas.

The phase diagram of uniform superfluidity for two-species fermion mixtures
(°Li and °K) from the BCS to the BEC limit as a function of scattering parameter
and population imbalance is analyzed in Ref. [Isk06]. They find that the zero tem-
perature phase diagram of population imbalance versus scattering parameter is
asymmetric for unequal masses, which is in sharp contrast with the symmetric
phase diagram for equal masses.

The possibility of a ferroelectric transition in Bose-Bose, Bose-Fermi, or Fermi-
Fermi heteronuclear molecules is analyzed in Ref. [Isk07b]. Here they discuss the
existence of a ferroelectric Fermi liquid phase for polar Fermi molecules and the
existence of a ferroelectric superfluid phase for polar Bose molecules characterized
by the coexistence of ferroelectric and superfluid orders and propose an experiment
to detect ferroelectric correlations via the observation of coherent dipole radiation
pulses.

Similarly to the phase separation in spin-imbalanced mixtures, a Fermi-Fermi
mixture yields two stable nonuniform states corresponding to phase separation. In
Ref. [Isk08a] phase separation is found between pure unpaired (excess) and pure
paired fermions (molecular bosons); and phase separation between pure excess
fermions and a mixture of excess fermions and molecular bosons.

The ground state phase diagram of Fermi-Fermi mixtures in optical lattices is
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analyzed in Refs. [Isk07a, Isk08b] as a function of interaction strength, fermion
filling factor, and tunneling parameters. In addition to standard phases found in
homogeneous or harmonically trapped systems, fermions in optical lattices have
several insulating phases. These insulating phases include a molecular Bose-Mott
insulator (BMI), a Fermi-Pauli (band) insulator (FPI), a phase-separated BMI-FPI
mixture or a Bose-Fermi checkerboard (BFC). All these additional phases make the
physics of Fermi mixtures much richer than those of atomic bosons or Bose-Fermi
mixtures in optical lattices and of harmonically trapped fermions. The molecular
BMI phase has been preliminarily observed [Chi06].

Furthermore, the formation of heteronuclear molecules and subsequent transfer
to the ground state would create an ultracold gas of molecules with a permanent
dipole moment and thus exhibit dipolar interactions. In the case of these het-
eronuclear molecules the interaction strengths are much larger than for example
magnetic rare-earth elements or Rydberg atoms [Lah09].

1.3. Publication Overview

The scope of the present thesis reaches from our first experiments, which deter-
mined the basic scattering properties of the ®Li-*°K mixture to further studies on
the collisional stability of the mixture and on to the creation of a double-degenerate
Fermi-Fermi mixture and the observation of heteronuclear molecules. These in-
dividual steps have been published in three articles and can be seen as a logical
route towards achieving the strongly interacting regime in the mixture. This thesis
contains these three published articles, presented in separate Chapters. At the
beginning of each article, a short note indicates the primary contribution of this
thesis’ author to that article.

A detailed description of the experimental setup can be found in the Ph.D. thesis
of Eric Wille [Wil09a] in which there is also a more detailed analysis and interpre-
tation of the measurements on interspecies Feshbach resonances presented in
Chapter[2] The results published in [Wil08] and the thesis by Eric Wille [Wil09al]
established the location of a series of interspecies Feshbach resonances and thus
gave first insight into the scattering properties of the °Li-4°K system. Together with
our collaborators we could identify various s- and p-wave resonances. Further
improvements of the theoretical calculations made it possible to locate resonances
which have not yet been observed experimentally. Furthermore, the theoretical
models allow to calculate the resonance strengths and widths, thus allowing to iden-
tify spin channels with promising prospects for reaching the strongly-interacting
regime [I1el0,Tie09].

The next step was to investigate the collisional stability of the three-component
Fermi gas of Li in the lowest two spin states together with K in the lowest spin
state. These results, published in Ref. [Spi09] are presented in Chapter[3] We report
our measurements of the collisional stability of a minority sample of “°K atoms
immersed in a bath of ®Li, whose interaction strength can be tuned by means
of the broad Feshbach resonance between its two lowest spin states while the
interspecies interaction stays constant over the whole range of the Li Feshbach
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resonance. Interspecies collisional loss is found to be negligible on the BCS side
of the broad Li resonance (B > 900 G) and quite weak even exactly on resonance
(834 G). Substantial loss, however, occurs on the BEC side of the resonance in a
range between about 650 and 800 G. These results allowed us to identify the region
of stability of the three-species mixture where we can evaporatively cool Li and
sympathetically cool K.

The last publication, presented in Chapter is a longer article [Spil0], which
presents the essential experimental steps of our all-optical approach to prepare a
double-degenerate Fermi-Fermi mixture of °Li and “°K atoms, which then serves
as a starting point for molecule formation. It describes the optimized trap loading
procedures, the internal-state preparation of the sample, and the combined evap-
orative and sympathetic cooling process. Also discussed is the preparation of the
sample near an interspecies Feshbach resonance and we demonstrate the formation
of heteronuclear molecules by a magnetic field ramp across the resonance.

1.4. Outlook

Currently, the FeLiKx team is performing precise measurements of the interspecies
interaction strength in a Li|1)K|3) mixture close to the 155-G Feshbach resonance;
see Fig. in Section [4.4]for the preparation scheme. A sloshing motion along
the trap axis is excited. The resulting oscillation of the Li and K clouds is observed
and the damping of the motion is plotted in dependence of the magnetic field as
shown in Fig. In a simple picture, the damping of the oscillation is directly
proportional to the interspecies scattering cross section and we can assume a
simple exponential decay of the oscillation amplitude. The advantage of observing
collective oscillations is the high precision that can be achieved. This way, we could
determine the location of the resonance to be at 154.723 G with an uncertainty
of about 5 mG. The width of the resonance is 0.81 G. Also shown in Fig.|1.6]is a fit
based on a theoretical calculation of the scattering cross section by Tom Hanna
and Paul Julienne from the Joint Quantum Institute at NIST. Adding an offset that
accounts for the background damping rate coming from trap inhomogeneities and
multiplying with a scaling parameter, the theoretical curve coincides very well with
the experimental data.

As can be seen in Fig. the damping rate varies over about three orders of
magnitude. The maximum value of the scattering length experimentally measured
is 656 ay. Closer to resonance the theoretical model gives scattering lengths of
about a factor of 10 larger, which is already big enough for entering the strongly
interacting regime. However, the lifetime of the mixture for high scattering rates is
on the order of a few ms, much shorter than one oscillation period. This makes it
necessary to use a faster oscillatory mode for measuring the scattering length very
close to resonance. The radial sloshing mode has a much higher frequency (about a
factor of 100 for our trapping geometry) and would thus be well-suited to perform
measurements even closer to resonance and possibly even probing the strongly
interacting regime. A laser system that allows to species-selectively excite radial
oscillations is currently being set up in the laboratory.
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Figure 1.6. Damping of a collective sloshing oscillation of the interspecies Li|1)K|3) mixture
close to the 155-G Feshbach resonance. Experimental data points are plotted using the
open circles. The solid line is a fit based on a coupled-channels calculation of the scattering
cross section by Tom Hanna and Paul Julienne.

Observing collective oscillations is a powerful tool to precisely map out inter-
species Feshbach resonances. With the implementation of the laser system to excite
radial modes the strongly interacting regime is now at reach.

Further steps in the near future include the creation of a heteronuclear molecular
BEC and observation of superfluidity in the interspecies mixture for example by ob-
serving vortices. Similar to the single-species experiments, the BEC-BCS crossover
is an interesting field of study in the interspecies mixtures. However, probing the
interspecies crossover will be technically more challenging since the observed Fesh-
bach resonances are very narrow. Furthermore, the implementation of optical
lattices could lead to rich and new physics and may lead to improved lifetimes of
heteronuclear molecules.
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We report on the observation of Feshbach resonances in an ultracold mixture of
two fermionic species, 6Li and °K. The experimental data are interpreted using a
simple asymptotic bound state model and full coupled channels calculations. This
unambiguously assigns the observed resonances in terms of various s- and p-wave
molecular states and fully characterizes the ground-state scattering properties in
any combination of spin states.

Fermion pairing and Fermi superfluidity are key phenomena in superconductors,
liquid 3He, and other fermionic many-body systems. Our understanding of the un-
derlying mechanisms is far from being complete, in particular for technologically rel-
evant high-T. superconductors. The emerging field of ultracold atomic Fermi gases

TThe primary contribution of the author of the present thesis to this publication is the setup of
the K laser system and assisting setting up the electronic control system. He also worked on
maintaining and improving the experimental setup.
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Figure 2.1. Ground state energies of °Li and “°K versus magnetic field.

has opened up unprecedented possibilities to realize versatile and well-defined
model systems. The control of interactions, offered in a unique way by Feshbach
resonances in ultracold gases, is a particularly important feature. Such resonances
have been used to achieve the formation of bosonic molecules in Fermi gases and
to control pairing in many-body regimes [Ing08} Gio08, |Chil0, K6h06, Blo08].

So far all experiments on strongly interacting Fermi systems have been based
on two-component spin mixtures of the same fermionic species, either 6Li or “°K
[Tng08, |Gio08]. Control of pairing is achieved via a magnetically tunable s-wave
interaction between the two states. After a series of experiments on balanced
spin mixtures with equal populations of the two states, recent experiments on °Li
have introduced spin imbalance as a new degree of freedom and begun to explore
novel superfluid phases [Zwi06, Par06]. Mixing two different fermionic species
leads to unprecedented versatility and control. Unequal masses and the different
responses to external fields lead to a large parameter space for experiments and
promise a great variety of new phenomena [Liu03} Pet05, Isk06, Ors08, Pet07]. The
combination of the two fermionic alkali species, 6Liand *°K, is a prime candidate
to realize strongly interacting Fermi-Fermi systems.

In this Letter, we realize a mixture of °Li and °K and identify heteronuclear Fesh-
bach resonances [Sta04), Ino04, Fer064a, |[Fer06b|. This allows us to characterize the
basic interaction properties. Figure[2.1]shows the atomic ground-state energy struc-
ture. We label the energy levels Li|i) and K] j), counting the states with rising energy.
The hyperfine splitting of °Li is (3/2)aj}/h = 228.2MHz. For K, the hyperfine
structure is inverted and the splitting amounts to (9/2) allff/ h = —-1285.8 MHz [Ari77].
For the low-lying states with i < 3 and j < 10, the projection quantum numbers
are given by my; = —i+3/2 and mg = j—11/2. A Li|i)K]|j) mixture can undergo
rapid decay via spin relaxation if exoergic two-body processes exist that preserve
the total projection quantum number Mg = my; + mg = —i + j —4. Whenever one of
the species is in the absolute ground state and the other one is in a low-lying state
(i=1land j<10orj=1andi<3), spin relaxation is strongly suppressed [Sim03].

