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SUMMARY

In this Thesis, I present experimental investigations concerning the physics of im-
purities in strongly interacting Fermi-Bose and Fermi-Fermi mixtures. Our system
consists of a bath of degenerate fermionic °Li, in which either bosonic #'K or fermionic
40K impurities are embedded. Thus, we investigate the quasi-particles formed by K
impurities, obeying different quantum statistics, interacting with a Fermi sea of Li
atoms: Fermi polarons.

We first studied Fermi polarons formed by bosonic impurities. We investigated
the two cases of thermal impurities and of impurities forming a partial Bose-Einstein
condensate. In the thermal case, and for the thermal part of the partial condensate,
we found good agreement between the recorded energy spectrum and the theory for
isolated polarons. Moreover, we observed hints of mediated interactions between
polarons for increasing impurity concentration. In the case of condensed impurities,
we observed the emergence of an additional branch in the impurity energy spectrum,
which can be explained by the presence of Bose polarons created by fermionic Li
impurities in the K condensate. In our system we can thus observe the coexistence
of Fermi and Bose polarons.

In a new generation of precise measurements, we investigated more closely the

effect of increasing the impurity concentration on the impurity energy spectrum.



Summary

This work led to the first observation of the mediated polaron-polaron interaction.
In order to understand how this effect is affected by different quantum statistics, we
employed either bosonic or fermionic thermal impurities. In the single impurity limit,
we did not observe any difference in the respective energy spectra, as expected for
single impurities. For higher impurity concentration we observed the experimentally
challenging weak effect of the mediated polaron-polaron interaction. In particular,
we unambiguously detected the influence of the quantum statistics, which manifests

itself as a sign inversion in the mediated polaron-polaron interaction.
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CHAPTER

INTRODUCTION AND
OUTLINE 1

If you want to find the secrets of the universe,

think in terms of energy, frequency and vibration.

N. Tesla

Wave-particle duality is a key concept at the basis of quantum mechanics. It
states that matter can be described both in terms of particles and in terms of waves.
Whether one or the other description applies better is determined by the wavelength
associated with the object, the de Broglie wavelength [Bro25]. For instance, a gas
of atoms is described in terms of particles if the distance between its components is
smaller than their de Broglie wavelength. When the de Broglie wavelength of the
particles becomes comparable with their interparticle separation, the waves corres-
ponding to each particle start to overlap and quantum-statistical effects appear: We
reach degeneracy. Different phenomena then arise, depending on the nature of the
constituent of the gas. In the field of ultracold atoms we exploit dilute gases at
temperatures as low as few nK, in order to investigate such effects. In nature there
are two fundamentally distinct families of particles: bosons and fermions. Bosons
have integer spin, and follow the Bose-Einstein statistics. Thus, there is no limit at

the number of indistinguishable bosons that can occupy the same quantum state. In



1 Introduction and Outline

this case, reaching degeneracy corresponds to a phase transition into a Bose-Einstein
condensate (BEC), where the atoms condense in the same quantum state and behave
as a whole particle. The BEC was first observed in 1995 in a gas of 8Rb at JILA
[And95], of 2Na at MIT [Dav95], and of "Li at Rice University [Bra95; Sac97]. Fer-
mions, instead have half integer spin, and obey to Fermi-Dirac statistics. This means
that two indistinguishable fermions cannot occupy the same quantum state. This
effect is called Pauli exclusion principle '. For fermions, reaching degeneracy is less
spectacular since a phase transition does not occur. In this case, the atoms fill all the
energy levels available up to the so called Fermi energy. Fermionic degeneracy was
achieved for the first time in 1999, in an ultracold Fermi gas of °K at JILA [DeM99].

One of most amazing features of ultracold atoms systems is the enormous control
that we can have on them: To a large extent, we can vary the temperature, the
atom number, the internal and external atomic states, the trapping geometries and
dimensionality [Blo08; Mis22], and we can tune the interatomic interactions thanks
to Feshbach resonances (FR) [Chil0; Kok15]. In particular, via FRs we can tune
the scattering length between two particles almost at will, spanning from zero to
very large values, both negative or positive. At the center of such resonances the
interparticle scattering length diverges and the system can be descibed in an universal
way, independently of the details of the interatomic potential. This regime, named
unitarity, is of particular interest because the gas is at the same time dilute (the
range of the interatomic potential is much smaller than the interparticle distance)
and strongly interacting (the interparticle scattering length is much larger than the
interparticle distance).

This great control, together with the fact that in these systems both time and length
scales are experimentally accessible, allows to exploit ultracold atoms as simulators for

other systems that can be hardly investigated experimentally, and for which numerical

Recently crystals formed due to this exquisitely quantum effect have been realized in Ref. [Hol21].



simulations are impossible or extremely time consuming on classical computers. That
is, we can use ultracold atoms systems as quantum analog simulators. The idea of
using more controllable analog systems in order to understand the behavior of less
accessible ones is not new. A famous example is given by the large alternating current
(AC) power systems, which in the first half of the twentieth century were modelled
and studied on AC network analyzers. Such network analyzers were essentially a
scale model of the electrical properties of a specific power system, with all the real
elements replaced by miniature electrical components with scale values in proportion
to the modeled system [Eam90)].

A natural application of ultracold systems as quantum analog simulators is the
mapping of solid state systems [Lew(07; Blo12; Sch20; Alt21], but such platforms are
not limited to this, and can serve as test bed for several many-body systems, such as
neutron matter [Bak99; Sch05; Gez08; Bal08; Gezl1; Gez12; Kriil5], quantum gravity
[Dan17], biological systems [Dorl2], even in understating the early universe [Opal3],
and as architectures for quantum computing [Kas22|. In particular, ultracold atoms
experiments can be exploited to study polarons, a key concept in solid state physics
[App68], and the interaction between them. A polaron is a quasi-particle created
when an impurity strongly interacting with the environment in which it is embedded,
dresses itself with the environmental excitations generated by such interactions. A
famous example is an electron dressed by phonons while moving in a metal [Lan33]. In
the following, I would like to give a succinct historical overview on how the ultracold
community started to look at the polaron problem.

While seminal experimental works on ultracold gases were aimed to investigate the
newly realised BEC (see for example Refs. [Jin96; And97; Mat99; Blo99]), soon the
scientific interest embraced fermionic systems as well, and the quest for fermionic
superfluidity started. The goal was to study the crossover between a condensate of

bosonic molecules formed by two fermions on the repulsive (BEC) side of the FR and
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the superfluidity due to the emergence of Cooper pairs on the attractive (BCS, from
Bardeen—Cooper—Schrieffer) side, and investigate the intermediate regime of unitarity
between the two [Gri07; Blo08; Gio08; Torl5].

On the theoretical side, while for bosonics systems, thanks to the implementation of
the Gross-Pitaevskii equation [Dal99], the many-body physics at low temperature and
small density can be accurately described, an analogous description for the fermionic
systems across the BEC-BCS crossover is still missing [Gio08], and efforts have been
made to adapt the BCS theory to the new ultracold atoms systems [Eag69; Leg80;
Noz85; Gio08].

Experimentally, the investigation of the BEC-BCS crossover started with the real-
ization of strongly interacting Fermi gases via FR in Ref. [OHa02], and proceeded
with the creation of a BEC of molecules on the BEC side [Joc03; Gre03; Zwi03],
and the observation of superfluidity on both sides of the resonance [Zwi05]. These
experiments were carried out with an equal amount of atoms of equal masses in two
different spin states, that is, with mass- and spin-balanced systems.

New physics emerges in the presence of a spin imbalance. In this case, the Fermi
surfaces of the two components do not match and new phenomena, such as the ap-
pearance of exotic states [Ful64; LarG5; Sar63], can emerge. By increasing the spin
imbalance, the system would eventually undergo a phase transition between a su-
perfluid and a normal phase [Clo62; Cha62]. In a harmonic trap, where the density
distribution of the gas is not uniform, this effect leads to the emergence of a shell
structure with a superfluid core at the center of the trap surrounded by a normal gas
[Lob06], and was observed in Ref. [Zwi06]. This scenario raised the interest in the
physics of an impurity immersed in a Fermi sea as the limit of only one particle of one
spin component in the normal phase of the other spin component: the Fermi polaron
[Che06Db)].

A further step in order to obtain more intriguing phenomena is to change the mass



ratio between the atoms in the system, that is, to create a mass-imbalance system.
This can be achieved by creating heteronuclear mixtures of different atomic species.
Mixing different species, other than providing a mass imbalance, allows to study the
effect of the interplay of quantum statistics, being possible to obtain Fermi-Fermi,
Bose-Bose and Fermi-Bose mixtures. In addition, the response of each species to
external fields may be different, opening the possibility of having pinned impurities
and, in general, mixed dimensional systems, e.g. by using a species-selective optical
lattice [LeB07]. When combined with spin imbalance, mass imbalance gives a richer
phase diagram for the Fermi gas [Gub09; BaalO] and, in the impurity limit, opens
the door to study phenomena otherwise difficult to access, such as the Kondo effect
[Kon64; Hew93; Nisl3] and Anderson’s orthogonality catastrophe [And67; Gooll;
Knal2; Sinl3], and to have a better insight into polaron physics [Mat1l; Baal2;
Sch18; Fri21; Bar23].

OUTLINE

In this Thesis, I report the characterization of the Fermi polaron formed by bosonic

impurities, and the first observation of the mediated polaron-polaron interaction in

the case of both bosonic and fermionic impurities.

The first two Chapters are devoted to provide the reader with the knowledge needed
to understand the main experimental results.

In Chapter 2, I will give an introductory overview of some topics that are at the
base of the results presented in this Thesis. In Section 2.1, the theory of scattering
at ultralow temperature is summarized, the concept of mean field effect introduced,
and the physics of Feshbach resonances illustrated. Section 2.2 gives a review of the

theory of atom-field interaction and discusses radio frequency spectroscopy.
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In Chapter 3, the concept and the properties of polarons are explained, focusing on
the phyisics of the Fermi polaron. After a general introduction of the Fermi polaron
in Section 3.1, I will give a theoretical presentation of the properties of an isolated po-
laron in Section 3.2, and of the mediated interaction that can arise between polarons

in Section 3.3. Finally, the main experimental observations of polaronic properties

present in literature are summarized in Section 3.4.

Chapter 4 has the two fold aim of introducing our laboratory to the reader and
gather together some technicalities that are in common between the two experiments
presented in the main Chapters. In Section 4.1, I will quickly review the history of
our laboratory, in Section 4.2, I will discuss our choice of using Li-K mixtures. In
Section 4.3, I will give a succinct description of our experimental setup and present
the radio frequency control in our laboratory, of crucial importance for the realiza-
tion of our experiments. In Section 4.4, I will describe the preparation of the atomic

samples exploited in the experiments presented in this Thesis.

In the following two Chapters, I present the experimental results that I obtained
during my PhD.

In Chapter 5, I will report on the observation and characterization of Fermi polarons
formed by bosonic impurities in a mixture of 5Li and *'K. These results have been
published in Ref. [Fri21]. For this work I contributed in the design of the experiment,
in the data acquisition, and only marginally in the data analysis and in paper writing.

In Chapter 6, I will report on the first observation of the mediated polaron-polaron
interaction in the field of ultracold atoms. These results, which led to the pub-
lication manuscript (in the final stage of preparation at time of submission of the

present Thesis) in Ref. [Bar23], have been achieved by measuring the impurity con-



centration dependence of the Fermi polaron energy in the case of both bosonic and
fermionic impurities in an ultracold mixture of fermionic °Li and either bosonic 4K,
or fermionic 'K. For this work, the design of which is similar to the one presented

in Chapter 5, I took and analyzed all the data, and had a major role in paper writing.

I will finally conclude this Thesis by discussing possible future experiments that

are realizable in the near future in our laboratory.






CHAPTER

INTERACTIONS IN
ULTRACOLD ATOMIC GASES 2

One of the most interesting properties of ultracold atoms is the possibility to tune
the interactions between them almost at will, and to manipulate their internal and
external states. In order to understand how this is possible, in this Chapter, I will

review how they interact.

In Section 2.1, I will give a short summary of the theory of the scattering between
two particles at ultralow temperature (Section ), introduce the concept of mean
field with a simple example (Section ), and show how the scattering length can be
tuned via Feshbach resonances (Section ). In Section 2.2, I will discuss how atoms
interact with an external field, starting from the theory of a two-level atoms coupled
to a classical field (Section ), and concluding with introducing the powerful tool

of radio frequency spectroscopy (Section ).

2.1 SCATTERING THEORY AND FESHBACH RESONANCES

Feshbach resonances (FR) are a powerful and ubiquitous tool in ultracold atoms
experiments. Given their importance, I here recall their physical origin, starting with

some basic results of scattering theory. For a comprehensive description on scattering
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theory in ultracold atomic gases, in general, I refer the reader to [Wall9], and for

Feshbach resonances, in particular, to [Chil0; Kokl15].

2.1.1 Two-body scattering

In this Section, I will give a short introduction on the theory of the scattering
between two particles at ultralow temperature, following the description of Ref. [Mas14].

Ultracold atomic gases have low density and low temperature. Low density means
that the typical interparticle distance is much larger than the range of the interparticle
potential, of the order of the van der Waals length, r.qw < 100aq for alkali-alkali
interactions (ag being the Bohr radius) [Wall9]. We can then assume that only two
particles are involved in each interaction. Ultralow temperatures, together with the
fact that the interparticle potential is short-range, lead to the approximation that
only s-wave scattering is relevant.

Let’s consider the scattering between two particles of mass m and M, respectively.
Outside the scattering region, the scattering wave function of two scattering particles
is given by the superposition of the incident plane wave and the scattered wave
function:

eikr

(1) = e* 4 f(k) —. (2.1)

Here k is the relative momentum between the two particles, and f(k) is the s-wave

channel scattering amplitude, which for low momenta can be written as

1 1
Ckcotd+ik  1/a—regh?/2 + ik’

fk) = (2.2)

where ¢ is the scattering phase shift, which incorporates the effect of the whole po-

tential on the collision event. For ultracold s-wave collisions, this phase shift can be

10



2.1 Scattering theory and Feshbach resonances

written as

kcotd(k) = —1/a + regk®/2. (2.3)

This is an important result: For ultralow temperatures the scattering amplitude
depends only on the scattering length a and the effective range r.g. Remarkably,
different microscopic interactions can lead to the same scattering amplitude, allowing
for a description in terms of an effective interaction parameterized only by these two
parameters.

We can write the effective range in a more handy way by introducing the range
parameter R* as

R* = —req/2. (2.4)

For R* > 0, the scattering amplitude (2.2) admits a single pole for a > 0, which
describes a dimer with binding energy

h2

Ey— —
2m,.a?

(2.5)

where m, = n::—]\]{/l is the reduced mass of the two particles and a, = 2R*/ (\/m—
1). It is worth noting here that when R* < a we recover the universal dimer energy
E; = —h*/(2m,a?), while for R* > a we have E; = —h?/(2m,R*a).

When the scattering length diverges (Ja| — oo0) the scattering amplitude (2.2)
for k < 1/|R*| follows the universal law f(k) = i/k and does not depend on the

interaction: This regime is called the unitary regime.

2.1.2 Scattering length and mean field shift

A useful concept exploited in describing interacting ultracold atoms is the mean
field shift, which allows to reduce the problem of a particle weakling interacting with

many others to the one of a particle experiencing a shift due the potential generated

11
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by the others.

An instructive way to obtain this result is to use a refractive index approach, as
described in Ref. [Dal98] and presented in the following. Let’s assume to have a
cloud of atoms of mass m in the dilute regime (n|a|> < 1) and cold enough that only
s-wave scattering occurs. Let’s consider how a particle of mass M and momentum
hK # 0 parallel to z is scattered when crossing with a normal angle a slice of this
atomic cloud (Fig. 2.1). Let’s further assume that the atoms in the cloud remain at
rest during the process. This assumption, together with the diluteness of the cloud,
assures that we can treat independently each collision of the incident particle with
atoms from the cloud.

Kz The transmitted wave is a su-

The incident state is a plane wave ;(2) o ¢’
perposition of the incident wave and of all the scattered waves resulting from the

collisions:

() = 7 n/ J (k) eik%em@dgrs, (2.6)

Ir — rg
where the integration is performed over the slice of the atomic cloud ry = [z, ys, 25]
and k is the relative momentum between the two particles. This integral can be

exactly calculated and, at the first order in n and for z > d one has:

. 2
Y(2) = Ae'r? with A=1+41 Wknd

Fk) s T E0), (2.7)
We can interpret this phase shift as a modification 6 K of the wave vector of the
incident particle when the particle is inside the cloud slice:

5K:%?muwy (2.8)

This corresponds to a change of the kinetic energy of the particle equal to %Re[ f(k)].

That is, the incident particle sees a potential energy created by the cloud slice equal

12



2.1 Scattering theory and Feshbach resonances

n
: ® .. :
| o|° |
|W1' () |V/t
o> ° ° S —
| AN
| S VA
| . |
I I
<+“—>
d
Z:

Figure 2.1: Refractive index approach explanation of the mean field shift.
A particle of mass M and momentum K crosses a thin slice of a cloud of atoms of
mass m and density n. The transmitted wave v; is dephased with respect to the
incident one, v;, by a phase shift proportional to the scattering length a between
the particle and the atoms in the slice, which can be interpreted as resulting from a
potential energy exerted by the cloud slice onto the incident particle. Adapted from
Ref. [Dal89].

to

2w h*n

my

U=—

Re[f(k)]. (2.9)

We can now use the assumption of s-wave scattering to write f(k) LaN (—a™t —

ik)™!, and recover the familiar expression for the mean field potential in the case in

which the incident particle is distinguishable from the cloud atoms:

_ 2mh’n

my

U a. (2.10)

13



2 Interactions in ultracold atomic gases

In the case of a indistinguishable particle, the initial state given by Eq. (2.0) has

to be symmetrized, but the derivation is identical, leading to a mean field potential

_ Amh’n

my

U

a. (2.11)

From these results we see that while the particle travels through the cloud, its energy
is changed proportional to na, that is, the particle will experience a positive (negative)
shift in case of repulsive (attractive) interactions, and the magnitude of this shift will

be proportional to the density of atoms in the cloud.

2.1.3 Scattering length and Feshbach resonances

Feshbach resonances are an inestimable tool that allows control on the scattering
length, and thus on the interactions, between particles. While I refer the reader to
Refs. [Chil0; Kok15] for a detail explanation of FRs in ultracold gases, in this Section
I will briefly review the main concepts, mostly following Ref. [Chil0)].

The basic idea can be pictured with a two-channel model for the scattering pro-
cess between two particles, and is depicted in Fig. 2.2. We consider two molecular
potentials, Vis(R) and Vo(R), as functions of the interparticle distance R. Vig(R)
asymptotically connects to the two free particles and, for small collisional energy FE,
represents the open (or entrance) channel. Vi (R) represents the energetically for-
bidden closed channel, and can support bound molecular states with energy Fc(R)
close to the threshold of the open channel. If the bound state in the closed channel
energetically approaches the scattering state in the open channel, the colliding atoms
resonantly couple to this bound state and their scattering length diverges. This is
the mechanism behind the occurrence of FR. If there is no coupling between the two
channels, the existence of the bound state in the closed channel has no effect on the

scattering in the open channel. On the other hand, in the presence of small coupling,

14
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S repulsion
X
)
o {
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0 . . 0
nterparticle distance —
Interparticle dist R B-B,

Figure 2.2: Sketch of a Feshbach resonance. Left: Two-channel model for a
Feshbach resonance. When two atoms collide at energy E in the open channel they
resonantly couple to a molecular bound state of energy E,. in the closed channel. In
magnetic FR the energy difference AE between the two channels can be tuned thanks
to an external applied magnetic field B. Right: scattering length a (upper panel)
and molecular state energy (lower panel) vs the applied external magnetic field in the
vicinity of a FR. Adapted from [Chil0)].

the scattering length will be large and positive if the bound state in the closed channel
is just below the threshold of the continuum spectrum in the open channel, and large
and negative if it is above such threshold. Note that a weak coupling can be enough to
lead to a strong mixing between the two channels. If the two channels have different
magnetic moments (o # 0), the energy difference between them can be tuned by
applying an external magnetic field B, according to AE = Bdu. This tunability is
what makes FR particularly appealing: Simply applying an external field we are able
to tune the interactions between two atoms at will. Note that magnetic tunability
is not the only way in which the energy difference between the two channels can be

varied: Another powerful way is to use optical methods, which lead to optical FRs
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2 Interactions in ultracold atomic gases

[Fed96]. Ref. [Moe95] introduced a simple dependence between the scattering length
of the two colliding particles and the applied magnetic field:

A
a = Qpg <1 — B—BO> : (2.12)

where ap, is the off-resonant value of the scattering length associated with Vig(R),
By the center of the resonance, and A its width. Note that for B = B, the scattering
length diverges and we reach the unitarity limit.

When the two channel resonantly mix, an avoid crossing between the scattering and
the molecular states occurs, giving rise to two separated branches: A repulsive branch
in which the scattering atoms repel each other, and an energetically lower attractive
branch, in which the atoms are attracted between each other. This interaction grows
with approaching the center By of the FR, where the scattering length diverges and
a dressed molecular state occurs. For large positive values of the scattering length,
the binding energy of this dressed molecular state is given by

h2

B =
b 2m,a?

(2.13)

and depends quadratically on the magnetic detuning B — By, because of the strong
influence of the mixing of the channels. Away from the resonance center, in the region
where a > 0, the energy of the weak bound molecular state varies linearly with the
applied magnetic field with a slope given by du (see Fig. 2.2).

An important distinction between FRs is the one between broad, or open-channel
dominated, and narrow, or closed-channel dominated, FR. In the first case, the uni-
versal range persists for a large fraction of the resonance width, while in the second
only for a small fraction of it. This classification is not strict and different criteria can

be applied. As a rough categorization one can use the width A of the resonance as
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2.1 Scattering theory and Feshbach resonances

discriminating parameter, identifying broad resonances in case A > 1 G and narrow
ones in case A < 1 G. Since A is not the only relevant parameter describing a FR,
but also ans and dp play an important role, one can introduce a dimensionless para-
meter that contains this quantities to describe the resonance strength. In literature
there are different choices of such parameter [Bru04; Koh06; Chil0], and here we opt
for the range parameter R*, defined as [Pet04; Bru05]

h2

R=———.
2m, 0 papg A

(2.14)

If R* is small compared to ryqw, the resonance is called broad, vice versa, if R* is
larger than ryqw, the resonance is called narrow. Since in general |a| is of the same
order of ryqw, at a broad resonance the physics is universal, meaning that R* plays
a negligible role. If we go now in the specific of ultracold Fermions, since particles
collide with typical momenta of the order of the Fermi momentum kg, a new length
scale emerges in the system, 1/kp ~ n~Y3 to which we can compare R*. In this case
we have a broad resonance if kpR* < 1, and a narrow one if kpR* > 1 [Masl4].
With this definition, broad and narrow FR are distinguished by how their widths
compares with the typical atomic kinetic energy, the Fermi energy. From another
point of you, we can see that, approaching the resonance center, the scattering length
a first reaches the effective range in the case of a broad FR, while the atom spacing
in a narrow FR [Gur(7].

In the case in which the scattering process involves fermions, a useful way of quanti-
fying the interspecies interaction strength is by mean of the dimensionless interaction

parameter X, defined as

X=——\ (2.15)
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2 Interactions in ultracold atomic gases

2.2 ATOM-FIELD INTERACTIONS

In ultracold atoms experiments, we manipulate the internal atomic states mostly
via light and radio frequency (RF) fields. In order to understand how this is possible,
in this Section, I will review the basic principles of the interactions between an atom

and an electromagnetic field.

2.2.1 Two-level atom

Let’s start by developing the theory for a two-level atom coupled to a classical
light field. In the following, I will present the derivation presented in Refs. [Coh98a;
Lou00]. The two-level atom energy structure is illustrated in the left panel of Fig. 2.3.
The atom has a ground state |0) and an excited state |1), the two being coupled by an
electric dipole transition of frequency wgy. The atom interacts with a monochromatic
radiation field of frequency w, which can be detuned by an amount A = w — wqy from
the atomic transition. The goal is to know how the populations of the states |0) and
|1) vary with time due to the presence of the radiation field.

Before proceeding, I would like to point out that the two-level atom is not just a
mere abstraction used to simplify the problem, but it is indeed a very good approx-
imation when considering two adjacent hyperfine levels in alkali atoms. For example,
the two lowest hyperfine states of 'K at a field of 335 G are separated by E/h ~ 57
MHz, that is in the RF regime. Since in this case the momentum transferred to an
atom due to absorption is negligible, this RF transition can be modelled as a pure
spin-flip process. Moreover, since the lowest hyperfine state is the ground state we
can assume that this transition involves only these two levels, and we can treat this
problem as a non-interacting two-level system in presence of an external radiation
field.

Getting back to our derivation, the evolution of the system is described by the
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2.2 Atom-field interactions
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Figure 2.3: Two-level system. Left: sketch of the energy of the two levels separated
by the bare atomic transition wg and coupled by a field of frequency w detuned from
the bare transition by an amount A. Right: Rabi oscillations of the population of
the |1) state as a function of time for different values of the detuning A.

time-dependent Schrodinger equation

0

h—U = HU 2.16
or ’ (2.16)
with
W(r,t) = co(t) [0) + ey (t) [1) e 0! (2.17)
the atomic wave function and
H=Hy+V (2.18)

the Hamiltonian of the system. Here FIO is the unperturbed atom Hamiltonian, and
V = d - E describes the atom-light interaction, with d being the dipole moment
and E the external electric field, which for a plane wave can be written as £ =

¢Ey cos(kr —wt). With these assumptions, and using the rotating wave approximation
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2 Interactions in ultracold atomic gases

(A < w and Q < w), we can write two couple equations for the coefficients ¢y and

Cy:

den(t 1AL
z’hcdo—i) - cth*% (2.19)
L dei(t) e Al
ZhT = Cth B s

where we have introduced the Rabi frequency

Eo

Q:f

(1/d- |0y, (2.20)
describing the strength of the coupling between the atom and the electric field. It
depends on the polarization via the dipole matrix element between the two states,
and its value increases by increasing the intensity of the field. If we now assume
that the system was initially prepared in the state |0), we find that the probability
of finding the atom in the state |1) at a time ¢ is given by

02 Qefrt
2 _ o [ Sle
le1(D)]° = 0 sin ( 5 ), (2.21)

where Qeg = VQ2 + A? is the effective Rabi frequency.

In the right panel of Fig. 2.3, examples of the oscillations of the population in the
state |1) are reported for different values of the detuning A. We can see that only in
the resonant case, A = 0, we can have full transfer from one state to the other. The
shortest time at which this happens is at ¢ = 7/, and a pulse with this duration
is called a m-pulse. Analogously, we can define as m/2-pulse the shortest pulse that
transfers the atom initially prepared in |0) into an equal linear superposition of |0)
and |1).

In the presence of an oscillating electric field, the strongly coupled bare atom en-

20



2.2 Atom-field interactions

ergy eigenstates are shifted. In order to understand how, we can rewrite Eqgs. (2.19)

removing the explicit time dependence on the right hand side. In doing so, we define

the new coefficients ¢y = ¢y and & = c1e™®

! in terms of which Egs. (2.19) become

Ldeg(t)y . Q
B P 2.22
T T (2.22)
L deg(t 2L Q0
ih cllzg ) = coh§ — ¢ hA.
The Hamiltonian thus reads
. R0 Q
H== (2.23)
210 —2A
and, by diagonalise it, we can find that the eigenvalues are
h
o= <—A + V2T N) (2.24)
E = g (—A VST A2> :
and the new eigenstates are
|0) = sin 6 |0) + cos @ |1) (2.25)
1) = cosf|0) —sin@|1),
with cos20 = —A/Q.s. We can interpret these states, each of them being a super-

position of the |0) and |1) bare eigenstates, as if the bare atom would be dressed by

the radiation field.

From these results, we can see that the |0) and |1) states experience a shift that

depends on the detuning A, and has opposite sign for the two states, as depicted in
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2 Interactions in ultracold atomic gases

{AE
0) 0) JAE

Figure 2.4: Light shift of the ground state. When coupled with non resonant
light, the atomic states experience an up shift when the detuning is on the red side of
the atomic resonance (left panel), or a down shift for blue detuned light (right panel).
Adapted from Ref. [Coh98b].

Fig. 2.4. This is known as the light (or AC Stark) shift. Far from resonance, where
) < |Al, each state experiences a shift AE = @:, proportional to the field intensity.

I conclude this Section by underlining that here we didn’t consider a very important
part of the problem that is always present in the real world: spontaneous emission.
An elegant way to take this effect (and others) into account is to exploit a density
matriz formalism, which allows to write the evolution of the system in terms of Bloch
equations. Discussing such formalism is beyond the purpose of this introduction and

I refer the reader to Refs. [Coh98a; Lou00] for further information.

2.2.2 Radio frequency spectroscopy

We can now use what we have learnt in Section 2.2 to describe a vary powerful tool
used in order to record the energy spectrum of a sample: spectroscopy .
From energy conservation law, we know that the only possible frequencies emitted

or absorbed by an atom are the ones corresponding to the energy difference between

'Hybrid word composed by the Latin word spectrum, image, and the Greek word skopeo, I observe.

22



2.2 Atom-field interactions

pairs of the atom energy levels, that is hw = E, ;1 — E,. This implies that we can
use light as a tool to investigate atomic energies: This is at the base of spectroscopy.

In a many-body system we are mainly interested in the single particle excitation
spectrum, characterized by the spectral function A(k,w) which gives information on
the existence of single-particle excitations with frequency w and momentum k, and can
thus provide insight on possible quantum effects in the system. The spectral function
can be probed via different spectroscopies. In this Section, I will focus in particular on
RF spectroscopy, since this is a core technique for the experiments presented in this
Thesis, and I refer the reader to literature for discussion of other types, such as Raman
[Dao07; Dao09; Hu22], Bragg [Tor15], and lattice modulation [T6r15] spectroscopies.
The first proposal of applying this technique to ultracold atoms came in 2000 from
Ref. [T6r00] as a method to observe Cooper pairs in ultracold fermionic gases. The
idea is that, since the energy splitting between two hyperfine levels in most of the
species used in ultracold atoms experiments are of the order of tens of MHz, RF fields
can be used to drive transition between two levels in such systems. RF spectroscopy
is based on the fact that we can have maximum transfer only at resonance. By
scanning the frequency of the RF field, the energy spectrum of the system can be
probed recording the transferred fraction of atoms from one level to the other. If there
are no interactions, the transferred fraction will exhibit a strong enhancement close
to the bare transition frequency between the two levels. If interactions are present,
they will broaden and shift the resonance peak, giving rise to a more complicated RF
spectrum, which therefore provides information on interaction effects. There are some
properties of RF spectroscopy that are worth to be noticed [Ket08]: Since RF fields
have long wavelengths (A ~ 3m), the momentum transferred to the atoms is negligible,
moreover, since the RF fields are usually generated by antenna of dimensions ~ cm,
they are approximately constant over the size of the atomic sample, usually of the

order of hundreds of pum, so that the full cloud is fully addressed at the same time.
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2 Interactions in ultracold atomic gases

Theoretical details on spectroscopies in general, and RF spectroscopy in particular,
applied to ultracold Fermi gases are reviewed in [Tor15; Torl6.

Here I will discuss the general features of this tool, focusing on the problem, relev-
ant for this Thesis, of an impurity immersed in a bath with which it can interact. As
often is the case in ultracold atoms experiments, we can approximate such impurity
as a two-level system: one level, which we name |0), does not interact with the bath,
while the other, named |1), does. We can study this system via RF spectroscopy in
two different ways: We can start with the impurity in |0) and transfer it to |1), or,
vice versa, we can start with the impurity in |1) and transfer it to |0). These two

methods are depicted in Fig. 2.5. The first is called ejection (sometimes direct [Mas14]

o o 0 injectiony 0 o o

@ © @ ©
o A ejection O

© ©

Figure 2.5: Injection and ejection spectroscopy. In injection spectroscopy, an
impurity, initially in a state |0), non interacting with the bath, is brought in a state |1),
which is strongly interacting. In ejection spectroscopy, an impurity in the interacting
state |1), is driven to the not interacting state |0).

or standard [Sch18]) spectroscopy, and it used mainly to investigate the ground state
of the interacting system. This technique was used to study pairing phenomena in
the BCS-BEC crossover [Chi04; Shi07; Ste08], and the emergence of the attractive
polaron in an equal masses mixture [Sch09]. Moreover, in our laboratory, we exploit

this scheme to measure the center of the FRs, as described in Chapter 4.4.2. The
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2.2 Atom-field interactions

second method is called injection (sometimes indirect [Masl4] or reversed [Schl18])
spectroscopy, and it is particularly suitable to study states that are not the ground
state of the system, since the particles are transferred into a strongly interacting state,
probing the whole spectral function of the system [Mas14]. Thanks to this technique,
the repulsive polaron was observed and characterized in both mass imbalanced and
mass balanced systems [Koh12; Scal7]. Moreover, we applied this scheme in the
measurements presented in this Thesis. We investigated the properties of polarons
across a FR, and since they are not the ground state for a wide range of interac-
tions (see Chap. 3), the choice of the injection method was natural [Fri2l; Bar23].
Theoretically, if the initial system is in thermal equilibrium, these two schemes are
related to each other by a function of the free energies of the system with and without

interactions between the impurity and the bath [Liu20b; Liu20a].
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CHAPTER

POLARONS 3

Most of the problems in Physics lie in determining the behavior of bodies when
they interact among each others. While we are able to give a general solution for the
one- or two- body problems, the scenario becomes more and more complex the more
bodies are involved. For example, in condensed matter the number of interacting
particles considered is of the order of the Avogadro number, N ~ 10?3, The problem
of understanding how several particles behave when interacting among each others is
known as the many-body problem. While there is no general solution to this problem,
a plethora of approximation has been applied in different fields in order to address
specific issues. One of these is the renown Landau’s Fermi liquid theory, aimed to
handle the problem of many interacting fermions. The basic idea is to reduce the
behavior of one particle interacting with many (let’s call them the “bath”), to the
one of a free noninteracting particle, which we are able to solve. With this aim,
we can describe a particle interacting with all the particles of the bath as a free
quasi-particle made of the bare particle dressed by the excitations that it creates in
its surrounding. This new quasi-particle absorbs into itself the fact that the bare
particle plus the excitations of the surrounding has different properties with respect
to the non interacting one, for example a different effective mass m*. This concept,
introduced by L. Landau in the '30s [Lan33], had and has an invaluable role in the

developing of our understanding of many physical systems.
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An important example of quasi-particle in solid state physics is the exciton, a
bound state between an excited electron and a hole propagating in a semiconductor.
But the most famous quasi-particle is the polaron, originally introduced to describe
an electron moving in a metal: The interaction between the electron and the ions
of the lattice generates a displacement of the ions, resulting in a polarization cloud
that dresses the electron [Lan33]. In this case the impurity, the electron, is dressed
by phonos, that are bosonic excitations, and we call this a Bose polaron. Indeed the
polaron its named after the environment the impurity is embedded in, so Bose polaron
if the environment is bosonic, Fermi polaron if the environment is fermionic. While
the first has a direct comparison with solid state systems, the second can be viewed as
a paradigmatic realization of Landau’s quasi-particle concept, and it has historically
attracted more and more interest in understanding the BCS-BEC crossover and the
normal state of a polarized Fermi gas [Che06b; Lob06; Com07; Com08]. Moreover
the Fermi polaron plays a role, e.g, in the physics of semiconductors [Sid17; Mui22],
and in the study of neutron matter [Forl4; Vid21; Nak20].

The Fermi polaron is the object of this Thesis and this Chapter is devoted to sum-

marize its main properties and how to observe them.

In Section 3.1 I will give a general introduction to the Fermi polaron studies, in
Section 3.2 the properties of an isolated polaron are derived in a T'—matrix framework,
Section 3.3 is dedicated to the theoretical description of the mediated polaron-polaron
interactions emerging from Landau‘s Fermi liquid theory, and finally, in Section 3.4,

I will explain the main experimental techniques exploited to study polarons.
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3.1 Fermi polarons

3.1 FERMI POLARONS

Seminal experiments and theory works on polarized Fermi gases show that a trapped
polarized fermionic cloud forms a shell structure with a superfluid core where the two
spin densities are equal, and an outer shell composed by a normal gas with imbalanced
spin densities [Lob06; Che06a; Che06b; Sch09; Com08]. The Fermi polaron was then
introduced as a limit to describe the normal component occupying the outer shell of
the cloud: one impurity in a bath composed by polarized normal Fermi gas. So the
problem reduces to the study of the N + 1 system composed by N 1 particles from
the Fermi sea (F'S) and one | impurity.

In order to understand how this problem has been tackled, let’s consider N 1 particles
of mass m4 forming a FS with Fermi momentum kr and density ny = k3 /(67?), in
which an impurity | of mass m is embedded. To keep the description simple, let’s
assume that a mass ratio my/m; < 8.17, so that trimers, tetramers, and Efimovian
states are not present [Lanl4] . Moreover, let’s assume that the two species interact
via a broad Feshbach resonance (FR), where the scattering length a and the in-
teratomic distance between the 1 particles are much greater than the effective range
characterising the + — | interspecies interaction'. We can start to investigate this
system summarizing what we know about its ground state in vacuum, that is for
ny — 0, for different values of the scattering length a between the impurity and the
FS. If a < 0 the only state is the single impurity; if a > 0 there can be two states:

a single impurity and a dimer formed by the impurity and a particle from the FS.

LA discussion on broad and narrow resonances is presented in Chapter 2.1.3. Here we just note
that the main effect of having a narrow FR in the regime krR* > 1 is to shift the polaron-to-
molecule transition to negative values of the scattering length, whereas it is located at positive
scattering lengths in the zero-range limit kp R* — 0. The mass ratio and the effective range of
the resonance play an important role in determine the polaron-to-molecule transition. I refer
the reader to Refs. [Trel2; Masl4] for further theoretical details, and to Ref. [Nes20] for an
experimental observation.
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0.5

Figure 3.1: Energy spectrum of an impurity in a Fermi sea. The green line
represents the energy of the attractive polaron, F_, which is the ground state on
the BCS side of the resonance. For strong attraction (—1/(krpa) = 0.2), the ground
state becomes the molecule, described by the blue dotted line, E,,,. The metastable
repulsive polaron in depicted by the orange line, F.. The shaded area corresponds
to the molecule-hole continuum, which arises from the fact that a 1 particle with an
energy between 0 and Er can be removed from the FS and form a molecule. The
theory data, from Ref. [Mas20], correspond to the SLi-*'K mixture at the 335-G FR.

Let’s now increase the density ns of the F'S. For weak interactions the energy of the
considered states will be modified from its vacuum value by the mean field energy due
to the presence of the FS (see Chapter 2.1.2): In the BCS limit, for a < 0 and small,
the energy of the single impurity will be reduced, while in the BEC limit, for small
a > 0, both the single impurity and the dimer energy will be increased. Since these
states are well defined in vacuum, we expect their adiabatic continuations to remain
the ground state of the system (except for the unstable single impurity for a > 0).
Let’s do a step further and consider what happens if we now increase the interspecies

interactions beyond the mean field limit. In this strongly interacting regime the single
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impurity and the dimer will interact with the surrounding F'S, creating particle-hole
fluctuations. We will call the resulting few-body system dressed by fluctuations a
polaron or a molecule (a more proper term will be dressed dimeron and both can be
found in literature). In particular, the dressed state connecting to the single impurity
state in vacuum is called the attractive polaron on the BCS side of the resonance,
formed by the impurity attracting particles of the FS, or the repulsive polaron on
the BEC side of the resonance, formed by the impurity repelling particles of the F'S.
These states, together with the molecule-hole continuum arising from the fact that a
molecule can be formed by removing an 1 particle with any energy between 0 and Ff,
are depicted in Fig. 3.1 for the Li—*'K mixture in the proximity of a FR centered
around ~ 335 G. In addition of being a source of particle-hole pairs, the F'S blocks
the momentum of the 1 particles from going below hkg. These effects lead to the fact
that the energy of the impurity becomes a nonlinear function of kra and the effective
mass is shifted from its bare value. In summary, we can treat the impurity in a F'S
as a few-body state with particle-hole fluctuations whose vacuum nature is generally
preserved, but whose properties are quantitatively shifted from the vacuum values
[Lan14].