We prepare the mixture in an optical dipole trap, which is formed by two 70 W-
laser beams (wavelength 1070 nm), crossing at an angle of 12° [Spil0]. The dipole
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Figure 2.2. Feshbach scan of the Li|1)K|2) mixture. The remaining fraction of °K atoms

relative to off-resonant regions after 10 s interaction with °Li atoms is shown as a function of

magnetic field. Loss features A, B, C, D, and F are due to interspecies Feshbach resonances.

Loss feature E is caused by a “°K p-wave Feshbach resonance [Reg03b].

trap is loaded with about 107 °Li atoms and a few 10* °K atoms from a two-
species magneto-optical trap (MOT). At this stage the trap depth for ®Li (*°K) is
1.7mK (3.6 mK) and the trap oscillation frequencies are 13kHz (7.3kHz) and 1.7kHz
(1.0kHz) in radial and axial directions. After preparation of the internal states of the
atoms [Spil0], a balanced mixture of Li|1) and Li|2) atoms together with K|1) atoms
is obtained. We perform evaporative cooling at a magnetic field of 76 mT close to the
83.4 mT Feshbach resonance between Li|1) and Li|2) [Ing08,!Gio08] by reducing the
optical dipole trap depth exponentially by a factor of 70 over 2.5s. We observe that
potassium remains thermalized with lithium during the evaporation. This results in
10° Li|1) and 10° Li|2) atoms together with 10* K|1) atoms at a temperature of 4 uK.
This three-component Fermi mixture serves as a starting point to prepare several
different stable two-component mixtures, namely Li|2)K]|1), Li|1)K]|1), Li|1)K|2), or
Li|1)K|3) with My = -5,-4, -3, -2, respectively. Atoms in the K]|1) state are trans-
ferred to the desired state with adiabatic radio-frequency sweeps. Population in
unwanted states is pushed out of the trap by pulses of resonant light [Spi10]. Finally,
to increase the collision rate, the sample is compressed by increasing the power
of the optical trap. The temperature rises to 12 pK and the peak density of lithium
(potassium) increases to about 102cm ™3 (few 10 cm™3).

We detect Feshbach resonances by observing enhanced atom loss at specific
values of the magnetic field [Chil0], which is caused by three-body decay. For each
mixture we perform a magnetic field scan with a resolution of 0.03 mT between 0 and
74mT (0 to 40 mT for the Li|1)K|3) mixture). A scan consists of many experimental
cycles, each with a total duration of about one minute during which the mixture
is submitted for ten seconds to a specific magnetic field value. The quantity of
remaining atoms is measured by recapturing the atoms into the MOTs and recording
their fluorescence light.

In Fig. we show a loss spectrum of Li|1)K]|2). A striking feature is that the
potassium atom number decreases by an order of magnitude at specific values of
the magnetic field. Since the mixture contains an order of magnitude more lithium
than potassium atoms, the lithium atom number does not change significantly by
interspecies inelastic processes. Therefore, the potassium loss is exponential and
near complete. In order to distinguish loss mechanisms involving only one species
from those involving two species, we perform additional loss measurements, using
samples of either pure °Li or pure “°K. Loss features A, B, C, D, and F only appear
using a two-species mixture. Loss feature E persists in a pure “°K sample and can
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be attributed to a potassium p-wave Feshbach resonance [Reg03b]. On the basis of
the experimental data only, we can not unambiguously attribute loss feature C to
an interspecies Feshbach resonance, since it coincides with a known °Li p-wave
resonance [Zha04,Sch05].

Our main findings on positions and widths AB of the observed loss features
are summarized in Table together with the results of two theoretical models
described in the following.

Our analysis of the data requires finding the solutions for the Hamiltonian H =
Hy' + Hi'+ H™. To underline the generality of our model, we refer to Li as @ and to
K as B. The first two terms represent the hyperfine and Zeeman energies of each
atom, H™ = (aps/1i%)s-i+7y.s-B—y,i-B, where s and i are the single-atom electron
and nuclear spin, respectively, and y,. and y,, are the respective gyromagnetic ratios.
The Hamiltonian of relative motion is

rel

+ ) Vs(r)Ps, 2.1)

_hz( az ll+1)
§=0,1

Toup\ drrT g2

where u is the reduced mass, r is the interatomic separation, and [ is the angular
momentum quantum number for the relative motion. Defining the total electron
spin as 8 = s, + g, the projection operator Ps either projects onto the S = 0 singlet
or S =1 triplet spin states. The potential Vs(r) is thus either for the singlet X' X or
triplet a®Z state. This Hamiltonian H conserves both [ and M.

Our first method to locate the Feshbach resonances is inspired by a two-body
bound state model for homonuclear [Moe95] and heteronuclear [Sta04] systems.
We have expanded this previous work to include the part of the hyperfine interaction
that mixes singlet and triplet levels. This mixing is crucial for the present analysis.
We refer to this model as the Asymptotic Bound state Model (ABM).

The ABM model expands the bound state solutions |¥!y for each [ in terms
of waq)lS, Mg, la, ) Where |1//é> is the asymptotic last bound eigenstate of the
potential Vs(r) + h*1(I+1)/(2ur?) and |S, Mg, fia, pp) are spin functions where Mg,
Ko and pg are the magnetic quantum numbers of S, i, and ig, respectively. Only
spin functions with the same conserved Mg = Mg + 4 + g are allowed. Note that
S, M5, lq, g are good quantum numbers for large magnetic field. Expanding |wy
in this basis and assuming that the overlap (w(l)lw{) is unity 1 the coupled bound
state energies are found by diagonalizing the interaction matrix [Spil0].

The energies E é of the last bound state of the S = 0 and 1 potentials are eigen-
values of Eq. (2.1), and serve as free parameters in the ABM model. We can reduce
this to only two binding energy parameters Ey = —EJ and E; = —E) if we use in-
formation about the actual shape of the potential. We can do this using model
potentials derived from Refs. [Sal07] and [Aym05], and the van der Waals coefficient
Cs = 2322 Ep af (Ep = 4.35974 x 1078 J and a = 0.0529177 nm) [Der01]. Each Eg
can be varied by making small changes to the short range potential while keeping
Cg fixed. The energy Es uniquely determines both the s-wave scattering length as
well as EL for [ >0.

IThe actual values are 0.979 for I = 0 and 0.965 for [ = 1.
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Table 2.1. Feshbach resonances in collisions between ®Li and *°K in a range from 0 to 76 mT.
For their positions By, we give the center of the measured loss features and the results from
both the ABM and coupled channels calculations. The first columns give the °Li and 4°K
channel indices i and j and the projection quantum number M = —i + j —4. Note that
the experimental width of a loss feature, AB, is not the same thing as the width AB; related
to the scattering length singularity. The latter is only defined for s-wave resonances, and
not for the observed p-wave resonances. The typical statistical and systematic error in the
experimental By is about 0.05 mT for s-wave resonances.

Experiment ABM Coupled channels
i,j Mg By AB By By ABg

(mT) @mT) @mT) @mT) (mT)
2,1 -5 21.56*% 0.17 21.67 21.56 0.025
1,1 -4 1576 0.17 15.84 15.82 0.015
1,1 -4 1682 0.12 16.92 16.82 0.010
1,1 -4 24.9 1.1 24.43 24.95 p wave
1,2 -3 1.61 0.38 1.39 1.05 p wave
1,2 -3 1492 0.12 1497 15.02 0.028
1,2 -3 15954 0.17 15.95 15.96 0.045
1,2 -3 16.59 0.06 16.68 16.59 0.0001
1,2 -3 26.3 1.1  26.07 26.20 p wave
1,3 -2 notobserved 1.75 1.35 p wave
1,3 -2 14.17 0.14 14.25 14.30 0.036
1,3 -2 1549 0.20 15.46 15.51 0.081
1,3 -2 16.27 0.17 16.33 16.29 0.060
1,3 -2 27.1 1.4 2740 27.15 p wave

Figure [2.3| shows the bound state energies of the ABM model as a function of
magnetic field for My = —3. Feshbach resonances occur at the crossings of bound
states and threshold. We find a good fit for the experimental resonance positions
for parameters Ey/ h = 716(15) MHz and E;/h=425(5) MHz, where the uncertainty
represents one standard deviation, see Table[2.1]

For additional analysis we have also used exact, yet much more computationally
complex coupled channels calculations [Sto88], varying the short range potential
as discussed above. An optimized fit to the measured resonance positions gives
Ey/h=721(10) MHz and E;/h = 426(3) MHz. This corresponds to a singlet scattering
length of 52.1(3) qy and a triplet scattering length of 63.5(1) ayp. Thus, within the
fitting accuracy to the experimental data, the prediction of the ABM model agrees
with the result of the full coupled channels calculation. Table[2.1|shows the coupled
channels resonance locations and widths for a representative calculation with Ey/h
=720.76 MHz and E;/h = 427.44 MHz. The s-wave resonance width ABs is defined
by as(B) = ang(1—ABs/(B — Bp)), where apg is the background scattering length near
the resonance position By. Note that ABs need not be the same as the empirical
width AB of a loss-feature. All resonances except the Mg = —3 p-wave resonance
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Figure 2.3. Bound state energies versus magnetic field. Dotted (dashed) lines indicate
the s-wave (p-wave) states. The two-body threshold for the Li|1)K]|2) collision channel
(Mg = —3) is indicated by the solid line. The dots and the corresponding arrows indicate the
measured resonance positions (see Fig.[2.2).

near 1.6 mT agree with the measured positions within 0.13 mT. Fine-tuning of the
long range potential would be needed to fit this resonance to comparable accuracy.
Figure2.4|shows the calculated s-wave scattering lengths and p-wave elastic cross
sections versus magnetic field B for this model. The background scattering length
apg for the s-wave resonances is approximately 63 ao.

The accuracy and computational simplicity of the ABM model make resonance
assignments very efficient, allowing rapid feedback between the experiment and the-
ory during the exploratory search for resonances. As the ABM model in its present
form does not yield the width of the resonances, the prediction of a resonance
position is not expected to be more accurate than the corresponding experimental
resonance width. For the °Li-*°K mixture, the ABM model predicts hundreds of
further resonances in various s- and p-wave channels up to 0.1 T [Spil0].

A remarkable feature of the °Li-*K system is the large widths of the p-wave
resonances near 25 mT, which by far exceeds the width of the observed s-wave
resonances. Naively, one would expect the s-wave resonances to be wider than their
p-wave counterparts because of the different threshold behavior. However, in the
present case the difference in magnetic moments between the atomic threshold and
the relevant molecular state is found to be anomalously small, which stretches out
the thermally broadened p-wave resonance features over an unusually wide mag-
netic field range. Also the asymmetry of the loss feature supports its interpretation
as a p-wave resonance [Zha04,Sch05, (Che05b].