An elegant description of the ground state of the N + 1 system was proposed
by Chevy in Ref. [Che06b] using a variational approach. Inspired by first order
perturbation theory, he assumed the variational wave function for the system of a

single impurity with momentum p immersed in a homogeneous FS to be of the form
k>kp

V) = (Gbciw + Z ¢kqCL+q—k¢CLT CqT) [F'S), (3.1)
q<kp

where ¢f,, creates an impurity (0 =|) or an atom of the FS (¢ =1) with momentum p,

and |FS) denotes the unperturbed FS. The ¢s coefficients are varied in order to min-
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Figure 3.2: Polaron and molecule ansatze. Here we consider one particle-hole
fluctuation and total momentum p = 0. Adapted from Ref. [Lanl4].

imize the energy in a gran canonical ensemble. Eq. (3.1) describes the modification
of the unperturbed FS wave function due to the inclusion of one particle-hole fluc-
tuation. Even though this model is fairly simple, considering only one particle-hole
excitation, its results fit pretty nicely with experimental observations [Sch09; Koh12;
Fri21] due to the almost exact cancellation of a large set of high-order Feynman dia-
grams [Com08; Lanl4]. T want to note here that Eq. (3.1) was obtained requiring
a constant number of 1 particles, and has the limit of not properly describing the
molecular state. This can be solved by adding more particle-holes pairs with some
specific constrains [Mor(09; Lan14], but this approach is rather cumbersome and one
can obviate to this by writing an analogous ansatz for the molecular state, allowing

for the number of particles in the F'S to change [Pun09; Lan14]:

kk'>kp
|w> — (Z ¢ch—k¢CLT + Z ¢kk'qCL—k—k’¢CL’TCLTCQT> |FSN_1>. (32)

k>kp q<kr
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These two ansatze, graphically summarized in Fig. 3.2, if allowed to be expanded
to an arbitrary number of particle-hole pairs, are equivalent in describing the ground
state of the system, as explained in Ref. [Lanl4].

What discussed until now is valid for the ground state of the system (the attractive
polaron or the molecule) and in the case of a broad FR. An extension of this model
describing the metastable repulsive polaron is presented in Ref. [Masll], and an
extension to narrow resonances can be found in Refs. [Trel2; Qil12]. Some of these

results are summarized in Section 3.2.

3.2 PROPERTIES OF ISOLATED POLARONS

In this Section, I will derive the properties of a single impurity | forming a polaron
in F'S sea of 1 particles. In such derivation I will follow a diagrammatic approach, as

presented in Ref. [Fri21].

3.2.1 Energy, effective mass and polaron residue

The minimization of the energy based on the variational ansatz (3.1) yields an
identical result to the diagrammatic calculation within the “ladder” (or “forward-
scattering”) approximation [Com07], but the latter, once properly analytically con-
tinued [Mas11], allows also to investigate the properties of the repulsive branch, and
eventually the effects of non-zero temperature, in a straightforward way. The re-
tarded self-energy of a single impurity of mass m;, with momentum p and energy

w in a Fermi sea of particles with mass my reads (here and in the following, if not

33



3 Polarons

otherwise specified, we set h = kg = 1)

S(p,w) =Y fa)T(P + a,w + Eqr) (33)
f(&at)
- Z m 1—fT(§k¢) 2m,. (3.4)

Y
O m — 2 [w—(€p+q—k¢+€m—fq¢)+i0+ T ]

where f(x) = 1/[exp(fBx) + 1] is the Fermi function at inverse temperature 3, and
T(P,Q) is the T-matrix describing the scattering of an 1| pair of atoms with total
momentum P and total energy €). Here we have introduced the kinetic energy of a o
atom measured with respect to the chemical potential &xy = €xo — e = k2 /2my — o,

the reduced mass m, = mym /(ms + m,), and the energy-dependent quantity

1
:5+mﬁ, (3.5)

where k, = \/2m,[w — K2/(2M) + Er] (with K = |p+ q| and M = m; + m,)
is the relative momentum of the colliding pair, and Efr is the Fermi energy of the
homogeneous FS. Since we consider the properties of a single | particle, we have set
its chemical potential to zero.

The Green’s function of the impurity reads

1
G, (p,w) = —. 3.6
Hp,w) w— €p, — 2(p,w) + 04 (3:6)
Its spectral function A = —2Im|[G)] features two branches of excitations, one at

negative and one at positive energies. In the vicinity of these sharp excitations, the

Green’s function at small momenta may be approximated as

Z
G¢(p,w) ~ 2 :t . (37)
w—FEy — 2my @Z:I:Im[z(p7 E:I:)}
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Figure 3.3: Polaron residue and effective mass. Theory data, from Ref. [Mas20],
are for the °Li-*'K mixture at the 335-G FR.

The energy of an attractive (—) polaron at zero momentum, p = 0, is the purely real

solution at negative energies of
E_=%(0,E_), (3.8)

while the energy of the repulsive (+) zero momentum polaron is the positive energy

solution of

E. =Re[2(0, E,)). (3.9)

The energies of the attractive and repulsive polaron are reported in Fig. 3.1 for the
case of the SLi-*'K mixture close to a FR centered around 335 G.

An important quantity describing the polaron is its residue, Z, which represents the
overlap between the quasi-particle and the bare particle states. In the ansatz (3.1),

Z corresponds to |¢|?, and in terms of the self energy it can be defined as

1
1 —Re[0,2(0,w = E4)]’

Zy (3.10)

As we previously pointed out, the polaron can be described by a free particle with
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a different, effective mass. This is given by

. my /2
T T T Rel0,,, 50, Bx)] (3.11)

These quantities are reported in Fig. 3.3 in the case of the °Li-*'K mixture at 335 G.
The energy, residue, and effective mass obtained from this theory compare very well
with both MC simulations and experiments [Pro08; Sch09; Nas09; Kohl2; Kosl2;
ScalT].

Turning now to the properties of the molecules, their energies can be computed
from the Ansatz (3.2), describing a bare molecule dressed by particle-hole excitations

in the bath [Mor09; Pun09; Com10; Mas12; Trel2; Qil2].

3.2.2 Polaron decay

The repulsive polaron is unstable towards decay into lower-lying excitations, but
it remains a well-defined quasi-particle as long as its decay rate I' is small [Brul0;
Mas11; Koh12; Scal7]. The population decay rate for the two-body process, leading

a polaron to decay into free particles (pf), is given by
Tpp = =22, 1m[S(0, B)], (3.12)

where ¥ is defined in Eq. (S.16) of Ref. [Scal7]. The competing process, leading a

polaron to decay onto a dressed molecule, is instead given by [Koh12]

_6kra g gy () ()
45m3 2T my my +my

EF )5/2 a
x Er, 3.13
(E+—EM a*/1+4R*/a* F ( )
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3.3 Mediated polaron-polaron interaction

where E); is the energy of a dressed molecule, and a* = v/2m,. E, is the typical size
of a vacuum dimer at a narrow resonance.
In the extreme BEC limit, where bath effects become negligible, and in presence

of a broad resonance, the three-body recombination proceeds at a rate [Pet03]
. = gT 2
3= (—)anj. (3.14)

Here, € is the average kinetic energy of majority atoms, € is the binding energy of
the 1) dimer, and « is a constant which for mass ratio between Li and K takes the

value
h5

3.2°
mTe

ar = 2.57 (3.15)

3.3 MEDIATED POLARON-POLARON INTERACTION

Now that we have learnt about the properties of an isolated polaron, we can turn
our attention to what happens in the case of a finite density of polarons. This sec-
tion is dedicated to the theoretical description of the mediated interaction between
two polarons. We use the term “mediated” to describe an interaction between two
particles, in our case two polarons, due to the two-body interaction of these with
a third particle, in our case one particle of the FS. On a general ground, mediated
interactions between particles are always attractive, regardless the interparticle in-
teractions being attractive or repulsive. In a trap, this can be understood with an
intuitive picture involving three particles: let’s assume that we have two particles, A1l
and A2, which don’t interact between each others but they do, equally, with a third
particle, B. If A1 and A2 experience the same attraction towards B, they will end up
both closer to B and then closer to each other, effectively experiencing an attractive

interaction. On the other hand, if they experience the same repulsion away from B,
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they will try to repel B and will end up closer to each other, thus experiencing again
an effectively attractive interaction. For quantum particles this argument is true in
the case of A1 and A2 being bosonic particles. Mathematically this effect results from
an exchange term in the interaction energy. Thus one can then see that for fermionic
particles there is a sign inversion due to Pauli principle, leading to the opposite result:
In this case the mediated interaction is always repulsive [Yul2]. In the following, I
will summarize the main results concerning the mediated polaron-polaron interaction
as it emerges from Landau‘s Fermi liquid theory. Note, however, that the theoretical
landscape brims with works that go beyond this (e.g., Refs. [Girl2; Taj18; Hulg]).
I decided to limit the discussion to this description because of its simplicity and be-
cause it can explain, to a large extent, our experimental observations, as we will see
in Chapter 6.

Before discussing in more detail the theory underling the mediated polaron-polaron
interaction in the next Section, here the main result of the Landau’s Fermi liquid
theory concerning this problem is reported. By adding impurities to the system,
the polaron energy shift per impurity depends on the interaction strength between
the impurities and the bath, described by the dimensionless interaction parameter
X (defined in Eq. (2.15)), and the impurity concentration C, defined as the ratio
between the impurity and the bath number densities n|/ns, and can be written as

[Fri21; Yul2; Sca22]

AE(X,C)=E/(X)F %(AN(X))QC Er +MF (3.16)

The first term, £, is the single impurity polaron energy and depends only on
the interaction strength between the impurities and the bath. The second term
accounts for interactions between two polarons mediated by particles of the bath. It

is linear in the impurity concentration and depends on X via AN, the number of
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3.3 Mediated polaron-polaron interaction

bath particles in the dressing cloud of the impurity (defined in Eq. (3.19) later in the
text). The last term, M F, stands for the mean field shift generated by the presence
of the other impurities. The — (+) sign corresponds to bosonic (fermionic) impurities
[Mor10; Yul2], and highlights the fact that mediated interactions are always attractive

(repulsive).

3.3.1 Landau Fermi liquid theory for polaron-polaron interactions

In this Section, a formal derivation of Eq. (3.16), as presented in Ref. [Fri21], is
given. Since the derivation in the case of thermal bosonic and fermionic impurities
is equivalent apart for an overall sign change [Yul2], for readability, in the following
only the case of bosonic impurities is treated.

Within Fermi liquid theory [Morl0; YulO; Yul2], the total energy density of a gas

containing N; < N; impurities in a large sea of N; ideal fermions may be written as
3 1,
8<TLT,’I7,¢) = EEFHT+E¢H¢+ §fn¢ (317)

The first term in this expression represents the energy of the unperturbed FS, the
second is the contribution of isolated polarons, and the third is the polaron-polaron
interaction.

The effective interaction f between Landau quasi-particles contains two contribu-
tions: f = g, + fx. The first one is the direct (or mean-field) interaction, g, =
4h?ayy/my, where ay is the scattering length between bare impurities. The second
term, instead, describes an exchange contribution, mediated by particle-hole excit-
ations in the FS. At T' = 0, this induced interaction between bosonic impurities is

given by [Yul2]

fo=— , (3.18)
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Here N = ;EL; is the density of states at the Fermi energy, and AN is the number of

particles in the dressing cloud of a polaron, given by [Mas11]

5%) (@M) oy
=— | = et N ———, 3.19
[t (0n¢ ny / 8n¢ ny 8EF ( )

In the last step, we have exploided the fact that yy ~ Ep. AN is obtained from a

thermodynamical argument requiring that the density of the F'S far from the impurity
does not change when adding the impurity [Mas11]. We see that less than one particle
of the bath is dressing the impurity, and that this number is positive for the attractive
branch, indicating that particles from the bath are attracted to the impurity, and

negative for the repulsive branch, indicating repulsion, as depicted in Fig. 3.4.
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Figure 3.4: Number of particles in the dressing cloud, AN. The data are
obtained from numerical calculation in the case of the °Li- K mixture at the 335-G
FR [Mas20].

We can derive Eq. (3.18), following the lines of Ref. [Yul2]. Within Landau theory,
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3.3 Mediated polaron-polaron interaction

a T particle and a | polaron interact with a coupling constant g, given by

0?E oLy
= = ) 3.20
g anT8n¢ 8n¢ ( )
To second order in gy, the polaron-polaron interaction is then given by
2 (1 forra) (1 + Sy o) o
2 Yx p++q p,—a//py Jps
£@ = -5 > , (3.21)

2 2
(prt+a)?® | (Py—@)® _ Py _ P}
P1PLA "~ om, 2m} 2m}  2mg

where f(® indicates Bose functions since we are assuming a bosonic impurity. The

exchange contribution to Landau’s polaron-polaron interaction can be calculated from

this as
52£@2)
x= (3.22)
0fp; 0fp,—q
where both p; and q are vanishingly small. This gives
2
g fi Pt f P++d 2
x = — 75 == y 323
b1 2my 2my— g—0

where Y is the so-called Lindhard function. At zero temperature, y equals the density

P 3 )
I — 2 and we obtain

of states at the Fermi surface N' = 9 — 2Br

f__gzN__(%)z%__ . O
X T X - - a
ony ) Opr <6_m) ony

(AN)’
7

(3.24)

In the last step we have used (g—;)Z (%)w (%)y =—1.

When the impurities are fermionic, an almost identical calculation leads to fy ) =
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— fx. Physically, this can be understood in terms of the Pauli repulsion between
identical fermions or, alternatively, considering that the effective interaction involves
the exchange of the impurities, which leads to a sign change for fermions as com-
pared to bosons [Morl0; Yul0O; Yul2; Caml8a]. The Landau interaction f between
impurities is finally given by

2
f= qE(Aji/V) + 945 (3.25)

where the different sign, as already mentioned, corresponds to different impurity
statistics: — in case of bosonic, and + in the case of fermionic impurities. Note that
the Landau polaron-polaron induced interaction (which is the first term in the latter
expression) is always attractive for bosonic impurities (and repulsive for fermionic
ones), irrespective of whether the impurity-bath interaction is attractive or repulsive.

Introducing the impurity concentration C = n/n4, the increase of the energy of

the gas when adding one impurity can be written as

o€

2
o= 5= E, ¥ Z(AN)*C Ep + gin,. (3.26)
m 3

In RF injection, we are gradually increasing the number of impurities, and therefore

the polaron-polaron interactions. Taking a simple average, one gets

Y
=y [ mON)aN] = A, (3.27)
1Jo
where AF is the energy shift per impurity

E_3E 1

m 2

As an additional note, I want to point out that in case of degenerate fermionic
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impurities, there are additional terms coming from the fact that the impurities will
form their own F'S [Gir12], and that their kinetic energy will not be negligible. These
terms can be sizable enough to mask the effect of mediated polaron-polaron interac-
tions. In Ref. [Scal7] one of these effects was exploited for measuring the effective

mass of the polaron in a RF spectroscopy experiment.

3.4 PROBING THE POLARON

In this Section, I want to summarize the theoretical results for the main quantities
describing the Fermi polaron, and give a list of some experimental observation of
them. In Table 3.1, I summarize the main property of the Fermi polaron, their the-
oretical description, the main experimental techniques exploited to study them, and
a (not exhaustive) list of references where such techniques were used. Here I focus
only on the Fermi polaron in three dimension. The role of dimensionality is very in-
teresting but beyond the scope of this summary, and I refer the reader to Ref. [Taj21]
for further details. In addiction to the quantities discussed in Section 3.2 and Sec-

tion 3.3, the reader can find information about the Tan contact [Sca22]. Moreover,

the experimental observation of the fast dynamics of the polaron is reported.
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Table 3.1: Polaron proprieties, their relation to the self energy and some
experimental observations. In the experimental technique column, ”spect.” stays

for spectrosco ”osci.” for oscillations, ”in situ” for in situ density measurements
) ) )
and ”interf.” for interferometry.

Polaron property Relation to self energy  Exp. technique Refs
Energy ) )
(zero momentum) EL = Re[%(0, EL)] RF spect. [Sch09; Koh12; Scal7; Yanl9; Fri21; Bar23]
Energy
(momentum resolved) Ei = Re[X(p, E1)] Raman spect. [Nes20]
RF spect. [Sch09]
e e o
Effective mass £ 7 1+Re[0c,,2(0,B2)] in situ ‘ [SIHVM]}
RF spect. [Koh12; Scal7; Yan19; Fri21]
Decay [ -220S0.5)] gt i s
. _ on Y
in dliasﬁrll(gecsloud ANE o o e in situ [Yan19]
P(.)laron.—polarm.l fo=7F % Avf\ﬂ B RF sp§ct. [Fri21; Bgr23]
mediated interaction T (Ramsey interf.) ([Cet16])
Contact C=Sm T Raman spet. e
Fast dynamics Ramsey interf. [Cet16]
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CHAPTER

FeLi(Bo)Kx 4

In this Chapter, I want to introduce FeLi(Bo)Kx, the laboratory in which I spent
my PhD years. Moreover, I will give some technical details that will be useful for the
discussion of the main experimental results presented in Chapter 5 and Chapter 6. As
most of the experimentalists know pretty well, a laboratory is more than just a room
with fancy devices you exploit to make your own research. A lab is an ecosystem of
tools, instruments, appliances, etc., all interconnected to create an efficient organism,
together with which you investigate Nature. This organism needs attention and care,
and at the end you will perceive it as a living entity. All the people that worked with
it during the years left a deep sign that you can feel, so that the actual working team
is much bigger than the couple of PhD students present in the room at the moment.
For these reasons, in the following I will refer to this laboratory as if it was a sentient

creature, FeLi(Bo)Kx, and in discussing the work in the laboratory I will use “we”.

I will start with a short historical overview in Section 4.1. I will then introduce
the atomic species we work with in Section 4.2. In Section 4.3, I will give a suc-
cinct presentation of the experimental apparatus, and describe how we create radio
frequency fields, the most important tool with which we address and investigate our
systems. Finally, in Section 4.4, I will describe the preparation and characterization

of the two heteronuclear mixtures with which the experiments presented in this Thesis
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were performed.

4.1 FelLi(Bo)Kx DURING THE YEARS

FeLi(Bo)Kx stands for Fermionic Lithium, Kalium (potassium)', that can be
either fermionic or Bosonic, and another additional species, x. The last term arises
from the possibility to add another species to our experiment thanks to the pres-
ence of a three-species oven [Wil09], but the physics of two-species mixture is rich
enough that this feature was never exploited. This experiment, built in the first
decade of 2000, was one of the first creating a heteronuclear Fermi-Fermi (FF) mix-
ture. At the time of its design, homonuclear fermionic spin mixtures of both lithium
and potassium were an established tool for exploring strongly interacting Fermi gases
[Ing08], and Feshbach resonances (FR) in heteronuclear mixtures of fermions and bo-
sons were observed in SLi-?*Na [Sta04] and 5"Rb-*°K [Ino04]. In this context, the
purpose of FeLiKx was to create an environment for exploring a strongly interacting
mass-imbalanced heteronuclear Fermi-Fermi system. After the characterization of
this system and its FRs [Wil08; Spi09; Naill; Spil0; Trell], FeLiKx started to study
the problem of a fermionic impurity in a Fermi sea (F'S). This line of research led to the
first observation of the repulsive Fermi polaron [[Koh12], the study of the decoherence
of the impurity in the FS [Cet15], and the investigation of the dynamics of the polaron
formation [Cet16]. The next goal was then to observe mediated polaron-polaron inter-
action. Since such interaction depends on the concentration of the impurities, FeLiKx
thought of becoming FeLi(Bo)Kx, adding the possibility to switch between fermionic

and bosonic impurities. Indeed the concentration of bosonic impurities is easier to

!The English name for the element potassium comes from the word potash, which refers to an
early method of extracting various potassium salts: placing in a pot the ash of burnt wood or
tree leaves, adding water, heating, and evaporating the solution. The symbol K stems from kali,
itself from the root word alkali, which in turn comes from Arabic: al-qalyah 'plant ashes’. (from
https://en.wikipedia.org/wiki/Potassium).
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4.2 Why Li and K

increase, not being constrained by the Pauli principle. The existing setup was thus
modified in order to be able to trap the bosonic isotope of potassium *'K. The details
of such modification can be found in Rianne S. Lous’ PhD thesis [Loul8a]. During
the characterization of this new Fermi-Bose (FB) mixture, FeLi(Bo)Kx exploited the
most striking feature of bosonic particles, Bose-Einstein condensation, developing a
new technique for measuring the temperature of a degenerate FS in which a BEC is
embedded [Loul7], observing how the BEC phase-separate from the FS [Loul8b] and
probing its breathing mode [Hual9]. Then FeLi(Bo)Kx started to feel its age. This is
the point at which I joined the team. It took almost two years of constant repairing
in order to rejuvenate FeLi(Bo)Kx. Those were really dark and frustrating days, but
after all the struggling we finally got our first results on the characterization of the
polaron in a FB mixture of °Li and *'K [Fri21], presented in Chapter 5, and the first
observation of mediated polaron-polaron interactions in both a FB and a FF mixture

[Bar23], presented in Chapter 6.

4.2 WHY Li AND K

In our system, we use the fermionic isotope of lithium, %Li, and either the bosonic
4K, or the fermionic *°K isotope of potassium, obtaining either a FB or a FF mixture,
respectively. Li and K are of particular interest because they are the only alkali metals
presenting both natural fermionic and bosonic isotopes. Their mass imbalance is such
that it allows to investigate interesting physics, e.g. polarons [Koh12; Cet16; Fri2l;
Bar23], (Feshbach) molecules [Voi09; Rid11; Jagl6; Yan20b], the BCS-BEC crossover
[Yi06; Mac05], and exotic superfluid phases [Baal3]. Another peculiar feature is the
relatively different optical polarizabilities at 1064 nm: In our optical dipole trap, their
ratio is ak /ap; &~ 2 [Tanl0; Saf13]. This leads to a roughly two times deeper optical

potential for K with respect to Li. Combining this trapping effect with the mass
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imbalance, we can see that the two species can be cooled to a point where either both
K and Li, or only Li atoms are degenerate, allowing for investigating the effect of
the degeneracy of the impurities in a F'S. The similar features of the FRs for our FB
and FF mixtures (see Sec. 1.1.2) allows for a direct comparison of the effects of the
impurity statistics. For the FRs considered, all the unwanted scattering length are
negligible (see Tab. 1.4 and Tab. 4.5). Last but not least, as already mentioned, at
the time of the designing of the experiment, the techniques for trapping, cooling (to
degeneracy), and manipulating the fermionic isotopes of Li and K were already well
established.

Apart from Feli(Bo)Kx, up to my knowledge, there are five other experiments that
work, or have worked, with Li-K mixtures. In the group of K. Dieckmann, previously
in Munich and now in Singapore, they successfully brought a SLi-*K mixture to
degeneracy thanks to sympathetically cooling with ’Rb [Tag08], and they are now
creating rotovibrational ground state molecules to study the resulting dipolar gas
[Voi09; Yan20b; Bot22]. In Amsterdam, the group of J. Walraven, now not operating
anymore, characterized some of the °Li-**K FR resonances [Tiel0]. M. Zwierlein and
collaborators, in Boston, cooled down to degeneracy a SLi-**K-*'K mixture, where
41K was the coolant, and observed FRs between °Li and 'K, and between “°K and
UK [Wull]. In the laboratory of F. Chevy and C. Salomon in Paris, they simul-
taneous sub-Doppler laser cooled °Li and *°K using D1 optical transitions [Siel5],
they observed the formation of electronically excited heteronuclear SLi**K* molecules
[Rid11], they investigated the quasi-thermalization of the mixture in absence of in-
teractions, and proposed a novel approach to analogically simulate Weyl particles
[Suc16]. In Hefei, J. Pan and coworkers created a mixture of °Li and *'K [Wul7],
studied its s- and p- interspecies FRs and the intraspecies d- FRs in “'K [Liu18], and
investigated the double superfluidity of the Bose-Fermi mixture [Yaol6; Wul8]. Up

to now, FeLi(Bo)Kx is the only experiment that allows to switch between the two
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potassium isotopes “°K and *'K, allowing the investigation of the effect of quantum

statistics in two different, yet very similar, systems.

43 EXPERIMENTAL SETUP

We use an all-optical approach [Spil0] to prepare our system in a 1064-nm crossed-
beam optical dipole trap (CODT), where atoms are trapped, cooled and manipulated
thanks to magnetic field coils and radio frequency (RF) antennas. Thanks to a
dual-species oven”, we are able to prepare either FB or FF mixtures of lithium and
potassium. Details on the preparation of such mixtures are presented in Sec. 4.4.
While I refer to the PhD theses of Erich Wille [Wil09], for a description of the general
experimental setup, and of Rianne S. Lous [Loul8a], for the technical implementation
of the *'K isotope, I would like to stress here that in our setup we can switch between
the two potassium isotopes, *K and %K, in a few minutes, allowing for a handy

investigation of the two different systems.

4.3.1 Liand K spin states

In this section I present the °Li, 'K and “°K hyperfine spin states used in the
experiment. These are listed in Tab. 4.1 and depicted in Fig. 4.1. In describing
the experiments, in order to have a unified wording while describing the FB and FF
experiments, I will refer to °Li|1) simply as Li, and use the notation KO and K1 for
the non interacting and interacting state of K, regardless the isotope involved. A
third spin state of K is used in the preparation of the sample, as discussed later in

Section 4.4.1, and I will refer to this as K,,., again regardless the K isotope involved.

2 As already mentioned, designed for three species but used for two.
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Table 4.1: °Li, K, and “°K hyperfine states used in the experiments. The
labeling is done counting from the lowest hyperfine (HF) state. Conv. refers to the
conventional nomenclature used in this Thesis.

Conv. HF state F mp | Conv. HF state F  mp | Conv. HF state F mg
Li °Li|1) /2 1/2 K1 HK 1) 1 1 Kane UK 9/2 —9/2
1
1

SLij2)  1/2 —1/2| KO  4K|2) KO  “K[2) 9/2 —7/2
SLij3)  3/2 —3/2 | Kue YK|3) ~1] K1  %K|3) 9/2 —5/2
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Figure 4.1: Magnetic field dependence of the ground states of °Li, K, and
40K.

4.3.2 Radio frequency control in FeLi(Bo)Kx

In our experiment, the separation between two consecutive hyperfine states of in-
terest is of tens of MHz (Fig. 4.1), which can be easily covered by a RF field. Because
of this, RF fields are the main tool that we exploit to address different spin states.
Moreover, RF spectroscopy is the principal technique used in the measurements de-
scribed in this Thesis. For these reasons, I want to dedicate this Section to a brief
discussion of how we generate RF fields in FeLi(Bo)Kx. For a general introduction, I
refer the reader to Chapter 2.2 for a discussion about atom-light interaction and RF
spectroscopy.

We create RF fields with antennas consisting of copper wires soldered to BNC con-
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Table 4.2: Antennas used in FeLi(Bo)Kx. The corresponding frequencies, state
transitions, magnetic fields at which they are exploited, and their applications in the
experiment are summarized.

Antenna Frequency (MHz) Transition Field (G) Application
Li switchable 83.8 Li|2) — Li|3) 585 zero crossing of Li|2) — Li|3) FR

74.3 Li[1) — Li|2) 335 LiK FR
65.8 UK |3) =1 K2) 335 prepare K in 11K |2)

aK 57.9 K |2) 5UK|1) 335 LiK FR
57.9 Li|l) — Li|2) 92.2 change Li spin ratio

K 36.9 WK 1) =10 K|2) 155 prepare K in K |2)
38.6 WK [2) =10 K|3) 155 Li-K FR

nectors, furthermore capacitors are added in order to tune the resonance frequency of
the antennas and match their impedance. The antennas transmit the signal supplied
from an RF generator, and this signal can be amplified at need. In Table 1.2, the
possible frequencies available in our system, and the hyperfine transitions they cor-
respond to are listed. In our setup there is a fixed antenna, called here Li switchable
antenna, which mainly addresses different Li hyperfine states. The name switchable
comes from the fact that a relay is used to switch between two pairs of capacitors, in
order to obtain two different resonant frequencies. In addition to this, there is either
a 'K or a K antenna, which mainly addresses the *'K or “°K states at magnetic
fields close to the respective FR with Li.

We can generated two different types of pulses: a rectangular or a Blackman shaped
pulse, as depicted in Fig. 4.2. The first is the simplest form of RF pulse, and it is
generated by applying a sinusoidal signal Ag(t) = Asin(27rvret), for a duration mrp.
If we consider its power spectrum, obtained from its Fourier transformation, we notice
that this signal is not monochromatic, presenting two distinct side lobes typical of a
sinc function. If used in RF spectroscopy, this pulse could thus excite multiple states,
leading to a misinterpretation of the resulting spectroscopic signal. To obviate to this

issue, we use instead a Blackman pulse, defined as
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Time domain Frequency domain

—— Rectangular

—— Blackman
TRF

A
v

Figure 4.2: Rectangular vs Blackman pulse. Comparison between the two pulse
shapes exploited in our experiment. Left: Pulses in the time domain. Right: Power
spectrum of the pulses in the frequency domain, obtained from a Fourier transform-
ation. The power spectrum of the BM pulse results in a monochromatic but broader
signal with respect to the rectangular pulse.

t t
Apm(t) = [0.42 — 0.5 cos <27T—) + 0.08 cos <47T—)] sin (27vRpt). (4.1)
TRF TRF

From Fig. 1.2 we can see that, while this pulse shape results in a monochromatic
signal in the frequency domain, its width is larger than the one obtained from the
rectangular pulse. This means that for the same pulse length the BM pulse will
provide a worse spectral resolution. Apart from spectral resolution, it is sometimes
important to transfer atoms from one state to an other in the shortest possible time.
This time is limited by the power of the RF generator, and we can see that, for the

same power, the rectangular pulse is faster than the BM pulse. For example, to drive
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the bare 57 MHz K0 — K1 transition for the *'K isotope, we use a 100 W RF amplifier,
and we obtain a minimum duration for a m—pulse of 7, ~ 52 us for a rectangular,
and 7, ~ 78 us for a BM pulse. To summarise, we exploit the monochromaticity of
the BM pulse to investigate unknown systems via RF spectroscopy, while we take
advantage of the fastness of the rectangular pulse when we need to interrogate the

system in a short time, for example because of fast loss processes.

4.4 FF AND FB MIXTURES IN FeLi(Bo)Kx

In this Section, I will give some technical details on the FB and FF mixtures with
which we performed the experiments presented in Chapter 5 and Chapter 6. I will
discuss how we prepare and characterize the samples, and how we determine the

center of the FRs exploited.

4.4.1 Preparation, detection and characterization of the samples

The preparation of our sample is very similar for the two cases of the FB and
the FF mixtures, thus, I will present here a unified description of the two. The
Li and K atoms are first loaded from a Zeeman-slowed atomic beam into a dual-
species magneto-optical trap and then transferred into a single-beam optical dipole
trap (SODT), which is derived from a 200-W fiber laser at a wavelength of 1070 nm.
During the transfer process we apply grey-molasses cooling on the D1 line of Li, which
reduces the temperature to about 50 K and polarizes the majority of Li atoms into
the lowest hyperfine spin state 5Li [1) [Burl4; Fril5]. Mixing the lowest two spin states
with a resonant RF, we then produce a 50/50 mixture of Li atoms in the lowest two
states Li|1) and °Li|2). We keep the sample for a time of typically 0.5s (3s) in the
FB (FF) case, in which spin relaxation induced by interspecies collisions polarizes the

K atoms into the state K,y [Spil0; Loul7]. This spin relaxation process is optimized
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at a magnetic field of ~200G for 'K and ~15G for 4°K.

Evaporative cooling is then implemented by ramping the power of the SODT down
to zero while ramping down the power of a crossed optical dipole trap (CODT),
which is turned on at maximum power together with the SODT at the loading stage.
The ramp is performed in ~ 5s and a wait time of 1 s is added to reach thermal
equilibrium between the two species. During the evaporation stage the K atom are
sympathetically cooled by the Li atoms, which are in a mixture of Li|1) and °Li |3)
states (obtained after a further RF transfer of atoms from ®Li|2) to SLi|3)) at 485
G for the FB case, and in a mixture of °Li|1) and °Li |2) states at 923 G for the FF
case.

The power of the CODT is adjustable in order to reach the desired temperature
of the atomic clouds, and we rise it in the final stage of the preparation process
to reach the same trapping frequencies for each experimental run, minimizing the
effect of optical shifts of the FR induced by the trap light (see Supplemental Material
of [Cet15; Loul8b]). The trap frequencies for the FB and FF case are listed in in
Tab. 4.3. The CODT features an aspect ratio of about seven, with the weak axis
oriented horizontally. The differential gravitational sag of both species amounts to

about 3 ym and can be neglected since the Fermi sea is much larger.

Table 4.3: Trap frequencies in the FB and FF mixtures

mixture  wr;,, (Hz)  wyi,, (Hz) wk,, (Hz)  wk,,, (Hz)
FB om % 49.5(5) 21 x 382(3) 27 x 31.0(5) 27 x 227(3)
FF o x 67(1) 21 x 544(8) 27 x 41(1) 27 x 308(5)

After evaporative cooling, in order to obtain a fully polarized sample of Li in the
6Li|1) state, we remove the atoms in the second spin state of Li by applying a resonant
10-ps light pulse at 567G (1180 G) in the FB (FF) case.

Then the magnetic field is ramped close to the FR of interest near 335G for the
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4.4 FF and FB mixtures in FeLi(Bo)Kx

FB mixture and 155G for the FF mixture. At this point, we switch to a different
set of coils, which facilitates precise magnetic field control to the level below a few
mG. The trap contains a thermalized sample of roughly 10° Li atoms in the lowest
hyperfine spin state and 10* L atoms in the K, state’. The temperature 7" is 102 —
137nK in the FB case, and 190 — 285 nK in the FF case. At these temperatures, the
Fermi sea is deeply degenerate, with T'/Tr ~ 0.15 (FB) and T/Tr ~ 0.25 (FF). And
the K impurities can be either in the thermal regime, or form a partial BEC.

At the end of each experimental cycle, we switch off the CODT, let the atoms ex-
pand for an adjustable time, and detect them using state-selective absorption imaging.
This allows us to image the atoms in two spin states per species for each experimental
cycle. Details on the imaging technique and on how to obtain the atom number are
provided in the Supplemental Material of Ref. [Cet15].

We measure the temperature of our samples with two different methods, depending
if a BEC is present or not. For thermal impurities, we determine the temperature
by ballistic expansion of the K atoms after releasing them from the trap, both in the
FB and in the FF case. In the FB case, if a BEC is present, we follow the approach
described in Ref. [Loul7], and we release the atoms from the trap to determine the
condensate fraction of the K atoms. From this and the known atom numbers and
trap frequencies, we calculate the temperature.

The density profiles of both the degenerate Li Fermi gas and the bosonic K cloud
are calculated using standard textbook relations [Pit16]. We neglect small finite-size
or interaction corrections for the condensate [Loul8b]. Since the Fermi pressure acts
on the Li atoms, and the optical potential is about two times deeper for K, K sample

is much smaller than the spatial extent of the Li cloud, and this allows us to treat the

3Note that, even though we repaired big part of the experimental set up, our oven was not provid-
ing the same atom flux as in the past, and this flux was constantly diminishing during the
measurements presented in this Thesis.
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latter as an essentially homogeneous environment [Koh12]. Since in the experiments
described in this Thesis we obtain our spectroscopic signal from the K component,
we introduce the K-averaged atom number densities, nr; and ng, for both species,

namely

1
Nk

NLiK =

/ nLi’K(r)nK(r)d?’r, (42)

with ny,; k(r) being the local number density at position r of Li and K, respectively.

Similarly we define the effective Fermi energy as

€p = L/Ep(r)nK(r)d3r, (4.3)

where the local Fermi energy at position r is given by

R2(6m2ny,(r))?/3

Ep(r) = i,

(4.4)

Finally, we define the effective Fermi wave number as kg = v/2myiep/h. We emphasize
that, owing to the much smaller size of the K cloud, the effect of inhomogeneity in

ny; (and thus in Ef) is small and accounts for about 10%.

4.4.2 Characterization of the FRs

In this Section, the measurements done in order to characterise the FRs in the FB
and FF mixtures in FeLi(Bo)Kx are described. I refer the reader to Chapter 2.1.3
for a short overview on the basic concepts of FRs. The main features of the FRs
for our FB and FF mixtures are listed in Tab. 4.4. We emphasize that the close
similarity of these parameters allows for a direct comparison of the two mixtures.

Morover, although these FRs are both closed-channel dominated [Chil0], their width
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4.4 FF and FB mixtures in FeLi(Bo)Kx

is large enough to stay in a near-universal interaction regime (kpR* < 1) with the
FS. In Tab. 1.5 we report the value of the intraparticle scattering lengths for K: Their
values are small and similar for the two isotopes, allowing to neglect them in our

experiments.

Table 4.4: Comparison between FB and FF Feshbach resonances. The center
of the resonance By, its width A, the differential magnetic moment du , the range
parameter R*, the scattering length a;,;; relative to Li-KO0, and the background scat-
tering length ap, relative to Li-K1 are summarized for the FRs relative to the two
mixtures used in our experiment.

Parameter FB FF
By (G) 335.080(1) [[ri2l] 154.7126(5) [Bar2))
A (G) 0.9487 [Loul8b] 0.92(5) [Naill]
dp/h (MHz/G)  2.660(8) [Loul8b] 2.3 [Naill]
R*/ag 2241(7) [Loul8b] 2405(63) [Bar23|
Ainit/ Qo 63 [Han10] 62.5 [Naill]
g/ o 60.865 [Loul8b] 63.0 [Naill]

Table 4.5: Theoretical values of K intraspecies scattering lengths. Left:
K scattering lengths at a magnetic field B & 335G extracted from Ref. [Lys10].
Right: “°K background scattering lengths for the FRs located at 174.3 G, 224.2 G,
and 202.1 G, between K1 and KO0, K1 and K,,., and KO0 and K., respectively, as in
Ref. [Lud12]. Note that for * an experimental value of 174 can be found in Ref.[Reg03],
and for ® the value of 174 was found in Ref.[Lof02]. All values are in units of ay.