An important issue for future experiments is the character of the s-wave reso-
nances, i.e. the question whether they are entrance-channel or closed-channel
dominated [Chil0, Koh06]. All our observed resonances are rather narrow and



PRL 100, 053201 (2008) 21

Figure 2.4. Results from coupled channels calculations for the magnetic-field dependence
of the s-wave scattering length a(B) (upper panel) and the m; = 0 contribution to the p-
wave elastic scattering cross section o, (E) for E/ kg = 12 uK (lower panel) for the channels
in Table 2.1 with My = —4 (solid line), —3 (dashed line), and -2 (dotted line). The dots
indicate the measured resonance locations.

thus closed-channel dominated. The existence of entrance-channel dominated
resonances would be of great interest to experimentally explore BEC-BCS crossover
physics [Ing08, [Gio08] in mixed Fermi systems. However, our coupled channels
calculations for a partial set of predicted resonances have not yet found any such
resonances, and their existence seems unlikely in view of the moderate values of
the background scattering lengths [Chil0, Koh06].

In conclusion, we have characterized the interaction properties in an ultracold
mixture of °Li and *°K atoms by means of Feshbach spectroscopy and two theoreti-
cal models. The results are of fundamental importance for all further experiments
in the emerging field of Fermi-Fermi mixtures. Further steps will be the formation
of bosonic 8Li*°K molecules through a Feshbach resonance and evaporative cooling
towards the creation of a heteronuclear molecular Bose-Einstein condensate.

A double-degenerate mixture of °Li and °K was recently demonstrated in a
magnetic trap [Tag08].
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We investigate the collisional stability of a sample of “°K atoms immersed in a
tunable spin mixture of ®Li atoms. In this three-component Fermi-Fermi mixture,
we find very low loss rates in a wide range of interactions as long as molecule
formation of 6Li is avoided. The stable fermionic mixture with two resonantly
interacting spin states of one species together with another species is a promising
system for a broad variety of phenomena in few- and many-body quantum physics.

The groundbreaking achievements in experiments with ultracold Fermi gases
have opened up unprecedented possibilities to study new regimes of strongly in-
teracting quantum matter [Ing08,/Gio08, Blo08|. Recent experiments have opened
up two important new research frontiers with fermionic atoms that go beyond the
two-component spin mixtures so far exploited in the field. Mixtures involving three
different spin states [Ott08, [Huc09] and mixtures of different fermionic species
[Tag08, Wil08, Tiel0] have produced first exciting results like the demonstration of
fermionic Efimov states [Wen09, Wil09b] and the creation of Fermi-Fermi molecules
[Voi09, |Spi10].

TThe author of the present thesis performed all the measurements in this publication and con-
tributed to the setup of the optical dipole traps. He also setup the new Li diode laser system and
implemented high-field imaging of Li and K at 1190 G. The main part of the data analysis for this
publication was done by A.T. and D.N.
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A key ingredient in the success story of strongly interacting Fermi gases is their
collisional stability. In contrast to other systems with large scattering lengths, which
usually exhibit very fast collisional decay, a two-component Fermi gas can be ex-
traordinarily stable. This results from Pauli suppression effects in atomic three-body
decay [Esr01] and in atom-dimer and dimer-dimer collisions [Pet04]. Obviously,
such a suppression effect is absent when three distinguishable particles interact.
This raises general questions concerning collisionally stable regimes and thus the
possibilities for experiments on multicomponent Fermi gases with strong interac-
tions. The recent experiments [Ott08, [Huc09] on three-component spin mixtures
of 5Li have indeed shown very rapid collisional decay in regimes involving large
scattering lengths.

In this Letter, we experimentally explore a three-component Fermi gas with
strong interactions between two of its components. A single spin state of 4°K is im-
mersed in a deeply degenerate two-component spin mixture of °Li atoms. While the
intraspecies interaction between the two °Li spin states can be tuned to arbitrarily
large strength, the interspecies interaction remains weak. We find that a wide stable
region exists where elastic collisions dominate over inelastic decay. This opens
up a variety of new exciting experimental possibilities. Here we demonstrate two
immediate applications, the sympathetic cooling of another species by a strongly
interacting Fermi gas and the possibility of precise thermometry in the strongly
interacting regime.

The Fermi-Fermi mixture is prepared in an optical dipole trap [Spil0]. Initially
about 107 Li atoms and a few 10* K atoms are loaded from a two-species magneto-
optical trap (MOT) into the focus of an intense infrared laser beam (initial power
70 W, wavelength 1070 nm, waist 25 um). The spin states are prepared such that Li
is in an equal mixture of its two lowest energy states, labeled Li|1) and Li|2), and K
is in its lowest state, labeled K|1). After a forced evaporative cooling process, which
takes typically 10 s, the atoms are trapped in a 75 mW beam (waist ~45um). In the
final evaporation phase, the axial trapping is essentially provided by the magnetic-
field curvature of 28 G/cm? [Joc03]. Throughout the whole evaporation process
the magnetic field is set to 1190 G, above the broad 834-G Feshbach resonance
[Ing08), [Gio08], where the scattering length between the two °Li spin states is a =
—2900 ay (ay is Bohr’s radius). Finally, to avoid further evaporative loss, the sample
is recompressed by a twofold increase of the trap depth !. We obtain a mixture of
about 10° Li atoms per spin state at a temperature T = 100 nK together with about
4 x 10® K atoms at a temperature TX =~ 140 nK; note that the two species are not fully
thermalized at this point, such that TX > T!, In terms of the corresponding Fermi
temperatures TF =650nK and TII§ =90 nK, the temperatures can be expressed as
TY/TH ~0.15and T*/TK =~ 1.6.

This ultracold mixture serves as the starting point for our investigation of colli-
sional loss throughout the crossover of the °Li gas from molecular Bose-Einstein con-
densation (BEC) to Bardeen-Cooper-Schrieffer (BCS) type behavior [Ing08,/Gio08,
Blo08]. This BEC-BCS crossover is controlled by the magnetic field via the broad °Li

The oscillation frequencies for Li (K) are 26 Hz (10 Hz) axially, and 450 Hz (260 Hz) radially, and the
trap depth is 3 uK (6 puK).
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Figure 3.1. Remaining number of ®Li atoms per spin state (open squares) and of °K atoms
(filled circles) after a hold time of 1 s at a variable magnetic field. The dashed line at 834 G
marks the center of the broad °Li Feshbach resonance and the dotted lines at 765 and
990 G indicate the strongly interacting regime, where |k};ia| = 1. The error bars indicate the
statistical error of ten measurements.

Feshbach resonance centered at 834 G. Under our conditions, with a Li Fermi wave
number k' = 1/(4400 ao), the strongly interacting regime (|k}'a| = 1) is realized be-
tween 765 and 990 G. Note that there are no interspecies Feshbach resonances in the
corresponding magnetic field range and the interspecies scattering length remains
constantly small at about +60 gy [Wil08]. Since there are typically 25 times less K
atoms in the trap than Li atoms, the Li sample remains essentially unperturbed by
K.

In a first set of experiments, we ramp the magnetic field to a variable value and
study the loss of atoms during a 1-s hold time. For detection, the remaining atoms
are recaptured into the two-species MOT and their fluorescence is recorded. The
atom numbers determined from fluorescence are calibrated by absorption images.

The loss of Li and K atoms around the 834-G Li Feshbach resonance is shown
in Fig. The Li sample, essentially unperturbed by K, shows a pattern observed
previously [Die02}, Bou03, Joc04]. On the BCS side of the resonance (= 834G), Li
loss is very small and the detected signal stays nearly constant. On the BEC side, the
observed loss results from the vibrational relaxation of dimers during dimer-dimer
and atom-dimer collisions [Pet04]. The K signal shows a very similar behavior.
While loss is very weak on the BCS side of the Li resonance, strong loss is observed
on the BEC side with a maximum around 700 G. At even lower fields, where Li decays
very quickly, more K atoms are found to remain. This observation already points to
the fact that the main source of K loss results from collisions with Li dimers.

In a second set of experiments, we study the loss more quantitatively and record
the time evolution of the atom numbers for several magnetic field values. Example
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Figure 3.2. SLi (open squares) and “°K (filled circles) atom number normalized to the
respective initial atom number over hold time for 665 G and 834 G.

decay curves are shown in Fig. We describe K loss by the rate equation N/ Ny =
—Tpg— La(nw) — L3 (nfi), where the angle brackets denote averages weighted by
the K density distribution. Nk is the K atom number, ny; the density distribution
of a single Li state and I'pg the background loss rate. The coefficient L, describes
two-body loss resulting from inelastic collisions of K atoms with Li dimers. The
coefficient L3 takes into account three-body loss that results from collisions of
a K atom with two Li atoms in different spin states. Both loss processes involve
three distinguishable atoms, for which there is no Pauli suppression effect as in
two-component Fermi systems [Esr01, [Pet04].

For short decay times, the Li density and the K temperature do not change signifi-
cantly and — Nx/ Nk corresponds to an initial decay rate I'. We determine I' as the ini-
tial slope of an exponential fit to the first 0.5 s of K decay data (0.3 s for the 665 G data
point). K and Li density distributions are calculated from measured atom numbers,
temperatures, and trap oscillation frequencies 2. From unitarity to the BCS region,
the K cloud is small compared to the Li cloud and essentially probes the center of
the Li sample. On resonance, where the peak Li density is nyj peak =2.1x10%cm™3
for each spin state, we find 7y pear/ {n1;) = 1.7 and nL1 cak/ <”L1> = 2.4. For the data
point at the lowest magnetic field (665 G) the Li sample shrinks [Bar04] to a size
smaller than the K sample and it becomes important to consider the averaged Li
density, illustrated by the fact that ny; pea/ (n1;) =4 and ”n peak/ (nh) =

Based on our experimental data alone we cannot distinguish between two—body
or three-body loss processes. We therefore analyze the data by fully attributing the
loss to either one of these two processes, after subtracting the measured background
loss. This results in coefficients %, = (I' —T'pg) /(n1;) and £5 = ([ —Tpg)/ (n?

i
Li
which in general represent upper limits for the real loss coefficients L, and Lz. The

2The K density distribution is approximated as Gaussian. The Li distribution is approximated by a
T = 0 Fermi distribution, rescaled in dependence of the magnetic field.