UK | KI KO K || K K1 KO Kane
K1 |60.7 K1 -

KO | 60.8 60.9 KO | 183.5 -

Kane | 60.8 61.3 60.9 || Kupe | 163.7%  167° -

The knowledge of the center By of the FRs exploited in our experiments is crucial for
having a good understanding of the observed phenomena. In the following, I present
how we determine this value. In particular, I report the measurement, presented
in Ref. [Fri2l], for the determination of By for the FR close to 335 G between Li

and K1 for the FB mixture. An analogous measurement was carried out during the
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4 FeLi(Bo)Kx

Figure 4.3: Molecule dissociation measurement for B, determination in the
FB case. The transferred fraction to KO (color scale) is shown in dependence of
magnetic field and RF detuning for various magnetic fields around the center of
the FR. The inset shows an example spectrum, taken at B — By ~ —37mG. After
determining the binding energy of the molecules as a function of the interaction
strength, we fit the resulting data with Eq. (4.5), shown by the red dashed line, with
By as the only fitting parameter.

experiments reported in Ref. [Bar23| and presented in Chapter 6, for characterizing
the FR at 155 G for the FF mixture.
As shown in Fig. 4.3, we determine the molecular binding energy FE,, in vacuum,

at different interaction strengths and we fit it with the function

. ” AR*(B — B,) i
E,,_W<\/1—T—1> : (4.5)

derived in [Pet04; Levll]. The reduced mass m, = mp;mg/(mr; + mg), the reson-

ance width A, the range parameter R*, and the background scattering length a, are

known, which leaves By as the only fitting parameter in this model’. The resulting

4During the characterization of the FF resonance, we found a better fit by considering R* a free
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4.4 FF and FB mixtures in FeLi(Bo)Kx

values for the center of the FRs are reported in Tab. 4.4. Note that the center of the
resonances suffers from a light shift due to the trapping potential (see Supplemental
Material of [Cet15; Loul8b]). In order to take this shift into account, the calibration
of the FRs and the actual experiments are performed with the same trapping set-
tings.
Eq. (4.5) describes the binding energy of molecules in vacuum. Since interactions
with the remaining F'S, which can lead to a systematic shift on the order of 5mG, are
not included, we experimentally determine By by molecule dissociation in vacuum via
ejection spectroscopy, in contrast to our previous method (see Appendix of [Loul8b]).
The measurement consisted in the creation of molecules with thermal impurities
on the repulsive side of the resonance (X ~ —0.8 for the FB case, where X is the
interaction paramenter defined in Eq. (2.15)) by applying an RF pulse to the KO atoms
at a frequency corresponding to the binding energy v ~ Ej/h, which we optimized
roughly on maximum molecule association efficiency. Then, we ramped the magnetic
field to lower X wvalues, therefore increasing the binding energy. This procedure
prevented the molecules from dissociating as we applied an RF pulse to transfer the
remaining unbound Li|1) atoms into Li|2). To be sure that no particles, except the
molecules, were present, we applied a 10 us resonant cleaning pulse to %Li|2) and
another one to KO. Then we ramped back the magnetic field to reach the final
interaction strength X for which we wanted to determine the binding energy. At this
field, we applied another RF pulse to transfer the K1 atoms into K0, and consequently
dissociate the molecules. By varying the detuning Av = vy — v of this last pulse with
respect to the bare KO—K1 transition, we obtained the dissociation spectrum with a
line shape determined by the frequency-dependence of the Franck-Condon factor, as

described in Ref. [Chi05]. The inset of Fig. 4.3 shows a sample spectrum for the FB

parameter as well, this gives a ~ 10% difference on the value used in previous experiments
[Koh12; Cetl5; Cet16].
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case at a magnetic detuning B — By ~ —37mG, and the corresponding fit to extract
the binding energy. We recorded dissociation spectra in a range of about 80 mG,

where we expected molecules to exist.
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CHAPTER

CHARACTERIZATION OF
POLARONS IN A FERMI-BOSE
MIXTURE 5

In this Chapter, I present the results published in Ref. [Fri21]. In this work we in-
vestigated the properties of a strongly interacting imbalanced Fermi-Bose (FB) mix-
ture of bosonic *'K impurities immersed in a Fermi sea (FS) of ultracold °Li atoms.
The presence of bosonic impurities enabled us to explore the Fermi polaron for large
impurity concentrations, including the extreme case in which the impurities form a
Bose-Einstein condensate (BEC). The system was characterized by means of radio-
frequency (RF) injection spectroscopy for tunable interactions using an interspecies
Feshbach resonance (FR). We found that the energy of the Fermi polarons formed by
particles in the thermal fraction of the impurity cloud remains rather insensitive to the
impurity concentration, even as we approach equal densities for both species. The
apparent insensitivity to high concentration is consistent with the Landau’s quasi-
particle theoretical prediction of a weak effective interaction between the polarons
(see Chapter. ), which was not detectable within the precision of the reported
measurements (Chapter 6 will present a new set of measurements in which such in-

teraction was unambiguously observed). The condensed fraction of the bosonic 'K
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5 Characterization of polarons in a Fermi-Bose mixture

gas, much denser than its thermal component, leads to a breakdown of the Fermi
polaron description. Indeed, we observed a new branch in the RF spectrum charac-
terized by a small energy shift, consistent with the presence of Bose polarons formed
by SLi fermions inside the 'K BEC. A closer investigation of the behavior of the
condensate by means of Rabi oscillation measurements supported this observation,
indicating that we could realize both Fermi and Bose polarons, two fundamentally

different quasi-particles, in the same cloud.

This Chapter is organised as follows. After introducing the experiment in Sec-
tion 5.1, I will introduce technical details in Section 5.2. In particular the preparation
of the samples and their detection, the interspecies interactions between the impurity
and the bath in our system, the explanation of our spectroscopic procedure, and the
relevant quantities for our experiment are explained. After this technical introduc-
tion, the main results are presented. In Section 5.3 the impurity energy spectra in
the two regimes in which the impurities are thermal, and in which they form a partial
BEC are presented and commented. While for the thermal case, and for the thermal
part of the cloud in the partial BEC case, the observed spectra are well described
by the theory of a single impurity forming a polaron, in the partial BEC case we
observed the emergency of an additional feature in the spectra. Section 5.4 discusses
this new feature, which can be understood in the frame of the Bose polaron physics,
considering that the condensed part of cloud has a higher density than the FS, leading
to an inversion of the roles of the impurity and the bath. Thus, what we observed was
the energy shift of the bosonic K bath due to the presence of Bose polarons formed
by the fermionic Li impurities. In Section 5.5, Rabi oscillations measurements in the
partial BEC regime are presented. We observed inhibition of Rabi oscillations of an
RF-coupled BEC in the environment of a F'S. While this is an interesting many-body

phenomenon, its nature is still not completely understood and needs further investig-
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ation. In Section 5.0, the observations regarding the lifetime of the repulsive polaron
in the thermal regime are presented. For strong interactions two-body decay into the
attractive polaron seems to be the main loss channel. For weaker interactions, con-
sidering that the attractive polaron is ill-defined, due to the smallness of its residue,
and decays into the molecular states, three-body decay processes become dominant.
Finally, in Section 5.7, the first attempt to observe the polaron-polaron mediated
interaction is presented. The results were encouraging but not conclusive, and the

final observation of this effect [Bar23] will be the topic of Chapter 6.

5.1 INTRODUCTION

Our main motivation was to characterize the Fermi polaron formed by bosonic
impurities, and investigate how a high concentration of impurities affects its prop-
erties. We performed the measurements with bosonic #'K impurities, forming either
a thermal cloud (ThC), or a partial BEC (pBEC). We can identify three different
regimes of impurity densities in our FB mixture, as illustrated in Fig. 5.1. The blue
background and the red dots represent the Li F'S and the K impurities, respectively.
As in our previous work on the FF system [Koh12], we used RF injection spectro-
scopy to transfer the K impurities from a non-interacting spin state KO, into a state
K1 which interacts with the fermionic bath.

In the case of a single impurity (left column), the K atom is dressed by particle-hole
excitations of the FS, which lead to local density modulations in the bath, and to
the formation of the Fermi polaron. In this low concentration regime, the quantum
statistics of the impurity does not matter. The situation is accurately described in
terms of the variational ansatz presented in Chapter 3.2. As we add more K atoms,
we expect to introduce polaron-polaron interactions into our system, as depicted in

the middle column of Fig. 5.1. In this density regime, the spatial overlap of the dens-
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Figure 5.1: Fermi-Bose mixture in three different impurity density regimes
explored in our experiment. The upper (lower) row shows the non-interacting
(interacting) impurities immersed in a FS, which is represented by the blue back-
ground. The interaction between the impurities and the FS gives rise to density
modulations in the latter, as illustrated by the light-blue rings around the K atoms.
An RF pulse brings the system from a non-interacting (K0) to a strongly interacting
(K1) state. The three columns illustrate three different regimes. From left to right
the impurity density is increased and we go from a single impurity to a high density
sample, finally reaching a mixed phase containing a large BEC component. Adapted
from Ref. [Fri21].

ity modulations around the impurities will result in an effective interaction between
the quasi-particles mediated by the fermions of the bath, which is attractive due
to the bosonic nature of the “1K atoms [Mor10; Yul0; Yul2; Cam18a; San08; Huls;
Cam18b; Tajl18; DeS19; Edr20], as discussed in Chapter 3.3. This effective interaction
plays a key role in Landau’s quasi-particle theory, and its unambiguous experimental
observation in quantum-degenerate gases will be the subject of Chapter 6. In the
high-density regime (right column), the impurities in the center of the trap form a

BEC, the density of which can exceed the one of the F'S (for example, by a large factor
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of ~ 36 in our experiment). In this case, the two species interchange their roles and,
locally, the Li atoms can be considered as impurities in the K BEC. Such a scenario is
commonly described in terms of Bose polarons [Hul6; Jor16]. Therefore, as we vary
the K density from a thermal cloud to a BEC, we can realize the transition from a

system of Fermi polarons to a system of Bose polarons.

5.2 TECHNICAL DETAILS

For the measurements presented in this Chapter, we used the bosonic *'K isotope of
potassium as impurity embedded in a FS of °Li atoms. The interparticle interactions
between the two species are tuned thanks to a FR centered at By = 335.080(1) G.
For the details on the characterization of this FR, the reader can look back at

Chapter 4.4.2.

5.2.1 Spin states

In the following we use the convention on naming the spin states introduced in
Chapter 4.2. For the main RF spectroscopic measurements, the °Li atoms forming
the spin-polarized FS were always kept in the lowest hyperfine spin state F,mp =
(1/2,+1/2), simply named Li. In our spectroscopic injection scheme, the initial state
KO was represented by the state (1, 0), and the final Feshbach-resonant state K1
corresponded to (1,+1).

5.2.2 Sample preparation

After the preparation described in detail in Chapter 4.4.1, we obtained a mixture
of roughly 10° Li and 10* KO atoms in thermal equilibrium between each other,
with temperatures of T' =~ 100nK at a magnetic field of B ~ 335G. The atoms

were trapped in a 1064 nm crossed optical dipole trap (CODT) with radial trap
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1 1

frequencies wyaqx = 27 X 22757 and wraa i = 27 X 38257, and axial frequencies
Waxk = 27 X 31s7! and w1 = 27 x 49.5s7! for K and Li, respectively.

We conducted our measurements in two different regimes, in which we either a
ThC, or a pBEC of K atoms is immersed in a degenerate FS of Li atoms. In order
to achieve the pBEC, while maintaing the same trap settings in the two regimes in
order to avoid a light shift of the FR (see Chapter 4.1.1), we altered the preparation
stage for the pBEC with respect to the ThC in two ways. First, we increased the
initially loaded atom numbers by varying the loading time, and secondly we applied
an additional evaporation step, in which we further ramped down the power of our
CODT, and slowly (within 1s) recompressed it to the initial values at the end of the
preparation stage. With this procedure, we ensured a two-fold increase in the number

of K atoms and thus an increase of the critical temperature for condensation by about

30%. The condensed fraction was typically of the order of 5 ~ 0.5.

5.2.3 Interaction tuning

Since our experiment was based on the interactions between the impurities and
the F'S, a precise knowledge of them was of crucial importance. Most of the meas-
urements presented in this Chapter were conducted in the strongly interacting re-
gime (=1 < X <1), where X is the dimensionless interaction parameter defined in
Eq. (2.15). This required good accuracy and precision in our knowledge of the mag-
netic field strength. Therefore, we experimentally determined the residual fluctuations
around the target value, resulting in a statistical uncertainty of og = 0.5 mG, which
translated to a corresponding uncertainty ox < 0.035 of the interaction parameter
X. Furthermore, we observed a slow drift of the magnetic field strength, which we
took into account by taking the average value of the magnetic field determined before

and after each measurement. We disregarded all measurements exceeding a magnetic
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field drift of 3mG. The uncertainty in the B field, and the fact that the strongly
interacting regime given by the Feshbach resonance is only ~ 30 mG broad, set the
resolution that we could achieve for X. For this reason, we discretized the variation
of the interaction parameter, and divided the region between —1.5 < X < 1.5 into

12 bins, each having a width of ~ 0.25.

5.2.4 Radio-frequency excitation scheme

In order to probe the energy spectrum of our K atoms across the Feshbach reson-

ance, we exploited injection RF spectroscopy. While an introduction to this technique

are transferred from a non-interacting into an interacting state. One advantage of
this procedure is that the system can be transferred to a strongly interacting state
that is not necessarily the ground state of the system. It therefore enables us to
study the repulsive polaron as a metastable state [Masll; Kohl2], along with its
non-equilibrium evolution.

Our system was excited by an RF pulse that transferred atoms from the non-interacting
KO to the interacting K1 state in the presence of Li. In order to avoid side lobes in
the spectrum we used a Blackman-shaped pulse (see Chapter 1.3 for details). We
adjusted it to be a resonant m-pulse for a bare K cloud, i.e. in the absence of the
Li atoms. The power of this pulse was chosen such that at the resonance frequency
Vo, where the maximum transfer occurs, we obtained a pulse duration of T = 1 ms.
This duration was chosen as a compromise between spectral resolution and lifetime.
The former is set by the spectral width of the RF pulse ogr = 0.7 kHz, which, de-
pending on the specific sample preparation, was around orp ~ 0.04 €p/h. The latter
is given by the shortest lifetime of the polaron, which we estimated to be around 1 ms.

In most of our measurements we varied the frequency detuning Av = vy — v with
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respect to the bare KO — K1 transition, keeping the pulse power unchanged. Our
spectroscopy signal is the transferred fraction of potassium atoms Nkj /Ny, where
Nk is the atom number in the K1 state, and N,y = Nk1 + Nko is the total atom
number in both states. The dependence of the spectroscopic signal Nk;/Niot on Av
reflects the energy spectrum of our strongly interacting system of K1 atoms immersed
in a Li FS. We determined the uncertainty of the atom numbers from the standard

deviation of repeated measurements.

5.2.5 Relevant parameters

In Table 5.1, we present an overview of typical values for the most relevant ex-
perimental parameters for the experiments presented in this Chapter. The given

uncertainties reflect the standard deviation for all measurements.

Table 5.1: Experimental parameters. We report several relevant experimental
parameters values for measurements in the ThC and pBEC regime. Adapted from
Ref. [Fri21].

Parameter ThC pBEC

€p kg x 930(60) nK kp x 620(50) nK
kpR* 0.57(2) 0.47(2)

T 130(13) nK 118(21) nK

T/Tg 0.14(1) 0.19(3)

Nii 2.8(2) x 10° 1 2(1) x 10°

Nko 1.2(1) x 10* 2.7(3) x 10*

o 1.9(2) x 102em™  1.0(1) x 102cm ™3
Ko 0.92(7) x 10"2cm™  1.4(1) x 102cm™3
NKo,BEC - 3.8(1) x 10¥cm™?
g — 0 46(7)

Cxo 0.61(7) 1.5(5)

CkoBEC  — 36(6)

In particular, the total atom numbers of Li, Ny;, and K, Nk, and the condensate
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fraction 8 in the pBEC regime are listed, and we give the concentrations Cxg = fixo /7w
and Cko,pec = Miko,pEc/NLi for the thermal and the condensed part of the non-interacting
sample, respectively. Note that in the majority of our measurements, we stated
the concentration of the non-interacting sample. The value for the interacting case
Ckx1 = nk1/nL; was experimentally not directly accessible because of interaction ef-
fects on the spatial distribution, and could thus only be estimated, as discussed later

in Sec. 5.7.

53 THERMAL SAMPLE VS PARTIAL BEC

In order to investigate the full spectral response of the system across the strongly
interacting regime, we combined RF spectra taken at different values of X. The
spectra, recorded in the ThC and pBEC regime, are depicted in Figs. 5.2(a) and (b),
respectively. The x-axis represents the discretized dimensionless interaction para-
meter X, individual bins containing an average of 1 to 4 measurements. Each bin
shows the transferred fraction Nk; /Ny as a function of the energy detuning of the
RF pulse hAv (defined in Sec. 5.2.1), normalized to the effective Fermi energy, ep.

The theoretical predictions, red dashed and orange dash-dotted lines, denote a
variational calculation describing a single impurity interacting with a FS using a
two-channel model, as discussed in Chapter 3.2.

In Fig. 5.2a ', we show the full spectral response in the ThC regime, consisting of
the repulsive and the attractive polaron branches exhibiting a positive and negative

energy shift, respectively. Moreover, we observed a decrease of contrast as the interac-

LA small non-zero background in our spectra, especially in the pBEC regime, may be attributed
to imaging artefacts. Our absorption pictures show a residual signal in K1 when imaging a BEC
in KO. We explain this by scattering of off-resonant light from a very dense atomic sample, and
subtract the resulting signal from the real atom number.
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Figure 5.2: Spectral response of a bosonic K sample immersed in a °Li
Fermi sea. (a) and (b) show the measured excitation spectra in the ThC and in
pBEC regime, respectively. The spectra are shown as a function of the interaction
parameter X and the dimensionless RF detuning hAv/ep. The color map refers to
the transferred fraction of atoms from KO to K1. Red dashed and orange dash-dotted
lines illustrate our theoretical predictions for the polaron and molecule energies in
the single-impurity limit, respectively. Individual bins contain averages of 1 to 4
measurements. From Ref. [Fri21].

tion was tuned close to X = 0. The obtained polaron energies are in good agreement
with the theoretical predictions for the single impurity scenario, represented by the

red dashed lines, although the fairly high impurity concentration, Cxo = 0.61(7).
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In Figure 5.2b, we present the recorded spectrum in the pBEC regime. A striking
difference between the ThC and pBEC spectra is that, in the latter, a new branch,
which shows a small energy shift, emerges in the spectrum. The bimodal spectral
response is a consequence of different resonance frequencies of the transfer to the K1
state for the two components of the gas. The response of the thermal part of the K
cloud is still well described by the single impurity theory, even though the K density
is similar to the Li density (see Tab. 5.1). In stark contrast to this, the condensed
part is transferred at a frequency close to the non-interacting value Arv = 0, with
a small but consistent upshift, corresponding to a few percent of the Fermi energy.
As we will discuss in Sec. 5.4, this shift can be attributed to the formation of Bose
polarons, with the Li atoms playing the role of the impurities in a bath formed by
the K BEC.
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Figure 5.3: Typical polaron spectra in the ThC (a) and pBEC (b) regime.
We show the fraction of transferred atoms as a function of the frequency detuning
Av of the applied RF pulse at an interaction strength of X ~ —0.7. The shaded
areas under the curves illustrate the contributions resulting from a fit by a double-
Gaussian (ThC, left) and triple-Gaussian (pBEC, right) function. Black dashed lines
depict their sum. The width of the narrow peaks was fixed to the Fourier width of the
applied pulse. The measurement points marked by black squares in (b) are further
discussed in Fig. 5.4. From Ref. [Fri21].

In order to further investigate the differences between the ThC and pBEC regimes,
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in Figs. 5.3a and Figs. 5.3b we compare two sample spectra taken in the two regimes
at an interaction strength of X ~ —0.7. In the ThC regime we find a single narrow
peak, which we attribute to the Fermi polaron, along with a broader background,
which we interpret as a many-body continuum of states. The observed spectrum can

be well fitted with a double Gaussian,
G(Av) = Gp(Av) 4+ Gyy(Av), (5.1)
as also used in our previous work [Koh12]. Each Gaussian takes the form
Go(Av) = Aye(Br—Ara)*/(2oa®) (5.2)

with A,, Av,, 0, representing the amplitude, center and width of the Gaussian for
a = p, bg. The polaron peak, o = p, was fixed to a spectral pulse width of o, =
0.7kHz = 0.04 €g/h, which corresponds to the Fourier width resulting from the finite
duration of the 1-ms RF pulse. The background, a = bg, is marked by the gray, broad
Gaussian in Fig. 5.3. In the sample spectrum in Fig. 5.3a, we transferred about 50%
of the atoms into the interacting state at a frequency detuning corresponding to
hAv ~ 0.2¢f.