PRL 103, 223203 (2009) 27

6f ? . i 1
@5_- | '3wh
5 af A s
) L ! : )
IE 3_ E i | E _2 %CD
;:\;2 : | A : a-i-m

= . I ' L
. 2.5 b {1

1r ; ! : A
| e ;

0 | |. , @& t i 0

800 700 800 900 _ 1000 1100
magnetic field (G)

Figure 3.3. Upper bounds %, and %3 (circles and triangles, respectively) for the two- and
three body loss rate coefficients of “°K immersed in a strongly interacting degenerate Li
sample throughout the Li BEC-BCS crossover. The dashed line at 834 G marks the center
of the broad °Li Feshbach resonance and the dotted lines at 765 and 990 G indicate the
strongly interacting regime, where Ile:iaI = 1. The error bars represent the statistical errors
from fitting the loss curves. Additional uncertainties arise from our limited knowledge of
the size of the Li sample. On the BCS side this is negligible in comparison with the shown
statistical errors, but on the BEC side it may introduce additional errors of up to a few 10%.

background loss rate I'pg=0.009 s~! is determined by analyzing the decay of a pure

K sample. Above fields of 900 G the interspecies loss rate is comparable to this
background loss rate.

The upper bounds %, and %3 for the loss coefficients are shown in Fig.
They peak around 730 G and decrease by more than an order of magnitude for
fields of 925 G and above. We expect the dominant loss process to change within
the 5Li BEC-BCS crossover. Far on the BEC side, virtually all Li atoms are bound
in Li, molecules. Potassium is expected to be lost mainly as a result of inelastic
two-body collisions with those molecules. At 665 G the real loss rate coefficient
L, is therefore expected to be very close to %», for which we obtain a value of
about 6 x 10713 cm™3/s. Closer to resonance on the BEC side, atom-dimer loss is
substantially reduced in accordance with the predictions of Ref. [D’108]. Far on
the BCS side, no Li dimers exist and three-body recombination involving a K|1),
a Li|1), and a Li|2) atom can be expected to be the dominant interspecies loss
process. At 1190 G Lj is therefore expected to be very close to £3, for which we
obtain a value of 0.7 x 10726 cm~%/s. Near the Feshbach resonance, in the strongly
interacting regime, the interpretation of loss is not as straightforward. Three-body
loss and an effective two-body loss resulting from collisions with Li pairs may both
contribute [Du09]. At the resonance center (834G) we find %, =0.6 x 10~ 3 cm™3/s
and %5 =4x 10726 cm™9/s.
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Figure 3.4. Thermalization of °K in a ®Li bath. The temperature evolution of the *°K probe
is shown at 1190 G (filled circles) and at 834 G (open circles). For comparison we also show
the temperature of the ®Li bath measured at 1190 G. The error bars represent the fit errors
from analyzing time-of-flight images.

Deeper cooling of the Fermi-Fermi mixture leads into the double-degenerate
regime [Spil0]. This is achieved by a simple extension of the evaporative cooling
process. After completing the forced evaporation ramp (stage I), we hold the sample
in the shallow trap for up to 13s (stage II) 3; here the Fermi energies are T};i =
420nK and T}( =95nK. In this situation, the Li bath undergoes continuous plain
evaporation, which can efficiently remove any heat deposited by the K sample or
caused by residual heating processes. Initially the bath of Li atoms contains 3.9x10*
per spin state and losses throughout stage Il remain below 20%. The temperature of
the Li bath, as determined by fitting Fermi distributions to absorption images of the
cloud after trap release, stays constantly at 7' = 40 nK.

Figure|3.4]shows how the K component is cooled down sympathetically into the
quantum-degenerate regime. The temperature TX is measured by standard time-
of-flight absorption imaging. After the evaporation ramp TX starts at about 170 nK,
as the ramp in stage I is too fast to establish an interspecies thermal equilibrium.
In stage 11, with the magnetic field kept at 1190 G (filled circles), the temperature
of the 3.4 x 103 K atoms slowly approaches a final value of ~60 nK, corresponding
to TX/T§ = 0.6. From an exponential fit to TX, we derive a 1/e time constant for
the sympathetic cooling process of ~3s. For the Li-K mass ratio, thermalization
requires about six collisions [Mud02], giving ~2 s~! for the elastic collision rate. For
comparison, we also study the sympathetic cooling when the magnetic field in stage
ITis set to 834 G. In this case, the Li bath forms a strongly interacting superfluid with

31n stage II, the trap oscillation frequencies for Li (K) are 26 Hz (10 Hz) axially, and 330 Hz (190 Hz)
radially. The trap depth is 1.5 uK (3 uK)



PRL 103, 223203 (2009) 29

unitarity-limited interactions [Ing08,!Gio08]. The only difference observed for the
two settings of the magnetic field in stage II is a loss of about 40% of the K atoms at
834 G in contrast to an essentially lossless situation at 1190 G.

Our data in Fig.3.4]indicate that the final K temperature stays somewhat above
the temperature of the Li bath. This could be readily explained by the presence of a
weak heating process of about 5 nK/s for K counteracting the sympathetic cooling.
Another possible explanation could be that we underestimate the Li temperature be-
cause of systematic problems with thermometry of deeply degenerate Fermi gases,
in particular in our shallow trap with considerable anharmonicities. The final tem-
peratures reached in the sympathetic cooling process need further investigations.
In any case, the measurement of the K temperature is free from such systematic
errors and thus provides a firm upper bound for the true temperature of the Li
bath. Also, a comparison of the scatter and error bars of the data in Fig. for both
species highlights that the K thermometry is much less affected by statistical errors,
though performed with an order of magnitude less atoms. These observations point
to the great potential of a weakly interacting probe species for precise thermom-
etry in strongly interacting Fermi gases, which in generally is a very difficult task
[Tng08, Luo09, Shi08]. Note that an impurity thermometer relying on basically the
same idea was demonstrated for a Fermi gas of 40K atoms in Ref. [Reg05a], using a
third spin state instead of another species. For stability reasons, however, it was not
applied in the strongly interacting regime.

Our ultracold “°K-5Li combination demonstrates the experimental possibility to
immerse another species in a strongly interacting Fermi gas without suffering from
collisional loss. With the examples of sympathetic cooling and thermometry we
have shown two straightforward applications. There are many more experimental
options with the potential to break new ground in research with ultracold fermions.
The immersed species can in general serve as a weakly interacting probe for the
fermionic superfluid with the great advantages that it can be separately addressed,
manipulated, and detected by laser and radio-frequency fields. This may be ex-
ploited to study interactions in the many-body regime such as atom-pair collisions
or to test the viscosity or the superfluid behavior of the system by a controlled
motion of the impurity. Moreover, our double-degenerate system represents an
excellent starting point to study a rich variety of phenomena related to few-body
quantum states [Pet05} INis09b), [Lev09] and the rich many-body quantum phases of
multicomponent Fermi mixtures [Paa06), Isk06, Isk07a, [Pet07, Isk08c, Bar08, Bau09,
Nis09a, (Wan09, [Mor09].

We acknowledge support by the Austrian Science Fund (FWF) and the European
Science Foundation (ESF) within the EuroQUAM/FerMix project and support by
the FWF through the SFB FoQusS.
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We present the essential experimental steps of our all-optical approach to prepare
a double-degenerate Fermi-Fermi mixture of °Li and *°K atoms, which then serves
as a starting point for molecule formation. We first describe the optimized trap
loading procedures, the internal-state preparation of the sample, and the com-
bined evaporative and sympathetic cooling process. We then discuss the prepara-
tion of the sample near an interspecies Feshbach resonance, and we demonstrate
the formation of heteronuclear molecules by a magnetic field ramp across the
resonance.

The groundbreaking achievements in experiments with ultracold Fermi gases
[Tng08,/Gio08] have opened up unprecedented possibilities to study new regimes of
strongly interacting quantum matter. Ultracold gases represent well-controllable
model systems for the exploration of many-body regimes in a way not possible
in conventional condensed-matter systems [Blo08]. A new frontier in the field
is currently being explored in experiments on ultracold Fermi-Fermi mixtures
of ®Li and *°K atoms [Tag08, (Wil08, V0i09, Spi09, Tiel0]. Because of the mass
imbalance and the possibility to apply species-specific optical potentials, such

TThe author of the present thesis carried out all experiments described in this article. He also
analyzed the data with help by A.T. on the temperature fits.
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Figure 4.1. Electronic ground state energies of °Li and °K versus magnetic field.

systems promise manifold intriguing applications both in many-body physics
[Paa06) I1sk06, Isk07a, [Pet07, Isk08c, Bar08, Bau09, Nis09a, Wan09, Mor09] and few-
body physics [Pet05} Nis09b, Lev09].

To prepare degenerate Fermi gases, all-optical approaches have proven to be
simple and robust and they facilitate highly efficient evaporative cooling. Therefore
they are routinely applied in many present experiments; see Ref. [Ing08] for a review
of earlier work and Refs. [Fuc07, Ina08, (Ott08, Huc09] for more recent examples.
Spin mixtures of ®Li atoms near a broad Feshbach resonance are particularly well
suited for this cooling approach because of their exceptional collision properties,
which offer extremely large cross sections for elastic collisions in combination with
very weak inelastic decay. This favorable situation motivates the general idea of
using the strongly interacting °Li gas as a cooling agent for sympathetic cooling of
another species. Following this idea in Ref. [Spi09], we recently demonstrated the
sympathetic cooling of “°K atoms by an evaporatively cooled, optically trapped spin
mixture of °Li, reaching the double-degenerate regime.

In this Article, we first present more details on our all-optical approach of prepar-
ing a double-degenerate Fermi-Fermi mixture of ®Li and “°K. We then show new
results related to interactions and molecule formation near interspecies Feshbach
resonances. In Sec. we discuss our dual-species cooling and trapping setup and
the special loading procedures used for the optical traps. In Sec. we present an
important preparation step where spin relaxation in the mixture brings the K atoms
into their lowest internal state. In Sec. we describe the combined evaporative
and sympathetic cooling process. In Sec. we show how the mixture can be
prepared near interspecies Feshbach resonances. In Sec. we finally demon-
strate the creation of ultracold heteronuclear Fermi-Fermi molecules by Feshbach
association methods.
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4.1. Dual-species cooling and trapping setup
and procedures

Here, we outline the basic concept of our dual-species setup (Sec.[4.1.1), and we
present the special procedures applied to prepare the optically trapped mixture. In
Sec.[4.1.2we describe how we operate a dual-species magneto-optical trap (MOT).
In Sec.[4.1.3|we present the optical dipole traps (ODT) used in the experiments. In
Sec.[4.1.4we discuss the special loading procedure for the ODT. The whole scheme
is optimized for a large number of °Li atoms, as this species is used as the cooling
agent for sympathetic cooling of *°K into degeneracy [Spi09].

Figure shows the atomic ground state energy structure of °Li and “°K. We
label the energy levels Li|i) and K] j), counting the states with rising energy. The
hyperfine splitting of ®Li is 228.2 MHz. For “°K, the hyperfine structure is inverted
and the splitting amounts to 1285.8 MHz [Ari77]. For the low-lying states with
i <3 and j <10, the projection quantum numbers are given by m; = —i +3/2 and
mg = ] —-11/2.

4.1.1. Experimental setup

For the cooling and trapping of Li and K we apply standard laser cooling and
trapping techniques [Met99] combining a Zeeman-slowed atomic beam and a
dual-species MOT for initial collection of atoms in the vacuum chamber. A de-
tailed description of the experimental setup and the laser systems can be found in
Ref. [Wil09a]. A dual-species oven, which is connected to the main chamber via a
differential pumping section, delivers a well-collimated atomic beam. We operate
the oven with isotopically enriched samples containing 80% of ®Li and 7% of °K.
The Zeeman slower can cool both species individually with the respective settings
of the magnetic field gradients. The central element of our vacuum chamber is a
glass cell that allows for very good optical access. We achieve excellent vacuum
conditions with a pressure on the order of 10~ ! mbar.

For both species we use diode laser systems with one grating stabilized master
oscillator in combination with tapered amplifiers. The Li (K) laser system pro-
vides 11 mW (12 mW) per MOT beam and 80 mW (100 mW) for the Zeeman slower
beam. Figure[4.2|shows a schematic drawing of the atomic energy levels and optical
transitions used for cooling and trapping of Li and K. The Li MOT laser beams
contain two frequency parts tuned to the cooling (F = 3/2 — F' = 5/2) and repump-
ing (F = 1/2 — F' = 3/2) transitions and having equal power. For K the cooling
(F=9/2— F'=11/2) to repumper (F = 7/2 — F' = 9/2) ratio is three to two.

4.1.2. MOT loading

The initial collection and cooling of ®Li and “°K is achieved by conventional laser-
cooling and trapping techniques. As loading of both species requires different
settings of the Zeeman slower magnetic field, we use a sequential MOT-loading
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Figure 4.2. Scheme of the atomic energy levels and transitions used to cool and trap Li and
K. Also shown are the transitions used for hyperfine (hf) and Zeeman pumping of K.

scheme. The basic idea is to first load Li and then add K in the presence of the Li
MOT.

The Li MOT is operated with a field gradient of 26 G/cm along the symmetry axis
of the field coils and a laser detuning of —27 MHz, for both, cooling and repumping
transition. After a loading time of about 155, a few 10° Li atoms are accumulated in
the MOT. At this point we increase the magnetic field gradient to 38 G/cm, where
the K MOT works optimally. In 5, about 107 K atoms are added to the trap. The K
MOT is operated with a laser detuning of —34 MHz.

During the Kloading phase we operate the Li MOT with a relatively large detuning
of —31 MHz in order to compensate for the effect of the higher magnetic field gradi-
ent on volume and density. This avoids increased losses by inelastic interspecies
collisions, enabling the efficient sequential loading of both species.

In order to reduce shot-to-shot fluctuations of the number of atoms in the trap, we
control the Li and K MOT loading by monitoring their fluorescence independently.
When the fluorescence of the Li MOT reaches its threshold value, Li loading is
stopped and loading of the K MOT is initiated. Once the K MOT fluorescence
reaches its threshold, the Kloading is turned off. At this point the ODT is ramped
on in 100 ms, and the magnetic fields of the Zeeman slower are ramped to zero in
10 ms.

4.1.3. Optical dipole trapping schemes

For further storage and cooling of the atomic cloud, we use a trapping scheme that
employs the optical dipole force of an intense infrared laser beam |Gri00] and the
magnetic force in the curvature of the magnetic field [Joc03]. The latter becomes
important when the optical trap is operated with low laser power. A schematic
drawing of this hybrid trapping scheme is shown in Fig.

The principal ODT is formed by a single beam (beam 1) delivered by a 200-W



PRA SUBMITTED (2010) 35

beam 2 3
& . Feshbach
Fh T | coils
y & curva-
~ Wk ture
.~/ coils
|1 \\
\ N
\ N\,
\ \\
\
\
X
beam 1

Figure 4.3. Schematic view of the optical trapping beam (beam 1) and the coils for the bias
field and magnetic field curvature (shaded areas). Optionally, a second beam (beam 2) can
be used for additional axial confinement.

fiber laser that emits light at a central wavelength of 1070 nm (IPG YLR-200SM-LP).
The beam is focused down to a waist of 38 um at the center of the MOT. During
loading, the trap is operated with an optical power of 96 W, which results in a depth
of 2.6 mK for Li. For K the trap depth is larger by a factor of 2.1 and thus amounts to
about 5.5 mK.

Two sets of magnetic field coils are used in our setup to control the bias and curva-
ture field independently; the coils setup is described in more detail in Appendix[4.Al
For small bias fields the magnetic confinement is very small in the axial direction;
here additional axial confinement can be obtained from another infrared beam
(beam 2) delivered by a 5-W fiber laser with a central wavelength of 1065 nm (IPG
YLP-5-LP). The single beam is focused to a waist of 97 pm and intersects beam 1 at
an angle of 53°.

4.1.4. Dipole trap loading

Loading cold atoms of a single species from a MOT into a dipole trap is a standard
procedure in many experiments. Sub-Doppler cooling and MOT compression are
common methods to enhance transfer into the optical trap. The optimized loading
of two species, however, needs special procedures. Here we describe the sequential
loading scheme that gives us excellent starting conditions for the evaporation of
Li and K in a common optical trap. A schematic illustration of the loading and
transfer sequence is shown in Fig. We found that an optimum is achieved by
first transferring K into the optical trap while keeping Li stored in the large-volume,
low-density MOT and then performing the Li transfer.

After switching on the ODT, in a first step the K MOT is compressed by ramping up
the magnetic field gradient within 50 ms to 96 G/cm and bringing the frequencies of
the Klasers closer to resonance to a detuning of a few MHz with an intensity lowered
to 70%. At the same time the detuning of the Li MOT is increased to —47 MHz to
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Figure 4.4. Illustration of the loading, transfer and measurement timing sequence. CMOT
is an abbreviation for compressed MOT.

avoid compression of the Li MOT. At this point the K MOT light is extinguished and
the Katoms are confined in the dipole trap while Li is stored practically undisturbed
in a MOT at a reduced magnetic field gradient of 64 G/cm. With the K MOT beams
off, untrapped atoms are allowed to escape for 50 ms.

Potassium has ten Zeeman sublevels in the lowest hyperfine ground state; see
Fig. In order to produce a spin-polarized sample of K in its lowest internal state,
we apply an optical pumping scheme that not only transfers the atoms to the lower
hyperfine state, but also pumps the atoms to the lowest mp state.

For optical pumping the quadrupole field is switched off for 2 ms and only a small
guiding field is kept on. Parallel to the field we shine in a 0™ -polarized laser beam
for 10 ps, which optically pumps the K atoms into state |1). The optical pumping
beam contains two frequency components, one for Zeeman pumping tuned to the
(F =9/2 — F' =9/2) transition and another one for hyperfine pumping tuned to
the (F =7/2 — F' =9/2) transition as shown in Fig. Each frequency component
has about 50 times the saturation intensity. During the optical pumping stage, the
cloud of Li atoms remains trapped in an optical molasses and can be recaptured
without significant losses.

The high-power trapping laser induces a large light-shift on the optical cooling
and pumping transitions. Potassium has two optical transitions between the excited
4?P5,, state and the 52S;,, and 3%Ds, states with wavelengths of 1252nm and
1177 nm, respectively. At high intensities of the ODT these two transitions shift the
4?P3, level by several 100 MHz. Therefore optical pumping cannot be performed in
the trap and we have to switch it off for a short time. After the 10 us off-time of the
ODT needed for the optical pumping, essentially all K atoms are recaptured into
the ODT.

At this point we have a sample of a few 10* polarized “°K atoms in the ODT,
surrounded by a magneto-optically trapped cloud of 8Li atoms. We finally apply a
compressed MOT stage for Li in order to efficiently load this species into the dipole
trap. For this, the quadrupole field is ramped back up to 64 G/cm and the MOT
lasers are operated at a very small detuning of —3 MHz from resonance while the
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power is lowered to 180 uW per beam for a duration of 15 ms. Hyperfine pumping
of Li to the lower state is performed by switching the repumping laser off during
the last 50 us of the pulse. With this sequence we obtain a few 10° Li atoms in the
lowest two spin states in the ODT at a temperature of about 300 uK.

4.2. Spin relaxation

A Li|i)K|j) mixture can undergo rapid decay via spin relaxation if exoergic two-
body collisions can take place that preserve the total projection quantum number
Mot = My + mg = —i + j —4. In such a process,

Liji) +K|j) = Lili - 1) +K|j - 1) + E},

the energy E, is released. Whenever one of the species is in the absolute ground
state, and the other one is in a low-lying state (i =1and j<10or j=1and i < 3),
spin relaxation is strongly suppressed [Sim03].

Since optical Zeeman pumping does not lead to a perfect transfer of all K atoms
into the lowest spin state, we exploit spin relaxation to fully spin polarize K into
state |1). We investigated the conditions under which spin relaxation can be used
for this purpose. In these measurements we apply only hyperfine pumping, but
no Zeeman pumping. We start with an almost equal mixture of Li in its lowest two
hyperfine states, |1) and |2), trapped together with a population of K in all Zeeman
substates j < 10.

We investigate the magnetic field dependence of the spin relaxation by holding
the sample for 500 ms at a variable magnetic field. The trap is operated under the
same conditions as during trap loading, i.e. with a trap depth of 2.6 mK for Li and
5.5mK for K. The atom numbers are measured using spin-selective absorption
images, which are always taken at a bias field of 1190 G !. Figure shows the
resulting atom numbers of Li in states |1) (open squares) and |2) (filled squares) as
well as K in state |1) (filled circles). Two distinct peaks in the K|1) atom number are
visible at 40 G and 207 G and coincide with dips in the Li|2) atom number. These
features are fitted with Lorentzians to determine their positions and widths.