In the pBEC regime, depicted in Fig. 5.3b, we identify a maximum transfer at two
well-defined frequencies. We approximated the lineshape of the whole spectrum by a

triple Gaussian function
G(AV) = ép(AV) + ébg(AV) + éBEc(AV). (53)

The first two terms stem from the polaron and the many-body continuum back-
ground, G (Av), Gpg(Av), respectively. We assumed that the ratio of the two amp-

litudes stays the same as determined in Fig. 5.3a, but their absolute values are reduced
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5.3 Thermal sample vs partial BEC

corresponding to the fraction of non-condensed atoms, as

Gppg(Av) = G pg(Av) x (1 - 3). (5.4)
The third term describes the transfer of the condensed fraction as
GBEC(AV) = GBEC(AV) X 6, (55)

where Gpgc(Av) is defined in the same way as Eq. 5.2.
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Figure 5.4: Absorption images of K in the pBEC regime. (a) and (b) were
taken after a short time of flight of 6 ms and correspond to the two measurements
marked by black squares in Fig. 5.3b. They show the atoms at the transfer frequencies
Avgge and Av,, respectively. (c) is a reference picture of the KO cloud, before
the transfer, with 8 =~ 0.5, taken after a time of flight of 4ms. The color map
depicts the column density in arbitrary units. The field-of-view of all images is about
(150 x 230) pm. The white solid lines show the corresponding projected line-density
profiles. Adapted from Ref. [Fri21].

To have a better insight on the nature of the double peak feature in the pBEC
regime, in Fig. 5.4a and Fig. 5.1b, we show absorption images of atoms in K1 after

6 ms from being released from the trap, within 6 us after the RF pulse. The two
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5 Characterization of polarons in a Fermi-Bose mixture

pictures correspond to the measurements for the two frequency detunings Avggc
and Ay, for which we observed maximum transfer of the BEC and the thermal
cloud , respectively. These two detunings are marked by black squares in Fig 5.3b.
The atomic clouds in the images have the same atom number, but very different
spatial distributions. Fig. 5.4a shows a dense cloud that only extends over about
40 pm, whereas Fig. 5.4b shows dilute atoms that are distributed over the whole
picture. In Fig. 5.4c, we present a reference picture of a KO cloud before transfer,
with a BEC fraction of g &~ 0.5. The comparison of these images strongly supports
our interpretation that the two different frequencies correspond to the resonance
frequencies of the two components of the partial BEC.

In summary, our observations showed that the spectra for the ThC and the non-
condensed part of the pBEC sample are consistent with a theoretical description of
the Fermi polaron and with our previous measurements on the Fermi polaron with
fermionic impurities [Koh12]. In contrast, the condensed part of the partial BEC,
which has a very large concentration of K atoms, with Cxy ~ 36, showed a much
smaller energy shift that seems unrelated to the Fermi polaron. In the next Section

a closer look to the behavior of the condensate part is presented.

5.4 BOSE POLARONS

In this Section, the additional energy branch emerging in the polaron spectrum in
the pBEC regime is investigated.

In order to explore this, we took a set of spectra for impurity concentration values
in the range 0 < Cko < 45 in the pBEC regime, at an interaction strength X =
—0.6(1)”. We varied this concentration by changing various parameters, such as the

loading time and the evaporation endpoint in our preparation sequence, as described

2The uncertainty denotes the standard deviation that characterizes typical experimental fluctu-
ations.
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5.4 Bose polarons

in Section 5.2.2. Since only a fraction of the atoms in KO is transferred, and only
atoms in K1 interact with the FS, the interacting impurity concentration Ck; is the
relevant parameter. This, however, could not be directly inferred because of our
incomplete knowledge of interaction effects on the spatial distribution during the RF
pulse. We therefore introduce estimated concentrations, obtained by multiplying the
concentration of the non interacting impurities, KO, by the estimated transferred

fraction at the resonance frequency. In this way we define two concentrations:

Agprc

B

Ay + Ay,
1-p

C~K1,p = Cko X and CNKLBEC = Cko X ) (5~6)

for the non-condensed and the condensed component of the K atoms, respectively.
The amplitudes A, correspond to the fitting amplitudes, as discussed in Sec. 5.3.

The analysis of the density dependence of the thermal part will be the subject of
Section 5.7. Here we use the results relative to the condensed part to discuss the
additional energy branch that comes from the condensed fraction of the K atoms.

In Fig. 5.5, the position of the spectroscopic peak relative to this branch is shown
as a function of the interacting impurity concentration C~K1,BEC. We observed a small
but consistent energy shift of ~ 0.04¢p.

An estimation of this energy shift may be obtained in the framework of the Bose
polaron physics considering the following arguments. First, since the three scattering
lengths between the K atoms in the two spin states (a1, agp and ag;) differ by less than
0.3% (see Tab. 41.5), the energy shift must be attributed mostly to K-Li interactions.
Second, since the density of the condensed part of the K atoms is much higher than
the one of the Li atoms in the center of the trap (see z-axis of Fig. 5.5), the situation
is reversed in the sense that one can now regard the Li atoms as impurities embedded

in a BEC of K atoms. A suitable framework to analyze this is therefore the one
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Figure 5.5: Concentration dependence of the observed BEC peak position.
The color code refers to the interaction parameter X. A fit to the data of the theor-
etical prediction according to Eq. (5.11) is shown as the red solid line. The error bars
of the data points represent the uncertainties of the fits. Adapted from Ref. [Fri21].

of Bose polarons formed by Li atoms in the K1 BEC, rather than the one of Fermi

polarons. The total energy shift can therefore be estimated as
AEo = NiiEv, (5.7)

where Np; is the number of Li atoms inside the K1 BEC, and Ey; is the energy of
a single Bose polaron. In the strongly interacting region on the BEC side of the

resonance, a repulsive Bose polaron has a typical energy

where ¢ is a constant of order unity [Hul6; Jorl16; Penl9; Yan20a; Sko21]. The energy
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5.4 Bose polarons

of the Bose gas, €,, is defined in analogy with the Fermi energy as
€, = WK%/ (2mi), (5.9)
with Ryp = (67T77LK17BE0)1/3, so that

en/er = (mri/mk)(Cx1 pec) ™. (5.10)

The relevant concentration is the one of the K1 BEC that interacts with the Li atoms,
which we approximated as Ck1 prc ~ CNKLBEC. Since via RF spectroscopy we measure
the energy shift per atom transferred from KO to K1, the relevant quantity is the
energy shift per K atom in the K1 BEC, which is given by

AFEit/Nx1prc = (6/41) (éK1,BEC)_1/3§€F- (5.11)

With ¢ as the only free parameter, this equation can then be fitted to the experimental
data, as reported in Fig. 5.5, yielding £ ~ 0.5. The resulting curve, shown by the solid
line, reasonably agrees with the experimental data. We should however mention a
few caveats. First, the K1 BEC is only formed above a certain critical concentration,
but the RF probe transfers the atoms gradually into the K1 state. This effect is
further explored in Sec. 5.5. It follows that the observed behavior is presumably a
result of an average BEC density experienced by the Li atoms during the RF probe.
Second, the bosons and the fermions will eventually phase separate for the given
interaction strength [Loul8b; Hual9], which also complicates the interpretation of
the experiment. Nevertheless, the agreement between theory and experiment for a
reasonable value of the fit parameter, £ ~ 0.5, suggests that the observed shift of the

BEC energy is, indeed, due to the formation of Bose polarons in the center of trap.
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5 Characterization of polarons in a Fermi-Bose mixture

5.5 RABI OSCILLATIONS MEASUREMENTS

We further investigated the nature of the thermal and condensed parts of the K

cloud by performing Rabi oscillation measurements, the results of which are shown

in Fig. 5.6.
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Figure 5.6: Rabi oscillations measurements. Left: We show the dependence
of the transferred fraction on the pulse area, normalized to a 1-ms RF 7w-pulse in
the non-interacting case A = /P/ P, (see text for details). The black squares show
the Rabi oscillations of a non-interacting sample. The blue circles and red diamonds
show the measurements conducted in the ThC and the pBEC regime at v, and vggc,
respectively. The gray and red dashed lines depict a sin? oscillation at the non-
interacting Rabi frequency, where the latter has a reduced amplitude by the factor
B, corresponding to the BEC fraction. The blue and red dash-dotted curve show the
initial transient of a sin® oscillation with Rabi frequencies reduced by the interaction.
Right: the region of weaker RF pulses, marked by the shaded area in the left panel,
is plotted against the square of the pulse area A% From Ref. [Fri21].

A 1-ms RF pulse was applied to transfer atoms from KO into K1. The transferred
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5.5 Rabi oscillations measurements

fraction of atoms was then measured as a function of the pulse area A = m,
where the peak RF power P of our Blackman pulse was the experimentally con-
trolled variable, and P, was the corresponding power to achieve a m-pulse in the
non-interacting case. First, we took a reference measurement without the presence
of Li, that is for the bare KO — K1 transitions. As we varied the RF power, we
observed Rabi oscillations of the non-interacting sample (black squares in Fig. 5.6),
which were well fitted with a sin® function, as illustrated by the black dashed line.

After this, we prepared our atoms in the ThC at X ~ —0.5, and tuned the radio
frequency to the polaron peak at v, (blue circles). We observed an initial increase in
the signal that follows a sin? behavior (dash-dotted blue line). For A > 1, this changed
into a steady increase in the transferred fraction with no clear oscillations. We can
explain this effect by the decay of the polaron to other states, such as molecules
[Mas12]. Such states have a reduced overlap with the non-interacting state, and
therefore the transfer probability from KO to K1 is higher than the back transfer
from the dressed molecular state to KO. This results in a growing population in K1
with increasing RF power.

When we prepared a pPBEC sample and tuned the frequency of the RF pulse to vggc
(red diamonds), the system behaved in a very different way. In the region A 2 1 of
Fig. 5.6, we observed a clear oscillating behavior, depicted by the red dashed line. The
frequency is the same as for the non-interacting case, but the amplitude is reduced
by a factor that is close to the BEC fraction . This is consistent with a BEC of
K atoms oscillating between the K1 and KO states, largely unaffected by the small
concentration of Li atoms. The increasing background can be attributed to an off-
resonant contribution originated from the non-condensed component.

A remarkable feature shows up in the behavior of the condensate for weak RF
pulses. For 0 < A < 1, we found that the atom transfer is inhibited. In order to

highlight this striking effect, in the right panel of Fig. 5.6 we plot the transferred
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fraction in this region, marked by the shaded area in the left panel, as a function
of A?. This representation turns an initial quadratic dependence on A, typical for
the coherent evolution of a quantum system, into a linear dependence on A%. Such
a behavior is nicely visible in all three data sets. However the red diamonds show a
transfer of the BEC only after a critical value of A? ~ 0.4 is reached. This peculiar
effect likely arises from a density-dependent shift of the resonance frequency. In the
regime of low concentration, Ck;, the final state of the system is the Fermi polaron.
This results in almost no transfer for small A in Fig. 5.0, since the detuning of the
RF pulse to the polaron energy is about 4I',, where I', is the spectral width of the
polaron peak and the Fourier width of the RF pulse is 1/mqp &~ I'y,. On the other
hand, when the RF pulse transfers enough atoms to create a K1 BEC, the resonance
frequency shifts to the one determined by the Bose polarons and permits the transfer
to start.

On top of this effect, as the BEC density increases in K1, phase separation may
occur and fermions can be expelled from the spatial region occupied by the bosons
[Loul8b; Hual9]. We estimated this effect to take place while the RF pulse is applied,
since in our experiment there is no clear separation of the corresponding timescales.
In this scenario, the two species will separate at an RF power that is high enough
for a significant fraction of the BEC to be transferred. After this, the K cloud will
exhibit Rabi oscillations similar to the non-interacting case.

The origin of the observed inhibition of Rabi oscillations of an RF-coupled BEC in
the environment of a F'S is an interesting many-body phenomenon and needs further

investigation in future work.
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5.6 Lifetime of repulsive polaron

5.6 LIFETIME OF REPULSIVE POLARON

The repulsive Fermi polaron is a metastable quasi-particle, which can decay via
two- or three-body processes into lower energy states [Masl1; Mas14], as discussed in
Chapter 3.2. In order to determine its lifetime, we performed measurements in the
ThC regime for X < 0. The repulsive polaron was populated by applying a m-pulse
with a duration 7 = 0.3ms (instead of the 1ms used in all measurements shown
before) and frequency detuning Aw,. In this way, we resonantly excited the quasi-
particle with a short pulse in order to maximize the number of transferred atoms.
After this excitation, about ~ 50% of the atoms were found to remain in K0. We
therefore applied a 10 us resonant “cleaning” light pulse to remove them from the
trap, thus creating a pure sample of strongly interacting K1 and Li atoms. At this
point, we waited for a variable time before applying another RF pulse, identical to the
first one, which only addresses the polarons that have not yet decayed. In contrast
to all measurements presented so far, the measured signal was now the fraction of
atoms transferred back into the non-interacting state KO.

We fitted an exponential decay to the data sets obtained for various values of X,
and extracted the 1/e decay time, 7, which represents the lifetime of the polaron.
The blue circles in Fig. 5.7 show the repulsive polaron decay rate I'=1/7, as a
function of the interaction strength. Approaching the resonance, the decay rate rises
from 103 ep/h, at X ~ —1.5, to about 107%ep/h, at X ~ —0.2. This corresponds
to polaron lifetimes between ~ 10 ms and ~ 1 ms, and is in excellent agreement with
our previous experiments on Fermi polarons with fermionic impurities [Koh12].

The solid orange line in Fig. 5.7 is a theoretical prediction based on the assumption
that the repulsive polaron decays via a two-body process into the attractive polaron,
which due to its high kinetic energy can be approximated by a free particle. The
dashed orange line gives, on the other hand, the three-body decay rate into the
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Figure 5.7: Decay rate of the polaron for different interaction strengths X.
Blue circles depict the measured lifetimes of the polaron. The orange solid and dashed
lines show theoretical calculations of the two- and three-body decay, respectively. The
three-body recombination rate in vacuum is depicted by the green dash-dotted line.
See Chapter. 3.2 for details. From Ref. [Fri21].

molecule, taking into account bath effects in the perturbative regime. Finally, the
green dash-dotted line shows the three-body decay rate in a vacuum for a broad
resonance [Pet03], adapted here to describe a narrow resonance. For details on the
calculations of these rates, see Chapter 3.2.2. By comparing these theory lines with
the experimental data, we see that two-body decay into the attractive polaron seems
to be the main loss channel for strong interactions. However, for weaker interactions
the attractive polaron is ill-defined, due to the smallness of its residue, and decays into
the molecular states. In this regime, three-body decay processes become dominant.
This is consistent with the observations for the case of fermionic impurities [Koh12;
ScalT].

In addition we observed a residual signal remaining in K1 after the second RF
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5.6 Lifetime of repulsive polaron

pulse, which transfers the repulsive polarons into K0. It consists of remaining po-
larons and their decay products. In order to investigate the nature of the residual
component, we let the polaron decay for a variable time ¢, and then we performed
ejection spectroscopy. In contrast to the measurement described so far, we varied the

frequency of the second RF pulse, which transfers K1 atoms back to KO.
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Figure 5.8: Ejection spectra of the repulsive polaron and its decay products.
We show the fraction of atoms transferred from K1 to KO as a function of the applied
RF signal at X = —0.80(2). The blue circles, red diamonds, and green squares show
the spectrum after a waiting time of 1.2 ms, 2.2 ms, 5.2 ms. These three measurements
are normalized to the total atom number of the measurements with the shortest wait
time (blue circles). As a comparison, a molecule dissociation spectrum (gray empty
circles) is also presented. Adapted from Ref. [Fri21].

In Fig. 5.8, we show such measurements for three waiting times, ¢t; = 1.2ms,
ty = 2.2ms, and t3 = 5.2ms, all taken at the same interaction strength X =
—0.80(2). We show the transferred fraction Ngqo/Ni relative to the total atom
number Niie = Nki(t1) + Nko(t1) after a wait time of ¢;. The blue circles, red dia-
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monds, and green squares represent the ejection spectra recorded after waiting times
of t1, to, and t3, respectively. We expected the decay product consisting of molecules,
since this is the predicted ground state for X = —0.80. In order to check this, we
compared the ejection spectra with a molecule dissociation spectrum, shown by the
gray open circles in Fig. 5.8. To obtain this spectrum, we started with a ThC sample
in the non-interacting state K0O. Then we associated molecules by applying a 37 pulse
bringing the atoms in KO to K1 at a frequency adjusted such that it corresponds to
the binding energy of the molecule at X = —0.80. Since we did not transfer all KO
atoms into the molecular state, we applied a resonant “cleaning” light pulse, which
removes the remaining atoms from the trap. Therefore we obtained a mixed sample
of Li-K1 molecules and bare Li atoms. Then we performed ejection spectroscopy to
probe the molecular spectrum. This was achieved by applying another 37 pulse, at
different frequencies, to dissociate the molecules. Note that this particular spectrum
is normalized to its own total atom number Ny = Niot-

Let us now compare the four ejection spectra presented in Fig. 5.8. In the measure-
ment relative to the shortest waiting time (blue circles), we recognize a narrow peak
at positive energies, which we identify as the repulsive polaron. The broad pedestal
at negative energies, on the other hand, reflects the response of the molecules, as we
can infer from the similarity with the bare molecular spectrum. By increasing the
waiting time from ¢, to t5, and then to t3, we observe a decrease of transferred atoms
at the repulsive polaron frequency, as a consequence of its decay.

Given that the polarons decay into molecules, we would have expected a corres-
ponding increase in their spectral signal, i.e. the broad pedestal, as reported in the
Supplemental Material of [Koh12] for the Li-K FF mixture. This was however not ob-
served. Instead, as the waiting time of the measurements in Fig. 5.8 is increased from
t; to t3, we saw a reduction of K atoms in the trap by a factor of ~ 2, while the broad
i

pedestal was unchanged. From this, and the measurements presented in Fig. 5.

Y
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we speculated that the repulsive polarons decay into molecules, which themselves
undergo relatively fast collisional decay into lower lying molecular states, where the
excess energy of the latter is sufficient to remove the atoms from the trap. We believe
that Fermi-Bose dimers are less robust against collisions, as compared to Fermi-Fermi

dimers, for which we have demonstrated a Pauli suppression effect in Ref. [Jagl16].

5.7 FIRST ATTEMPT TO OBSERVE THE MEDIATED
POLARON-POLARON INTERACTION

On a general ground, by increasing the concentration of the impurities, these can
start to interact, and such interactions should manifest themselves as a change in
the polaron energy as a function of the impurity concentration, as discussed in see
Chapter 3.3. Here we present our first attempt of observing such phenomena. In
particular, we discuss the behavior of the thermal part of the K cloud in the pBEC
regime, for different interacting impurity concentration CNKLp, as defined in Eq. (5.6).
The data were taken from the same measurements presented in Section 5.4.

In Fig. 5.9, we show our results regarding the density variation of the energy of the
repulsive polaron. The color scale indicates the particular values of the interaction
parameter X for each data point. In Chapter 3.3, we discussed how the Fermi liquid
theory leads to an effective interaction between the polarons mediated by the Fermi
gas. Here we recall the main results, which we will use to understand our experimental
observations. According to this theory, the energy shift per impurity, taking into

account the concentration average due to the RF transfer, is given by Eq. (3.28):

1
AB = B, — Z(AN) Gy Er + 912”1, (3.29)

The theory lines in Fig. 5.9 were obtained from this equation: The solid and dashed

lines correspond to an interaction strength of X = —0.6 and =+ its standard exper-
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Figure 5.9: Concentration dependence of the energy of the repulsive Fermi
polaron. The color code refers to the interaction strength X. The solid and dashed
lines show the theoretical predictions including polaron-polaron interactions, accord-
ing to Eq. (3.28), for the mean value and its standard deviation of X = —0.6 & 0.1.
Adapted from Ref. [Fri21].

imental deviation of 0.1. We note that, due to the small value of the scattering
length a;; between the atoms in K1 (see Tab. 1.5), the negative slope of these lines is
essentially only due to the mediated interaction. From Fig. 5.9, we see that our ex-
perimental observations are consistent with the predicted concentration dependence
of the polaron energy. In particular, the polaron energy extracted from our meas-
urements is smaller than the predicted energy in the single impurity case. The mean
temperature of the measurements presented is T//Tr = 0.17(2), so that we expected
the result to be fairly close to the zero-temperature limit assumed by the theory.
Given the large fluctuations in the data, and the theoretical predicted small influ-
ence of the effective interaction, we could not provide conclusive evidence of presence

of this effect from the measurements presented in this Chapter. However, these gave
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a hint that such effect is observable in our experiment, and in Chapter 6 more sys-

tematic measurements leading to its observation are discussed.