The release energy E, at 40 G (207 G) corresponds to 2.1 mK (5.8 mK). For an
inelastic collision between two atoms with different masses, the resulting kinetic
energy contributions are inversely proportional to the mass. For the 8Li-*°K combi-
nation, 87% of the released energy is transferred to the lighter Li atoms (mass M)
and only 13% to the heavier K (mass Mx). A necessary condition for the trap depth
Ux under which a K atom stays confined is

M

>——F,, 4.1
MK+MLi ’ ( )

Ux

'We use high-field imaging at 1190 G where the scattering length between Li|1) and |2) is small and
negative. The Li cloud can thus be approximated as a weakly-interacting Fermi gas which in the
degenerate regime allows for easier interpretation of the profiles obtained by absorption images
after time-of-flight.
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Figure 4.5. Magnetic field dependence of spin relaxation. The numbers of atoms in different
spin states are measured by state-selective absorption imaging after a storage time of 500 ms
in the dipole trap. The filled (open) squares give the Li|2) (|1)) atom number, the filled
circles are K|1). The two pronounced features that are visible at 40 G and 207 G are fitted by
Lorentzians to determine their positions and widths.

and analogously for Uy;. The mass factor along with the about two times larger trap
depth for K explains why we observe loss of Li atoms during the spin relaxation
while K stays trapped. Furthermore, a K atom in a Zeeman level higher than |2)
will need multiple collisions with Li|2) in order to fully polarize. That explains why
much more Li|2) is lost than K]|1) is gained during this process.

We interpret our data by comparing the position of the two spin relaxation fea-
tures with the location of known interspecies Feshbach resonances, since we expect
enhanced inelastic loss close to a Feshbach resonance [ChilQ]. As Fig. shows,
there is a series of s-wave Feshbach resonances between Li|2) and K|2 < j < 10) near
the 207 G feature. The distribution of Feshbach resonances coincides with the width
of the observed spin relaxation feature. Note that the experiment is performed
at relatively high temperature causing considerable broadening of the Feshbach
resonances. Therefore individual resonances cannot be resolved.

For the feature of enhanced spin relaxation at 40 G, there are no interspecies s- or
p-wave Feshbach resonances and thus we cannot explain it by means of scattering
resonances. However, at low magnetic fields B the release energy E, increases
o B, which leads to a corresponding increase in the density of continuum states in
the decay channel. We speculate that the corresponding threshold behavior may
explain the increase at lower fields. Then, already at a few ten Gauss the nuclear
spin of Li decouples from the electron spin, which may lead to a reduction of loss.

In a second set of experiments we investigate the time scale on which spin re-
laxation occurs at the two relevant magnetic fields 40 G and 207 G. For both fields
we find that the time scale for the process is 150 ms and a steady state is essentially
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Figure 4.6. Interpretation of the 207 G spin relaxation feature in terms of Feshbach reso-
nances. The dots show the calculated positions of Feshbach resonances between Li|2) and
K|2 < j <10) [Tie09]. Also plotted is the Lorentzian fit to the Li|2) loss feature from Fig.[4.5]
for comparison.

reached after 500 ms.

Spin relaxation is a very efficient process that allows us to fully polarize our K
sample without loss of K atoms. Since initially much more Li atoms are present in
the trap, the Liloss is a minor problem. The resulting imbalance of the two Li spin
states can be removed by driving radio-frequency (rf) transitions between the two
states.

4.3. Evaporation and sympathetic cooling

A spin-mixture of Li|1) and Li|2) near the broad 834-G Feshbach resonance facili-
tates highly efficient evaporative cooling, as it is well known in the field of strongly
interacting Fermi gases [O’H02,[Ing08]|. The efficiency of the cooling process is due
to the very favorable combination of a large elastic scattering cross section with very
low losses. In Ref. [Spi09] we have already demonstrated the possibility of using
the ®Li spin-mixture as an efficient cooling agent to sympathetically cool another
species. In this way we have demonstrated the attainment of a double-degenerate
Fermi-Fermi mixture of °Li and “°K. Here we present additional information on the
experimental procedures, and the combined evaporative and sympathetic cooling
process.

Let us first summarize our main findings of Ref. [Spi09] on the collisional stability
of the three-component Fermi gas of Li in the lowest two spin states together with K
in the lowest spin state. Interspecies collisional loss is negligible on the BCS side
of the broad Li resonance (B > 900 G) and quite weak even exactly on resonance
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Figure 4.7. Li and K atom numbers after evaporation performed at variable magnetic field.
Open squares show the number of Li atoms per state, filled circles show the K atom number.

(834 G). Substantial loss, however, occurs on the BEC side of the resonance in arange
between about 650 and 800 G. The latter is a result of inelastic collisions between
K atoms with weakly bound Li dimers. Consequently, the combined evaporation
and sympathetic cooling process needs to be performed on the BCS side of the Li
resonance. For our experiments we choose a field of 1190 G. Here the Li scattering
length is —2900 a( and the interspecies scattering length is about +60 ay.

Before starting the evaporation process, we carefully balance the population of
the two spin states Li|1) and Li|2). This is particularly important in cases when
the spin relaxation stage has caused considerable losses in |2). The spin balance
is accomplished by driving the rf transition [1) < |2) using a series of 20 ramps
over 10 kHz with a duration of 50 ms each [Str03]. This procedure is performed at
1190 G, where the Li spin mixture is outside of the strongly interacting regime and
interaction-induced rf line shifts are relatively small. Note that the evaporation
process is much more sensitive to a spin imbalance on the BCS side of the resonance
than on the BEC side of the resonance. The reason is that in the latter case the
molecule formation can lead to a self-balancing of the spin population during
evaporation [Gri06].

Evaporation of the mixture is performed in the principal ODT, beam 1. The
evaporation ramp consists of two stages, technically implemented in different
ways. In the first stage, we use a digital input of the laser control unit to reduce the
ODT power to about 15W. This ramp is linear and takes 1.5s. In a second stage,
an acousto-optical modulator (AOM) is used to decrease the power in a nearly
exponential ramp. The evaporation ramp is typically stopped after 6 s when the
laser power is 60 mW. At this point the trap frequencies in the radial directions are
394 Hz for Li and 219 Hz for K. In the axial direction the trap frequency is dominated



PRA SUBMITTED (2010) 41

6 1 1 I 2
E sl >
= ® Q
4L QQ.Q”* 5]
3 2577 . 3
£ " 11 2
= ) .* g_
s 2L @ " .
T =
-1 | e S

0 ) 1 . 1 . 1 O

100 1000 10000

dipole trap power (mW)

Figure 4.8. Evolution of the atom numbers during the second stage of evaporation. The Li
atom number per state is plotted using squares while circles represent the K atom number.
Filled (open) symbols represent data from measurements using fluorescence (absorption)
imaging.

by the magnetic confinement and is 27 Hz for Li and 11 Hz for K.

The experimental data in Fig.|4.7|show the number of atoms remaining after the
complete evaporation ramp for a magnetic field varied across the full tuning range
offered by the Li Feshbach resonance. The data correspond to the observations of
Ref. [Spi09], showing pronounced loss on the BEC side of the Li Feshbach resonance
and large stability on its BCS side. In the high-field region between 950 G and 1250 G,
where the Li scattering length varies between —5300 ay and —2800 ay, the magnetic
field has no significant influence.

In order to analyze the cooling process, we stop the evaporation ramp at a variable
endpoint and measure the number of Li and K atoms. The measurements are
performed by recapture into the MOT and subsequent detection of the fluorescence
intensity or, at lower power, by absorption imaging after release from the ODT into
free space. Figure[4.8|shows that the Li atom number steadily decreases while the K
cooling proceeds essentially without losses. Note that the trap depth for Kis a factor
of 2.1 larger than for Li. This changes at about 100 mW, as the gravitational sag of
K reduces the trap depth and we begin to see significant loss of K when further
lowering the power of the ODT.

Figure shows the temperature evolution of Li and K in the last part of the
evaporation ramp. We extract the Li temperature by fitting a Thomas-Fermi profile
to absorption images of the atomic cloud after time of flight. The K temperature
is determined using a simple Gaussian fit, as the sample here remains in the non-
degenerate regime. Throughout the whole evaporation the temperature of K lags
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Figure 4.9. Temperature evolution during the last part of the evaporation. Open squares
(filled circles) indicate the Li (K) temperature. Also plotted are curves that represent the
evolution of the Fermi temperature for Li (dotted line) and K (dashed line).

behind the temperature of Li.

At the end of an extended evaporation ramp, at a trap power of 40 mW, the radial
trap frequencies for Li (K) amounts to 320 Hz (160 Hz). In the axial direction the
trap frequency is dominated by the magnetic confinement and is 27 Hz for Li and
11 Hz for K. The Fermi temperatures are calculated to be T}gi =390 nK for Li and
TII§ = 135nK for K. Following the scheme we have presented in Ref. [Spi09], we
continue cooling of the mixture by holding it in this shallow trap for 5s. This way we
achieve a final K temperature of 50 nK corresponding to a degeneracy of TX/ T}f ~0.6
while Li is deeply degenerate with T"/TH < 0.2.

Since Li is the coolant of our evaporation scheme, we adjust the amount of K with
which evaporation starts such that at the end of evaporation we have about ten
times more atoms of Li in each spin state than atoms in K|1). In this situation K can
be used as a probe for the Li mixture. One example of this idea has already been
presented in Ref. [Spi09]. The measurement of the K temperature was used in order
to get a firm upper bound for the temperature of the Li bath even in the strongly
interacting regime. This method was recently adopted to using “Li as a probe in
Ref. [Nas09].
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Figure 4.10. Preparation scheme of a two-component mixture near interspecies Feshbach
resonances. The horizontal lines indicate four different Li-K spin channels being of partic-
ular relevance for our experiments. The numbers give the magnetic field values in Gauss.
Filled (open) circles represent s-wave (p-wave) interspecies resonances. The Li|1) and Li|2)
intraspecies p-wave resonances (not shown) are located at 160 G and 215 G respectively
[Zha04! [Sch05] and nearly coincide with interspecies resonances. For the s-wave reso-
nances, the relative widths are indicated by the size of the symbols. State transfer, indicated
by vertical dashed lines, is achieved by rf transitions. After the evaporation at 1190 G, the
Li|2) population is removed by a resonant laser pulse, as indicated by the x.

4.4. Preparation near interspecies Feshbach
resonances

The ®Li-*K mixture offers several s-wave Feshbach resonances in the range between
150G and 200 G [Wil08, Tiel0]. All of them tend to be quite narrow, which is a
common situation in cases of moderate values of the background scattering length
[ChilQ]. The broadest resonances were found for the channels Li|1)K]|7...10) with
widths between 1 G and 2 G [Tie09]. The energetically lowest channel Li|1)K]|1),
which is of particular interest because of the energetic suppression of any two-body
decay, features two resonances with calculated widths around 100 mG. In this work,
we focus on the resonance near 168 G. We show how a degenerate two-component
Li-K mixture can be prepared near this resonance after sympathetic cooling at high
magnetic field and present measurements on inelastic and elastic properties of the
mixture.

When ramping down the magnetic field from its evaporation setting (1190 G) to
the interspecies resonances, one has to cross the region of the broad 834-G Li|1)|2)
Feshbach resonance. If this spin channel is populated, the formation of ®Li dimers
inevitably leads to strong losses from the atomic sample. To avoid this problem, we
remove one of the Li spin components by the light pressure of a resonant laser pulse
[Du08] before starting the ramp. Note that already the momentum kick from one
photon is sufficient to push a Li atom out of the shallow trap after evaporation. The
pulse is applied for 10 ps with a few times the saturation intensity. We find that at
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1190 G the interaction between the two spin components is weak enough to avoid
any significant effect on the population in the remaining spin state. In this way, we
reduce the three-component Fermi-Fermi gas to a two-component mixture.

To approach a specific interspecies resonance, it is also important to avoid the
effect of other inter- and intraspecies resonances. We find that our ramps are fast
enough (ramp speed up to 20 G/ms) to cross all the p-wave resonances without any
problem. However, we find substantial losses on the interspecies s-wave resonances,
even on the weaker ones. This already points to efficient molecule association
[Chil0] as we will discuss in Sec.

Figure[4.10]illustrates the procedures applied to reach specific interspecies Fesh-
bach resonances. While it is straightforward to reach the 168-G resonance in the
Li|1)K]|1) channel by a fast ramp after removal of the state Li|2), other resonances
require more elaborate methods. As an example, we discuss the 155-G resonance
in the Li|1)K]|3) channel, which is of interest as one of the broadest resonances
(width between 0.5 and 1 G) in the low-lying spin channels. Here a possible way is
to transfer the Li atoms from |1) to |2) after ramping down the field to ~200 G, thus
converting the sample into a Li|2)K|1) mixture. This can be done with very high
efficiency using rf transfer methods. Then the ramp is continued down to a value
close to 155 G and three subsequent rf transfers are applied to convert the popula-
tion from Li|2)K]|1) to Li|1)K]|3). This procedure avoids all detrimental resonances.
Analogous schemes can be applied to reach any other desired resonance.

In a set of experiments performed at the 168-G interspecies Feshbach resonance
in the Li|1)K]|1) channel, we investigate aspects of inelastic and elastic collisions.
Initially, we prepare about 2 x 10° Li atoms together with about 1.4 x 10* K atoms
at a temperature of about 300 nK. The power of the trapping beam (beam 1) is
170 mW, corresponding to a radial (axial) trap frequency of 660 Hz (14 Hz) for Li.
For K the trap frequencies are 375 Hz and 6 Hz respectively. The peak densities of
the clouds are n' ~ 2 x 10"?cm™ and nf = 4 x 10! cm™3 and the degeneracies are
Y/ TI{:i ~0.3and TX/ TII;( =~ 1.5. Note that these conditions are deliberately prepared
with an incomplete evaporation ramp, stopped at 170 mW instead of the usual final
power of 60 mW (Sec.[4.3).

In the first series of measurements, we ramp the magnetic field to a variable value
and study the loss of atoms after a hold time of 5s. For detection, the remaining
atoms are recaptured into the two-species MOT and their fluorescence is recorded.
The K atom number, normalized to the background value away from resonance, is
plotted in Fig. (open squares). We observe a loss feature centered at 168.22 G.
Ramping across the Feshbach resonance does not lead to loss, indicating that the
phase-space density used in these experiments is insufficient for adiabatic molecule
creation during the magnetic field ramp.

In the second series of measurements, we investigate whether an effect of en-
hanced elastic collisions can be observed in evaporative cooling near the inter-
species resonance. Here we lower the power of beam 1 to 55 mW within 3 s, which
results in a radial (axial) trap frequency of 375 Hz (14 Hz) for Li and 210 Hz (5 Hz)
for K. As before, the number of remaining atoms is determined by recapture into
a MOT and fluorescence detection. The corresponding data, plotted in Fig.
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Figure 4.11. Loss measurement and evaporative cooling near an interspecies Feshbach
resonance. Plotted is the K atom number normalized to the background value of the loss
measurement away from resonance. The open squares show a set of loss measurements
holding the sample at variable magnetic field for 5s. The solid line is a Gaussian fit to the
data. The filled circles show a corresponding set of measurements where evaporation was
performed by lowering the optical power to one third of its initial value within 3 s.

(filled circles), show a pronounced asymmetry and thus a different behavior on the
two sides of the Feshbach resonance. On its high-field side, corresponding to large
negative scattering length, we observe a maximum in the recaptured atom number
at 168.26 G. This signifies evaporative cooling with an enhanced elastic scattering
cross section as compared to the background value. At lower fields, however, loss
enhanced by the resonance dominates and leads to a minimum in atom number
at 168.18 G. The loss properties on the two sides of the Feshbach resonance are
thus found to be strikingly different with more favorable conditions on the side of
negative scattering length, where no weakly bound molecular state exists.

To determine the resonance position more precisely, we prepare a sample with
higher phase-space density than used for the previous sets of experiments. Now
both beams of the ODT are used. Beam 2 is held at a constant power of 250 mW,
corresponding to a trap depth of 1 uK for Li and 2.1 uK for K. Its purpose is to add
confinement along the weak direction of beam 1 at the very end of evaporation.
Evaporation at 1190 G and the ramp to low magnetic field proceed as described
above. For further cooling, we create a balanced mixture of Li|1) and |2) at 170.5G,
using a sequence of rf sweeps. Afterwards, beam 1 is ramped from a Li trap depth of
1.9 uK to 1.5 uK during one second and the sample is left to thermalize for another
second. Then Li|2) is removed by a short pulse of resonant light. At this point the
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Figure 4.12. Scan of the Li-K Feshbach resonance at 168 G with 10 ms hold time. The 1/e-
width of the loss feature (indicated by the dotted lines) is determined by fitting a Gaussian
to the experimental data and amounts to 33 mG.

sample has a temperature of ~200 nK and contains about 1.5 x 10* K atoms and
8 x 10* Li atoms. With the trap oscillation frequencies of axially 90 Hz (50 Hz), and
radially 390 Hz (210 Hz) for Li (K), we calculate Fermi temperatures of about 900 nK
for Li and 290 nK for K, corresponding to TLi/TII;i ~ 0.2 and TK/TII§ ~ 0.7. The K
cloud has less than half the size of the Li cloud. For both components the density in

the center of the trap is about 2 x 10'2cm™3.

Under these deep cooling conditions, we detect the fast atom loss as a function
of the magnetic field. In order to approach the magnetic field value of interest
without forming molecules, K is transferred into state |2) by an rf 7-pulse prior to
the magnetic field ramp. At the final field, K is transferred back to state |1) by another
nm-pulse. After a hold time of 10 ms, the remaining K atom number is measured.
Figure shows the corresponding data. We observe maximum loss of atoms
centered at 168.217 G, with an estimated calibration uncertainty of 10 mG.

4.5. Creation of ultracold Fermi-Fermi molecules

Here, we describe our basic methodology for molecule creation and detection
(Sec.4.5.1), present experimental results (Sec.[4.5.2) and discuss our findings (Sec.[4.5.3).
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Figure 4.13. Molecules are associated by a magnetic field ramp, indicated by the arrow
labeled AB, across a Feshbach resonance. Transitions to higher atomic spin states are
driven by rf pulses. Atoms bound in a molecule are not affected because of the binding
energy Ej,.

4.5.1. Creation and detection schemes

The creation of the molecules starts with a Li|1)K|1) mixture under the same con-
ditions as prepared for Fig. The molecules are associated by a magnetic field
ramp from 170.5 G to 168.19 G within 10 ms, crossing the Li|1)K|1) 168-G Feshbach
resonance (ramp speed 0.23 G/ms). Instantly after the ramp, the sample is released
from the ODT.

Selective imaging of molecules and remaining unpaired atoms is possible after
transfer of the unpaired atoms to the states Li|2) and K|2). An rf 7-pulse, tuned to
the atomic |1)—|2) transition, is used for this purpose 2. see Fig. Atoms bound
in LiK molecules are not transferred to state |2) if the molecular binding energy
detunes the transition far enough from the free atom transition to be outside of the
Fourier spectrum of the rf pulse. This condition requires a detuning of 23 kHz for K,
which is reached 9 mG below resonance according to the relative magnetic moment
of the molecular state [Tie09]. The rf pulses are applied one after the other during
the 0.4 ms free expansion of the sample.

State-selective absorption images are taken simultaneously on cycling transitions
starting from the Li|1) and K|1) states. This way, molecules are imaged directly. The
resulting pictures are shown in the left-hand column of Fig. 3. A second pair

2The rf transition frequencies for Li and K are 39 MHz and 69 MHz, respectively. The z-pulses are
approximately rectangular and have a total duration of 43 pus (333 us) for K (Li). The duration of
the Li pulse is much longer than that of the K pulse, because less rf power is available. The full
width of the dominant central peak in the Fourier spectrum is 46 kHz for K and 6 kHz for Li. We
can achieve transfer efficiencies higher than 99%.

5A slight off-resonant contribution of atoms in the K|2) state is visible on K|1) images. Since this
contribution has a much larger spatial extent than the cloud of molecules, it is possible to correct
for it when extracting data from the image. We also account for unpaired atoms not transferred
by the rf pulse by independently measuring the n-pulse transfer efficiency.
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Figure 4.14. Absorption images of LiK Feshbach molecules and unpaired atoms taken at
a magnetic field of 168.19 G. The upper row shows images of molecules and atoms taken
with light resonant to the K transition whereas the lower row shows images taken with light
resonant to the Li transition. The left column shows molecules imaged after 0.4 ms time of
flight (TOF) expansion and the right column unpaired atoms imaged 1 ms later.

of images, this time of the unpaired atoms, which have been transferred to the |2)
states, is taken 1 ms later and shown in the right-hand column of Fig. 4,
Absorption imaging of the molecules gives lower boundaries A ¥  and A1 for
A mol mol
the real molecule numbers NIII<101 and Nll;llol since the absorption cross section of
atoms bound in LiK molecules is somewhat smaller than the one of unpaired atoms.
Close to the Feshbach resonance the cross section is similar to the one of free atoms
and decreases for increasing binding energy. The number of remaining unpaired

atoms NfK and le can be obtained from the second pair of absorption images.
ree ree

From K images (top row of Fig. D we obtain ‘/VnIl(ol =3x10% and Nflfee =9x10°
and from Li images (bottom row of Fig. i ‘/Vn];z)l =4x10% and Nf];fee =8x10°. The
small cloud of K is immersed in a much larger degenerate Li bath. The molecule
conversion efficiency is therefore best characterized by the K conversion efficiency.
A lower bound for the molecule fraction can be determined from K absorption

4Li|2) atoms are directly imaged using a probe beam of appropriate frequency. Since we do not have
a probe beam with the correct frequency to image K|2) atoms, we first transfer those atoms back
to state |1) using another n-pulse and then take the image using the same K|1) probe beam as
before. Atoms imaged on the first set of pictures have been accelerated and heated by the probe
beam flash and have dispersed enough at the time the second image is taken to not influence it.
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images as & = 4K + N§_ ). From the images shown in Fig. we obtain

mol
Z =0.25.