5.8 CONCLUSIONS

In this Chapter, we presented the first observations concerning the Fermi polaron
with bosonic impurities. We explored the case of high densities below and above the
threshold for Bose-Einstein condensation of the impurity cloud, and found very differ-
ent behaviors. For a thermal impurity cloud, we probed the energy of the attractive
and the repulsive quasi-particle branches across the strongly interacting regime, and
found properties similar to those of the previously investigated FF system. Our ob-
servations are, within the experimental uncertainties, fully consistent with the single-
impurity theoretical predictions, despite the fact that the impurity concentration is
near unity.

We investigated the spectral response of a partially condensed cloud of impurities,
and observed a drastic change on its energy spectrum. We found that, in addition
to the signature of the repulsive and attractive polaron, a new branch, the BEC
branch, emerges in the spectrum, which shows no sign of the Fermi polaron anymore.
Instead, we found a small positive shift in energy over a wide range of interactions.
We speculated that, since the impurity concentration far exceeds unity, this effect may
be explained by an interchange of the role of the two atomic species, where the BEC
and the FS represent now the environment and the impurities, respectively. Such a
scenario is usually described in terms of Bose polarons [Hul6; Jorl6]. This suggests
that the Fermi and the Bose polaron appear as different branches of one spectrum.

We dedicated particular attention to the region of positive scattering lengths, where
the repulsive Fermi polaron is realized. As we varied the concentration, the energy

shift of the condensed component of the partial BEC remained small and positive.
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We found good qualitative agreement with a Bose polaron description, where the
back action of the Bose polarons on the bath results in a small, but clearly observable
energy shift.

In order to gain further insight into the transitional behavior from low to high con-
centration, we varied the strength of the spectroscopy pulse that transfers the partial
BEC into a state which is strongly interacting with the fermionic bath. For low
pulse strengths, we observed a peculiar interaction-induced inhibition of the trans-
fer, whereas for high pulse strengths we essentially recovered the behavior of a non-
interacting cloud. This striking result suggests a shift of the resonance frequency
with varying concentration, which supports our interpretation of a transition of our
mixture between regimes governed by two fundamental quasi-particles, the Fermi and
the Bose polaron.

In order to further characterize the metastable repulsive Fermi polaron, we meas-
ured its decay rate, and compared it to theoretical predictions of different decay
channels. Our observations close to the center of the FR are in very good agreement
with two-body scattering processes, in which the repulsive polaron decays into a bare
particle. Furthermore, we found qualitative agreement between the measured decay
rates for moderate interactions and our theoretical calculations of three-body decay.

As we closer investigated the concentration dependence of the thermal component
of the partial BEC at strong repulsive interactions, our results indicate a slightly smal-
ler energy of the Fermi polaron with respect to what expected from a single-impurity
prediction. The experimental uncertainty in the determination of the interaction
strength, which is very sensitive to magnetic field fluctuations, rendered a qualitat-
ive analysis impossible. However, theoretical calculations, including polaron-polaron
interaction, predict a decreasing energy shift with increasing concentration, which is
consistent with our experimental data. This suggests that interaction effects amongst

polarons could be observed in more precise measurements, which we have conducted
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and will be the subject of Chapter 6.

Our capability of creating a partial BEC, which strongly interacts with a surround-
ing F'S, allows us to investigate the behavior of vastly different concentration regimes
in the same setup. Future measurements focused on the transition between the two
fundamentally different polarons could shed light on the largely unknown physics
beyond the single quasi-particle picture, where polaron-polaron interactions play a

significant role.
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CHAPTER

OBSERVATION OF THE

MEDIATED

POLARON-POLARON

INTERACTION 6

Motivated by the preliminary results on the mediated polaron-polaron interaction
presented in Chapter 5.7, we further investigated this phenomenon. The results of
this work led to the publication manuscript (in the final stage of preparation at time
of submission of the present Thesis) in Ref. [Bar23].

Convinced that the main limitation to this observation was the fluctuation in the
interaction parameter X (defined in Eq. ), we put effort in knowing with better
accuracy and precision our magnetic field. Moreover we put additional care in keeping
all the other experimental parameter, such as temperature and Fermi energy of the
Fermi sea (FS), as constant as possible, in order to be able to consider the impurity
concentration as the only varied parameter for each set of measurements relative to the
value of a given interaction parameter. These efforts, summarized later in Tab. and
Tab. 6.2, brought to the first observation of the mediated polaron-polaron interaction,

and of its sign inversion due to the impurity statistics, in an ultracold atoms system.
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6 Observation of the mediated polaron-polaron interaction

In this Chapter, I will describe the radio frequency spectroscopy measurements that
we performed in order to observe the mediated polaron-polaron interaction. In these
measurements we exploited the strictly similarity of the two different ultracold mix-
tures of Li and K realisable in our experiment: the Fermi-Bose (FB) mixture of 5Li

and “'K, and the Fermi-Fermi (FF) mixture of °Li and *°K.

This Chapter is organized as follows. After an introduction, in which I will quickly
revise the Landau theory for the mediated polaron-polaron interaction, in Section 6.1,
I will introduce some technical details, in Section 6.2. In particular I will describe
the preparation of the samples, their detection and their characterization, and I will
list some relevant quantities for our experiments. After this technical introduction,
in Section 6.3 I will describe our experiments, and compare our results with both
Landau’s Fermi liquid theory and a new model, developed by our theory collaborators

in the context of the work presented in this Chapter.

6.1 INTRODUCTION

The main motivation of our experimental work was to test the validity of Landau’s
Fermi liquid prediction of the mediated polaron-polaron interaction for increasing
impurity concentration C, and variable interaction strength X (see Chapter 3.3.1).
Indeed, for large impurity concentrations the underlying physics changes in the re-
gime C ~ 1 to nearly balanced FB [Fral(O; Ludll; Yull] and FF [Gubl3; Pin21]
mixtures, and in the extreme limit C — oo the roles of the impurity and the bath
are reversed [Fri2l]. Furthermore, in the strongly interacting regime, the approach
of considering interacting polarons becomes questionable as their particle character,

quantified by the quasi-particle residue, vanishes (see Chapter 3.2), and incoherent

excitations dominate.
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In particular we were aimed to determine the magnitude of the challenging weak
predicted polaron energy shift due to the mediated polaron-polaron interaction and
its linearity with increasing impurity concentration. On a qualitative level, we tested
the predicted independence of the sign of the energy shift for attractive and repulsive
interspecies interaction, and its sign reversal with impurity quantum statistics. The
confirmation of the predicted behaviour of the sign is an essential test for the validity
of the Fermi-liquid approach, as discussed in Ref. [Yul2].

As described in Chapter 3, when an impurity is immersed in a bath with which
it interacts, it forms a quasi-particle named polaron. In the case of several impurit-
ies, the created polarons can interact between each others, and the physics become
richer and more complicated. A textbook example of the novelty that such interac-
tions can bring is the phenomenon of superconductivity, generated by the attractive
polaron-polaron interaction. Despite the large range of control that ultracold gases
experiments provide, the mediated polaron-polaron interaction was not yet observed
in such systems: In Refs. [Sch09; Scal7], this effect was masked by the fact that the
impurities were degenerate [Girl2], while in our previous work Refs. [Cet16; Fri21],
only hints of such effect were visible.

In the framework of Landau Fermi liquid theory, a | impurity interacting with
a degenerate F'S of 1 particles forms a Fermi polaron. The energy of such a quasi-
particle is proportional to the Fermi energy Er of the FS, and depends on the strength
of the interaction between the impurity and the particles in the fermionic bath. The
normalized energy E|/Ey of a single polaron can then be expressed by a universal
function & (X) [Che06b; Lob06; Com07; Com08; Pro08; Mas11; Trel2; Sch18], which
has been widely studied in previous experiments [Sch09; Koh12; Scal7; Yan19; Fri21].

By increasing the concentration of the impurities, more polarons are formed and
they can interact with each other via the bath. This mediated polaron-polaron in-

teraction leads to a shift in the polaron energy with respect to the single impur-
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6 Observation of the mediated polaron-polaron interaction

ity case, which depends on the impurity concentration C = n|/ns, as discussed in
Chapter 3.3.1.

Taking these two energy contributions into account, and restricting the considera-
tion to low concentrations C < 1, the energy to add an impurity atom to the system,
which we define as AE,,, can be expressed, after normalization to E, in terms of two

universal functions [Fri21; Yul2; Sca22]":

AE,(X,C)

o = E(X) +E e (6.1)

While the first term represents the single-impurity limit, the second term accounts
for interactions between polarons mediated by particles of the F'S. This term is linear
in the impurity concentration C, and depends on X via an interaction coefficient,

represented by the function

LX) = FEAN(X), (62
where AN (X)) is the number of bath particles in the dressing cloud of the impurity, as
defined in Chapter 3.3.1. The — (+) sign corresponds to bosonic (fermionic) impur-
ities: Ref. [Yul2] predicts the mediated polaron-polaron interaction to be attractive
for bosonic and repulsive for fermionic impurities, the latter arising from an effective
repulsion resulting from Pauli blocking effects.

In Fig. 6.1 we illustrate the interaction dependence of the polaron energy according

to Eq. (6.1) for three exemplary cases: single impurity (dashed black line), and finite

concentration for bosonic (green solid line) and fermionic (orange solid line) impurities

Note that this is equivalent to Eq. (3.28), normalized to the Fermi energy. There is however a
slight difference in describing the mediated interaction term Eq. (6.2). As it will be clear later in
the text, this difference arises because here we consider the effect of the RF transfer in defining
the experimental obtained concentration, while, in Eq. (3.28), this effect was taken into account
into the theory.
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Figure 6.1: Polaron energy shift including mediated interactions. Polaron
energy branches as a function of the dimensionless interaction parameter X, accord-
ing to Eq. (0.1) in the limit of a single impurity (black dashed lines), and for finite
concentration for Fermi-Bose (FB, solid green lines) and Fermi-Fermi (FF, solid or-
ange lines) Li-K mixture. Note that, for illustrating the weak mediated interaction,
we have exaggerated the effect by choosing C = 0.5, while the underlying model is
strictly valid only for C < 1.

in a F'S. The figure also highlights that the mediated interaction effect (exaggerated by
choosing a large concentration of C = 0.5) is rather weak, which makes its observation

very challenging in a real experiment.

6.2 TECHNICAL DETAILS

For the measurements presented in this Chapter, we use either a FB mixure of °Li
and *'K, or a FF mixture of 5Li and “°K. The interparticle interactions between the
two species are tuned thanks to a FR centered at By = 335.080(1) G in the FB case,
and at By = 154.7126(5) G in the FF case. For the details on these FRs, the reader
can look back at Chapter 4.4.2.
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6 Observation of the mediated polaron-polaron interaction

The possibility to change the impurity from bosonic to fermionic, while keeping all
the other features almost identical, was a key ingredient in our system, allowing for
a direct observation of the effect of the impurity statistics in the polaron problem.
Moreover, we benefited from the Li-K mass imbalance, which allowed to prepare a
system with high impurity concentration where the fermionic bath was degenerate,
while the impurities were kept in the thermal regime. Indeed, we think that the
fact that the impurities were thermal was a major feature in observing the mediated
polaron-polaron interaction, allowing to neglect the effects due to the impurity de-
generacy [Girl2; Sch09; Scal7]. Another advantage of mixed-species system was that
the F'S represented a nearly homogeneous environment for the impurities. This was
due to the fact that the K cloud was located at the center of the trap and its size was
much smaller than the spatial extent of the Li cloud because of the Fermi pressure
acting on the Li atoms and the optical potential being about two times deeper for
K [Kohl12]. This allowed to treat our impurities as embedded in a FS with nearly

constant chemical potential. See Chapter / for further details.

6.2.1 Spin states

In the following, we use the convention on naming the spin states introduced in
Chapter 4.2. For the RF spectroscopic measurements, the %Li atoms forming the
spin-polarized Fermi sea were always kept in the lowest hyperfine spin state F,mp =
(1/2,+1/2), simply named Li. As the starting point for the measurements, the K
atoms were prepared in an ‘ancillary’ state K,,., which for 'K corresponds to the
third-lowest spin state (1,+1) and for “°K to the lowest state (9/2,—9/2). In our
spectroscopic injection scheme, the initial state KO is represented by the state (1, 0)
for 'K and by the state (9/2,—7/2) for “°K. The final Feshbach-resonant state K1
corresponds to (1,+1) for K and to the state (9/2,—5/2) for *°K.
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6.2.2 Sample preparation and characterization

We prepared our samples as described in Chapter 4.4.1. In particular our Li and
K atoms were trapped in a 1064 nm crossed optical dipole trap with averaged trap
frequencies of 117 Hz for *K and 193 Hz for Li (FB mixture), and 158 Hz for K and
271 Hz for Li (FF mixture).

After evaporative cooling, in order to obtain a fully polarized sample of Li in the
(1/2,1/2) state, we removed the atoms in the second spin state by applying a resonant
10-ps light pulse at 567 G (1180 G) in the FB (FF) case. Then the magnetic field was
ramped close to the FR of interest, near 335 G for the BF mixture, and 155 G for the
FF mixture. The trap contained a thermalized sample of roughly 10° Li atoms in the
lowest hyperfine spin state, and 10* K atoms in the K,,. state.

In order to vary the impurity concentration in the initial spectroscopy state KO,
we transferred the desired amount of atoms from the ancillary state K,,. to KO
using a RF pulse. In this way, keeping the total number of K atoms constant in
the cooling process, we ensured identical starting conditions for measurements with
variable impurity concentration. Note that this is different from what we did in the
experiment described in Chapter 5.7, where the impurity concentration was varied
mainly by changing the loading time and the evaporation endpoint in our preparation
sequence.

After the experimental cycle, we switch off the cross optical dipole trap and let
the atomic cloud expand for a typical time of 1 ms after which we detect the atoms
by using state-selective absorption imaging. In the case of the FB mixture we can
image KO and K1 directly, using nearly closed optical transitions. In the FF case,
however, because of the larger hyperfine structure of “°K in combination with the
lower magnetic field, optical transitions for the detection of KO and K1 are leaky,

which compromises the signal-to-noise ratio. Here, we applied a resonant light pulse
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6 Observation of the mediated polaron-polaron interaction

in order to remove K1 in 10 pus and applied a 96-us RF w-pulse transferring atoms
from KO to K,,., which permits imaging via a closed optical transition. In this way,
we derived our spectroscopic signal from atoms remaining in K0O. For the FB case, to
facilitate a direct comparison, we also defined the corresponding spectroscopic signal
based on atoms remaining in KO.

The temperature T' of the samples was 102 — 137nK in the FB case, and 190 —
285nK in the FF case. At these temperatures, the FS was deeply degenerate with
T/Tr =~ 0.14 (FB) and T/Tr ~ 0.24 (FF). The K impurities, instead, remained in
the thermal regime.

We determined the temperature of the mixture by ballistic expansion of the thermal
K cloud after releasing it from the trap, both in the FB and FF cases. The Fermi
energy of the Li cloud and the concentration of the non-interacting impurities were
obtained from separate measurements in which we recorded the distributions of the
Li and K atoms with the same initial conditions as in the actual polaron meas-
urement. These additional measurements were performed before each main polaron
measurement was performed. Typical values of the effective Li density, effective Fermi
energy, and reduced temperature were similar for the two mixtures and are reported

in Tab. 6.3.

6.2.3 Interaction tuning

We exploit the extraordinary similarity between the FRs in the FB and the FF
mixtures discussed in Chapter 4.4.2. The only main difference between these two
FRs is their center By: in the FB case By = 335.080(1) G, and in the FF case
By = 154.7126(5) G.

For both K isotopes in the initial spectroscopy state KO and the ancillary state

Kane, the interaction with the FS remains weak (see Tab. 4.1). This is just enough
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for thermalization with the bath in the sympathetic cooling process, but for the
spectroscopic scheme this background interaction is fully negligible.

We further note that the weak intraspecies interaction between 'K bosons is char-
acterized by s-wave scattering lengths of about 61 ay between all the spin states con-
sidered [Lys10]; the 9K fermions are characterized by intraspecies scattering lengths
of about 170 ay between different spin states [Lud12] and the interaction between

atoms with identical spin states is suppressed due to Pauli exclusion principle (see

Tab. 1.5).

6.2.4 Data selection and relevant parameters

In this Section, we discuss how we selected the data presented in this Chapter,
and give an overview of typical values for the most relevant experimental parameters
obtained in the two mixtures.

We investigated the influence of impurity concentration on the polaron energy for
different values of the interaction strength between the impurity and the bath. In
order to so, we performed measurements varying the impurity concentration at given
values of the magnetic field close to the FR. We took measurements in a range of
about £35mG around the FR centre. This implies that we needed knowledge of our
magnetic field on the level of a mG. The main limitation in our system was given
by slow drifts in the magnetic field during the measurements. In order to deal with
these drifts, we performed magnetic field calibrations before and after each measure-
ment was recorded, and we rejected measurements for which the difference of these
two values was larger than 2mG (1 mG) for FB (FF). We thus obtained a large set
of measurements, for different magnetic fields and different impurity concentrations.
We grouped these measurements in subsets according to the X value obtained from

the averaged value of the magnetic field before and after the measurement and the

99



6 Observation of the mediated polaron-polaron interaction

effective Fermi energy of the FS, extracted before each measurements as discussed

we also determined the temperature of the sample (Section 6.2.2). While we could
measure these parameters, we didn’t have precise control over them. Thus, in order
to keep the comparison in each subset easier, and to consider the impurity concentra-
tion the only parameter varied, each subset contains only post selected measurements
that show small variance of these parameters. In Tab. 6.1 and Tab. 6.2 we report
the averaged values of some important parameters and their respective standard er-
rors obtained in each subset, which in average contains 9 (7) measurements for the
FB (FF) case. In total, the data acquisition took almost one full year of constant

measurements-.

Table 6.1: Experimental parameters for the FB mixture. The average values
of the interaction parameter X, the effective Fermi energy (in kHz), the temperat-
ure (both in nK and in unit of Tf), the dimensionless range parameter, and their
respective standard errors are reported for each set of measurements corresponding
to different X values in the FB case.

er/h err ep/h T erT 7T T/T. * *
X err X (kHZ) (kHZ) (HK) (HK) / F €IT / F kFR err k’FR

-2.066 0.004 17.77 0.05 116.5 0.7 0.137 0.001 0.545  0.001
-1.449 0.004 16.64 0.06 137.0 0.1 0.172 0.001 0.527  0.001
-1.11  0.013 15.99 0.16 1241 0.1 0.162 0.002 0.517  0.003
-1.047 0.006 17.33 0.07 116.8 09 0.14 0.001 0.538  0.001
-0.902 0.008 16.79 0.24 1187 1.5 0.148 0.002 0.529  0.004
-0.716 0.011 17.63 0.09 111.2 1.5 0.132 0.002 0.543  0.001
-0.539 0.012 16.67 0.05 1294 0.5 0.162 0.001 0.528  0.001
-0.443 0.007 17.14 0.09 1189 0.8 0.145 0.001 0.535  0.001

2This long time for the data acquisition was also due to the degrading performance of our current
oven.