4.5.2. Experimental results

We now examine the molecule creation process and properties of the molecules in
more detail. First, we determine the magnetic field value of the onset of molecule
creation. For this, we perform experiments as the one just described, but we vary
the endpoint of the magnetic field ramp, keeping the ramp duration fixed. The
frequency of the rf pulse for the separation of free K atoms and LiK molecules and
the probe beam frequencies are adapted accordingly. The Li rf pulse was not used
in these experiments.

Figure shows the lower bound for the molecule fraction . Imperfect rf
pulses lead to a 3% systematic offset in the data, indicated by the horizontal dashed
line °. It is found that the detected molecule fraction depends strongly on the
endpoint of the magnetic field ramp. No molecules are detected down to a final

SThe offset in dependence of the magnetic field originates from imperfect frequency adjustment
of the K 7-pulse and was determined by experiments during which molecule formation was
inhibited by removing Li|1) from the sample with a short flash of resonant light before the
molecule association magnetic field ramp. The offset is 1% at 168.9 G and rises to 10% 1.5 G away
from that position.
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Figure 4.16. Decay of LiK molecules at 168.204 G. Plotted is the number of molecules ‘/anfol
in dependence on the hold time after the fast magnetic field ramp. The solid line is an
exponential fit to the data, yielding a lifetime of 1.7 ms.

field of 168.217 G. Only 13 mG lower the maximum molecule fraction is observed.
This magnetic field range corresponds well to the required detuning from resonance
for our atom-molecule separation method to work, as discussed above. For lower
fields the molecular signal drops again, first steeply down to about 168.19 G and then
much slower. At about 167.5 G (outside the range of the plotted data) it becomes
indiscernible from the background noise. The dependence of the detected molecule
fraction on the field may have several reasons. It might be caused by the change
in absorption cross section of the molecules with the magnetic field. The slow
decrease away from resonance comes from loss of molecules as more time is spent
between molecule association and detection.

Within the measurement precision of a few mG the onset of molecule detection
coincides with the center of the loss feature from Fig. marked by the solid
vertical line in Fig. This observation is in accordance with the standard picture
of molecule formation close to a Feshbach resonance [Koh06].

The maximum K molecule conversion efficiency extracted from this data is
reached at 168.204 G and amounts to about 40%. A different method to determine
the K molecule conversion efficiency is to examine the number of free K atoms at a
magnetic field just above the onset of molecule production and just below 168.19 G.
Assuming all missing atoms have formed molecules, the molecule conversion ef-
ficiency is also determined to be 40%. The assumption that no molecules are lost
is well justified since the time spent in the Feshbach resonance region during the
magnetic field ramp to 168.19 G (120 us) is short compared to the lifetime of the
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Figure 4.17. Comparison of the free expansion of LiK Feshbach molecules (circles: detection
of the bound K atoms, triangles: detection of the bound Li atoms) and unpaired Li atoms

(open squares) at 168.196 G. Shown is the radial 1/+/e-width of Gaussian fits to integrated
density profiles.

molecules.

The lifetime of the LiK molecules is determined by holding the sample after
molecule creation for a varying time in the ODT at a constant magnetic field of
168.204 G and measuring the molecule number afterwards. A fit to the decay of
the molecule number gives a lifetime of 1.7 ms; see Fig. This lifetime does not
change if the remaining free Li atoms are removed just after molecule creation by
a resonant flash of light, indicating that the dominant loss mechanism does not
involve free Li atoms. We did not investigate the effect of unpaired K atoms on the
molecule lifetime.

A striking manifestation of molecule formation can be observed by comparing the
expansion behavior of clouds of LiK molecules with the one of clouds of unpaired Li
atoms in imaging with Li light. For this comparison, we record the expansion of the
molecules and the remaining unpaired Li atoms after a molecule association mag-
netic field ramp to 168.196 G; see Fig. We find the average expansion velocity
of molecules to be slower by a factor of 3.3, as determined by fits to the expansion.
We interpret this difference mainly as a result of the higher mass of the molecules
compared to unpaired Li atoms. It corresponds well to the expected velocity ratio
of v/ viix = vVMyix/ Mi; = V46/6 = 2.8 in the approximation of thermal clouds of
equal temperature. This observation tells us that Li atoms that remain in state |1)
after the n-pulse are bound to K atoms.
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4.5.3. Discussion

In our experiment, molecule association is achieved in basically the same way as
demonstrated in many other cold atom experiments before [Chil0},/K6h06] and our
results agree well with the standard picture of molecule formation close to a Fesh-
bach resonance [K6h06]. We observe that molecule association is most efficient in
samples of high phase-space density and obtain a maximum molecular conversion
efficiency for K of 40%. This conversion efficiency is typical for experiments employ-
ing the Feshbach ramp technique. A Monte Carlo simulation based on the method
presented in Ref. [Hod05] agrees with our results, giving a conversion efficiency of
about 50% for K.

The lifetime of our molecules is quite short, only 1.7ms. Because of this, it
would be technically challenging to observe the standard signature of molecule
association, which is the reduction of the absorption imaging signal when ramping
to the molecular side of the Feshbach resonance and the recovery of the signal after
ramping back. Our rf state separation detection technique, which allows to obtain
images of molecules less than 0.1 ms after molecule association, overcomes this
detection problem.

The Li|1)K|1) molecule lifetime that we measure is much shorter than typical
lifetimes of Li|1)K|3) molecules that were measured by the Munich group [Voi09].
Presently, we do not know whether the different spin channels and therefore the dif-
ferent Feshbach resonances used for molecule association can explain the different
lifetimes. There are also other possible, more technical reasons, which we presently
cannot rule out. One possibility, which needs further investigation, is the loss of
molecules because of the absorption of photons from the broad spectrum of the
multi-mode fiber laser used for the ODT ©.

4.6. Conclusion & Outlook

We have presented an all-optical evaporative and sympathetic cooling scheme for
the preparation of a double degenerate 5Li-*°K Fermi-Fermi mixture. We have also
shown the general methodology to prepare the sample close to specific interspecies
Feshbach resonances. As a first application, we have demonstrated the forma-
tion of Fermi-Fermi heteronuclear molecules and we have examined the molecule
association process and some properties of the molecules.

With the basic tools at hand, we are now in the position for the next steps towards
our main goal to realize strongly interacting regimes in the Fermi-Fermi mixture.
Since the available Feshbach resonances are quite narrow this requires precise
knowledge of the exact resonance position and the magnetic-field dependent elastic
and inelastic interaction properties. We are currently inspecting the relatively
broad 155-G resonance in the Li|1)-K|3) channel as a promising candidate, for
which we experimentally find a width of about 800 mG [Nail0]. Strongly interacting

6A strong influence of broadband laser light on the lifetime of molecules was observed in experi-
ments on cesium Feshbach molecules in Innsbruck. The lifetime substantially increased when
the trapping light was provided by a single-mode infrared laser.
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conditions generally require a scattering length exceeding the interparticle spacing.
Under our typical experimental conditions this would be realized with a magnetic
detuning below 10 mG, which is experimentally feasible.

We want to thank Paul Julienne for fruitful discussions and support on the theo-
retical understanding of the interspecies scattering properties, Tobias Tiecke for the
calculated Feshbach resonance positions displayed in Fig. Christoph Kohstall
for useful comments on the manuscript, and Clarice Aiello for contributions to the
experimental set-up. This work is supported by the Austrian Science Fund (FWF)
and the European Science Foundation (ESF) within the EuroQUAM/FerMix project
and by the FWF through the SFB FoQusS.

4.A. Magnetic field coils

Three pairs of magnetic field coils are present in the setup: a pair of high-current,
large-diameter coils, which we call Feshbach coils, a smaller-diameter pair of high-
current coils, which we call curvature coils, and a third, low-current, low inductance
pair of coils, which we call fast coils. Normally, the currents in all coils circulate
in the same direction. To achieve a quadrupole field configuration for MOT op-
eration, the direction of current in one coil of the Feshbach coil pair and one coil
of the curvature coil pair can be reversed using mechanical relays. In the normal
configuration, the Feshbach coils are in Helmholtz configuration and give a very
homogeneous bias field near the trap center of up to 3000 G. The curvature coils
exhibit a magnetic field curvature, which gives rise to an additional contribution to
the trapping potential [Joc03]. With the current used during evaporation, the curva-
ture coils give a homogeneous bias field of 600 G and a magnetic field curvature of
27 G/cm? along the axial direction of the dipole trap beams (perpendicular to the
symmetry axis of the coils). This curvature gives rise to a magnetic confinement
corresponding to trap frequencies of 27 Hz for Li and 10 Hz for K. When working at
bias fields between 150 G and 170 G, where the interspecies Feshbach resonances
are, the curvature coils provide a magnetic confinement corresponding to 13 Hz for
Li and 5 Hz for K.

When high magnetic field-stability is needed, we make use of a battery-powered
current supply. Since the interspecies Feshbach resonances are very narrow, it
is necessary to control the magnetic field with very high precision. Passive stabi-
lization methods, not employing any shielding, lead to a stability of about 10 mG
peak-to-peak over a 50 Hz cycle. By synchronizing the experimental sequence to
line, we achieve a magnetic field stability of a few mG for times on the order of one
ms, which is much larger than the typical duration of rf 7-pulses we use for internal
state transfer. Magnetic field values are calibrated using rf transitions.

For probing the interspecies resonances we make use of the fast coils, which
have Helmholtz configuration. Using these coils we make precise magnetic field
ramps of up to 3 G in about 0.1 ms. This response time of the magnetic field was
characterized by measuring the change in frequency of an atomic RF transition
with time after a step change of the current. The response time is not limited by the
speed of change of the current through the coil, but by eddy currents.






APPENDIX A

LASER FREQUENCIES

In this Appendix some technical figures are documented as a reference for working
in the laboratory. They are shown here because the author of the present thesis
designed the laser setup that allows for imaging of Li and K at the magnetic fields of
interest: the BEC-regime around 760 G, the BCS-regime around 1190 G and around
the interspecies Feshbach resonances between 150 G and 170 G as well as at the Li
Feshbach resonance at 834 G.

Figures|A.1|and|A.2|give a schematic view of the cooling and imaging frequencies
that are used in the experiment and how they are generated by different acousto-
optical modulators (AOMs) in the laser setup.
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