100




-0.363
-0.177
0.165
0.337
0.568
0.615
0.731
0.985
1.502
1.878

0.008
0.005
0.006
0.009
0.012
0.006
0.007
0.006
0.019
0.012

17.54
17.51
17.68
17.58
16.17
18.18
17.66
18.01
16.92
16.82

0.05
0.11
0.19
0.08
0.12
0.1
0.07
0.07
0.22
0.13

117.3
131.7
107.1
118.0
124.4
116.0
112.9
117.0
111.8
114.7

0.3
1.6
2.8
0.8
1.8
0.1
0.9
0.5
0.1
1.3

0.139
0.157
0.126
0.14
0.16
0.133
0.133
0.135
0.138
0.142
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0.0
0.001
0.002
0.001
0.003
0.001
0.001
0.001
0.002
0.001

0.541
0.541
0.543
0.542
0.52
0.551
0.543
0.548
0.531
0.53

0.001
0.002
0.003
0.001
0.002
0.002
0.001
0.001
0.003
0.002

Table 6.2: Experimental parameters for the FF mixture. The average val-
ues of the interaction parameter X, the effective Fermi energy ep/h (in kHz), the
temperature 7' (both in nK and in unit of Tf), the dimensionless range parameter
krR*, and their respective standard errors are reported for each set of measurements
corresponding to different X values in the FF case.

X err X (EkFéZ) GELEIFZ/)}L (nj£{) ?SKI; T/Tr err T/Tr kpR* err kpR*
-1.997 0.008 21.33 0.05 265.7 1.7 0.26 0.002 0.64 0.001
-1.866 0.006 19.01 0.09 226.1 0.1  0.248 0.001 0.605 0.001
-1.626 0.016 23.34 0.41 2469 1.9 0.221 0.005 0.67 0.006
-1.489 0.014 19.24 0.24 2094 1.7 0.227 0.004 0.608 0.004
-1.412 0.012 20.58 0.21 2729 2.9 0.276 0.005 0.629 0.003
-1.234 0.016 2491 0.61 233.7 10.8 0.196 0.011 0.692 0.008
-1.241 0.012 21.44 0.34 236.1 04 0.23 0.004 0.642 0.005
-0.964 0.003 19.45 0.26 223.1 4.0 0.239 0.006 0.611 0.004
-0.922 0.007 20.08 0.33 223.7 3.0 0.233 0.005 0.621 0.005
-0.65  0.005 20.79 0.35 2172 5.1  0.218 0.005 0.632 0.005
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-0.446 0.014  20.3 0.42 229.1 4.6 0.236 0.01 0.625  0.007
0.468 0.011 20.79 0.2 260.8 1.3  0.262  0.001 0.632  0.003
0.58  0.005 20.95 0.41 2353 0.8 0.235 0.004 0.635  0.006
0.796 0.013 21.08 0.49 229.2 4.6 0.227  0.002 0.636  0.007
1.084 0.014 20.91 0.66 233.1 6.7 0.233  0.009 0.634 0.01
1.129 0.012 19.21 0.27 2270 5.9 0.247 0.01 0.608  0.004
1.335 0.014 19.46 0.4 235.0 0.9 0.252  0.006 0.612  0.006
1.487 0.003 20.22 0.08 259.2 0.1 0.267  0.001 0.624  0.001
1.614 0.011 19.63 0.23 2254 1.3  0.24 0.003  0.614  0.004
1.793 0.007 22.7 0.17 2409 2.2 0.221 0.003  0.661  0.002
2.046 0.013 18.66 0.25 200.7 4.2 0.224  0.002  0.599  0.004
To summarize these results, in Tab. 6.3, we report the effective Fermi energy er of

the FS, the dimensionless parameter kp R*, the temperature, both in nK, 7', and in

unit of Fermi temperature of the FS, T'/Tk, the K-averaged density of the Li FS, 7,

and the concentration of the interacting impurities of K1, C (see Eq. (6.3) further

in the text for the experimental definition of this quantity) for the two mixtures.

These values are obtained from averaging over all the measurements presented in this

Chapter.

Table 6.3: Relevant parameters. Comparison of important parameters in the two

mixtures. The errors represent the standard errors.

EF/h (kHZ) krR* T (DK) T/TF N4 (1012 cm_3) C
FB  17.3(1) 0537(1) 102-137 0.144(1) L48(1) 0.01 - 0.23
FF  20.3(1)  0.624(2) 190-285 0.237(2) 2.24(5) 0.01 - 0.20
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6.3 Experimental observation of the mediated polaron-polaron interaction

6.3 EXPERIMENTAL OBSERVATION OF THE MEDIATED
POLARON-POLARON INTERACTION

The basic idea of our probing method, which has been introduced in previous

from an impurity spin state KO to a state K1. The initial state KO interacted only
weakly with the bath, and we considered it effectively non-interacting. The target
state K1, instead, featured tunability of the s-wave interaction with the fermionic bath
via a magnetically controlled interspecies Feshbach resonance (FR) (see Sec. 6.2.3).
As already mentioned, in both FB and FF mixtures, direct interaction between the
impurities was negligible since the intraspecies s-wave scattering was off-resonant.
We note here that in real experiments the single polaron energy &£, and the inter-
action coefficient Ei 1» depend not only on the interaction parameter X, but also on
the mass ratio and the resonance features. Since in the two mixtures used in our
measurements the values of these parameters were almost identical and, in addition,
the FRs exploited are in a near-universal regime (see Sec. 6.2.3 and Chap. 1.1.2), the
difference in mass ratio and FR had a minor effect, so that the impurity quantum
statistics was the only essential difference.

We implemented the RF-spectroscopic probing scheme by applying a 1-ms Blackman-
shaped pulse (see Chapter 41.3.2). The pulse duration was chosen as a compromise
between the spectral width of the RF pulse (ogp ~ 0.7 kHz) and the shortest polaron
lifetime (of the order of few ms for strong repulsion [Koh12; Fri21]). The pulse intens-
ity was adjusted to obtain a resonant m-pulse in the absence of Li atoms. We varied
the pulse frequency v in order to probe the polaron spectrum. Our spectroscopic
observable was the number Nk of atoms remaining in KO after the RF pulse. Note
that in the measurements presented in Chapter 5, we had chosen Nk;/Nk,,, to extract

the signal. However, the absence of a sufficiently closed optical transition impeded
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an efficient detection of atoms in K1 in particular for the FF mixture. Moreover,
possible losses in the transfer process (though not observed) could have complicated
the interpretation of a signal based on Nk;. We define the detuning Av = vy — v in
the FB case, and Av = v — 14 in the FF case, where v is the bare frequency of the
KO0—K1 transition in the absence of Li. The opposite sign in the definitions of Av
takes into account that in our FB mixture KO has a higher energy than K1, and vice
versa in our FF mixture. For both cases, the polaron spectrum is then represented
by Nko(hAv/er), where the detuning is normalized by the effective Fermi energy of
the bath ep.

In Fig. 6.2, we summarize the data analysis conducted in the case of the FB mixture,
and we use this example to describe our routine. Note that analogous analyses were
carried out for the FF mixture, as depicted in Fig. 6.3. In Fig. 6.2a we show a typical
RF transfer signal, recorded for bosonic 'K impurities, for two different values of
the impurity concentration. The resonant dip corresponds to the polaron peak in
the quasi-particle spectrum and its position reveals a small energy shift for the two
concentrations shown, which we attribute to mediated interactions. We analyzed the
signal by applying a heuristic fit model based on the sum of a Gaussian curve and a
linear background, the latter taking into account the weak influence of the incoherent
part of the polaron spectrum on the peak position [Cetl6; Fri21]. The choice of
this fitting function was linked to one key point that permitted us to obtain the
results presented in this Chapter: the small variance of the X parameter for different
measurements (see Tab. 6.1 and Tab. 6.2). Let’s open a small parenthesis to explain

this link.
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Figure 6.2: Dependence of the polaron energy shift on the impurity concen-
tration in the FB case. a, two exemplary spectroscopy signals (normalized to the
initial atom number) taken at X = 0.98 for different values of the interacting impur-
ity concentration (blue squares C = 0.16, orange diamonds C = 0.04). The solid lines
are fits with a Gaussian function plus a linear background (the latter being negligible
small in the present data). The error bars represent the standard errors from typical
5-6 measurement repetitions. b, Polaron energy shift as a function of concentration
for X = 0.98, the blue squared and the orange diamond correspond to the exemplary
spectra presented in a. The black line represents a linear fit to the data with the
dashed line showing the extrapolation to zero density. c, Polaron energy shift as a
function of impurity concentration for different values of the interaction parameter X.
From center to top (blue to red) increasing repulsion, from center to bottom (green to
red) increasing attraction. Statistical uncertainties are evaluated taking into account
errors on the Fermi energy and fit uncertainties from analyzing the spectra.
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Figure 6.3: Dependence of the polaron energy on the impurity concentration
in the FF case. a, two exemplary spectroscopy signals (normalized to the initial
atom number) taken at X = —1.41 for different values of the interacting impurity
concentration (blue squares C = 0.17, orange diamonds C = 0.09). The solid lines
are fits with a Gaussian function plus a linear background. The error bars represent
the standard errors from typical 5-6 measurement repetitions. b, Polaron energy as
a function of concentration for X = —1.41, the blue squared and the orange diamond
correspond to the exemplary spectra presented in a. The black line represents a
linear fit to the data with the dashed line showing the extrapolation to zero density.
¢, Polaron energy as a function of impurity concentration for different values of the
interaction parameter X. From center to top (blue to red) increasing repulsion, from
center to bottom (green to red) increasing attraction. Statistical uncertainties are
evaluated taking into account errors on the Fermi energy and fit uncertainties from
analyzing the spectra.

As discussed in Section 6.2.4, the main limitation in our system concerning magnetic
field stability, was given by slow drifts in the magnetic field during the measurements.
In order to deal with this drift, in addition to reject spectra for which the difference

in the measured magnetic field before and after the spectrum acquisition was larger
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than 2mG (1 mG) for FB (FF) (see Sec. 6.2.1), we performed the measurements in the
shortest time possible and, as a consequence, we sampled the quasi-particle spectrum
in a region centered around the polaron peak (typically less than e wide), not record-
ing the full background. As a well-established fact, the spectroscopy quasi-particle
signal has two component: one due to the polaron, and one due to the presence of an
underlying incoherent background [Mas14; Cet16; Fri21]. In previous work [Koh12;
Fri21], the broad background was approximated by a Gaussian, so that the complete
polaron spectrum could be modeled by a double Gaussian function (see Chapter 5.3).
Given the incompleteness of the recorded background in the measurements presented
in this Chapter, applying a double Gaussian fit to our spectrum was not possible.
To circumvent this, we fitted our signal with a Gaussian combined with a linear
background, the latter mimicking the presence of the not fully recorded incoherent
background, especially present in the strongly interacting regime, and negligible for
weak interactions. We checked that fitting selected spectra taken over a wider range
with a Gaussian and a linear fit, and with a double Gaussian led to values of the
polaron energy that are in each other error bars (see Fig. 6.1).

Coming back to the discussion of our analysis method, by fitting our spectra with
a Gaussian combined with a linear background, we extracted the polaron energy
peak position, and we identified it with AE,/Er. From the fits, we also extracted
the maximum transferred fraction of impurities from KO to K1, 7,.«. Based on the
experimental observables, we introduce the effective impurity concentration in the
interacting state as

~ 1

C = Cko % 57;nax, (6-3)

where Ckg = nixo/n1; is the concentration of the non-interacting KO atoms, given by
the ratio between the K-averaged atom number densities of the two species, nko and

nri- The factor % in our definition of C arises from averaging the number of impurities,
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Figure 6.4: Comparison between two fitting functions. Spectroscopy signal for
an exemplary measurement in the FF case at at X = 0.75 and for C = 0.08 fitted
by a Gaussian plus linear background (red solid line), and by a double Gaussian
(red dashed line). The resulting dip position are at AE, = —0.266(7) and AE, =
—0.27(1), respectively. The error bars represent the standard errors from typical 5-6
measurement repetitions.

which were gradually injected from 0 to the final value during the RF pulse”’.

In a second step of our data analysis, we considered the dependence of the polaron
energy shift AE,/Er on the impurity concentration C for a fixed interaction strength
X. In Fig. 6.2b, we present an example of the corresponding procedure for the FB
mixture, considering X =~ 1. The orange diamond and the blue square represent
the polaron energy shift extracted from the spectra in Fig. 6.2a where C ~ 0.04 and
C ~ 0.16, respectively. We used a linear dependence to fit the observed behaviour
(black line). From the obtained line, we extracted the interaction coefficient £, as
the slope, and the single impurity polaron energy &; from extrapolation to zero. In

Fig. 6.2¢, we present the measured polaron energies, and the corresponding fits of the

3Note again that here we consider the effect of the RF transfer in defining the concentration while
in Ref. [Fri21] and in Chapter 5, this effect was taken into account into the theory.
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6.3 Experimental observation of the mediated polaron-polaron interaction
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Figure 6.5: Polaron energy shift in the single-impurity limit. The experimental
results for & extracted from the linear fits to AE,/Ep vs C for FB (green circles)
and FF (orange squares) are compared with the the first term in Eq. (6.1) (green and
orange solid lines for FB and FF, respectively) for all the values of the dimensionless
interacting strength parameter X considered. Note that the theory lines are almost
identical for the FB and the FF case, so that they overlap to a large extent. Error
bars for £ correspond to the uncertainties of the linear fit, error bars for X, smaller
than the symbol size, represent the standard errors for each set of measurements.

concentration dependence for different X values for the FB case. For all our recorded
data, we found the linear dependence to fit the observed behaviour very well, with
all deviations staying within the statistical uncertainties. This linear behaviour is in
accordance with the expectations from Eq. (6.1).

We can now compare our experimental results with the theory presented in Eq. (6.1).
As an important benchmark, we first confront the zero-concentration value &£, as ob-
tained from our linear fits, with the first term of Eq. (6.1), representing the polaron
energy shift in the single-impurity limit. This comparison is reported in Fig. 6.5 for
the whole range of interaction strength values explored in our experiment, demon-

strating satisfying agreement between the experimental results and the single polaron
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6 Observation of the mediated polaron-polaron interaction

theory presented in Chapter 3.2. Minor deviations, observed for fermionic impurit-
ies for X 2 1, are likely due to residual finite-temperature shifts in the FF mixture
(T'/Ty =~ 0.24), which was consistently hotter the the FB mixture (T'/TF = 0.14). The
overall agreement with a well-established limiting case represented a validity check
for our measurements and, in particular, for the linear fit of AE,/Ep vs. C. The
impurity quantum statistics cannot play a role in the single-impurity limit, which is

in accordance with our experimental results.
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Figure 6.6: Mediated interaction coefficient in the moderate interaction
regime. The experimental results for £, extracted from the linear fit of AE,/Ey

vs C for FB (green circles) and FF (orange squares) are compared with the Eq. (6.2)
(green and orange solid lines refer to FB and FF cases, respectively) for interaction
values [X| 2 1. Error bars on &] correspond to the uncertainties of the linear fit,
error bars on X, smaller than the symbol size, represent the standard errors for each
set of measurements.

Let us now turn our attention to the main quantity of interest for the mediated
interaction: In our linear fits, the slope £, quantifies the observed energy shift with
increasing impurity concentration, and thus characterizes the interaction between the

polarons. We can thus identify this slope with the interaction coefficient in Eq. (6.2),
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6.3 Experimental observation of the mediated polaron-polaron interaction

which in turn represents the main prediction of Fermi-liquid theory from Ref. [Yul2].
The experimental results displayed in Fig. 6.6 for the regime of moderate interaction
strength (| X| 2 1) clearly show the expected behaviour of the sign. For bosonic
impurities, the downshift (€], < 0) with increasing concentration reveals attraction
on both sides of the resonance. In contrast, for fermionic impurities, the observed
interaction between the polarons, manifested in an upshift (Si > 0), is repulsive on
both sides of the resonance. Regarding the magnitude of the rather weak interaction
effect, our experimental results are consistent with the prediction. Most importantly,
our observations highlighted the essential difference between bosonic and fermionic

impurities, which is the opposite sign of polaron-polaron interaction [Yul2].
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Figure 6.7: Mediated interaction coefficient along the full resonance. The
experimental results for £, for FB (green circles) and FF (orange squares) are com-
pared with the extended theory model discussed in the text, assuming a population of
excited molecules with a density equal to 2.5 times the density of the polarons (solid
green and orange lines for FB and FF, respectively). Error bars on &}, correspond
to the uncertainties of the linear fit. Error bars on X, smaller than the symbol size,
represent the standard errors for each set of measurements.

In Fig. 6.7 we report the observed dependence of Eii across the full resonance, in
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6 Observation of the mediated polaron-polaron interaction

particular exploring the strongly interacting regime (—1 < X < 1). We find the linear
approximation of Eq. (6.1) to hold for any interaction strength for both the FB and
the FF case (see Fig. 6.2 and Fig. 6.3). For strong interactions, however, we observe
striking deviations from the Fermi-liquid prediction of Eq. (6.2), which concern not
only the magnitude of the effect but also its symmetry behaviour. When the reson-
ance is approached from the lower side (X < 0), Sii acquires large negative values.
This means that the repulsive interaction of impurities in the FS is counteracted by
mediated interactions, causing an effective attraction. This change appears independ-
ent of the impurity quantum statistics, in contrast to the observations for moderate
interaction strength. Approaching the resonance from the upper side (X > 0), a
sign reversal is observed for both the bosonic and the fermionic impurity case. Below
X ~ 1 the attractive (repulsive) character of the mediated interaction for bosonic
(fermionic) impurities turns into a repulsive (attractive) one.

We speculate about two effects that may complicate the interpretation of mediated
impurity interactions in the strongly interacting regime. First, the particle charac-
ter of the polaron, as quantified by the quasi-particle residue, becomes increasingly
suppressed near the resonance center (see Chapter 3.2). This raises general questions
about the interpretation in terms of interacting quasi-particles, as the incoherent back-
ground of particle-hole excitations in the FS may dominate the many-body system,
and this may result in the decrease of the mediated interaction strength observed
below the resonance center. Above, the system is known to undergo the polaron-
molecule transition [Pun09; Trel2; Masl2]. Including thermal broadening effects
[Nes20; Par21], dimer formation can be expected below X ~ 1. A dimer formed by
an impurity atom and an atom from the FS represents a new quasi-particle (molaron)
with opposite quantum statistics. This may explain the sign reversal of mediated im-
purity interactions if significant molecular population is present.

Obviously, a theoretical model beyond Fermi-liquid theory is needed to understand
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6.3 Experimental observation of the mediated polaron-polaron interaction

the intricate interaction physics in the strongly interacting regime. Our theory col-
laborator Miguel A. Bastarrachea-Magnani developed a model based on a T-matrix
approach that takes into account the finite concentration of the impurities, their mo-
mentum and the presence of high energy molecular levels on the attractive side. While
a detail description of this model is given in Ref.[Bar23], here we just discuss its main
predictions.

For 0 < X < 1 the model supports the molecular fraction as an explanation for
the observed experimental deviation from the Landau’s theory when considering,
as fit parameter, a density of the high energy molecules 2.5 times higher than the
density of the polarons (dashed-dotted lines in Fig. 6.7), value that is reasonable
for our experimental conditions. The effect of the high energy molecules can be
understood considering that in the FB case, a bosonic impurity can form a dimer
with an interacting particle of the F'S, creating a fermionic molecule. A finite density
of such molecules Fermi blocks the interaction, reducing the negative energy shift due
to the attractive polaron mediated interactions and producing repulsion. For X —
0", the induced interaction between polarons becomes larger and eventually cancel
this repulsive effect, leading to a decrease of £]; that eventually becomes negative
again. Instead, in the FF case, fermionic impurities form bosonic molecules with the
particles of the medium. A non-zero molecule density produces Bose-stimulation,
decreasing the energy shift and creating an attractive interaction. Similar to the FB
case, for X — 07, the competition between the increasing polaron-polaron repulsive
interaction and the attraction given by the presence of molecules leads to an increase
of £}, that eventually becomes positive again.

For X < 0, however, the model does not yield an explanation of the observed
behavior and we suspected that the Fermi-liquid theory may fail to describe such

strongly repulsive system.
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6 Observation of the mediated polaron-polaron interaction

6.4 CONCLUSIONS

In this Chapter we presented the first observation of the mediated polaron-polaron
interaction in ultracold atoms experiments. The measurements were performed in
both a FB and FF mixture of °Li and either 'K or K. The marvelous similarity
of the properties of the two FRs allowed for a direct comparison of the bosonic and
fermionic statistics of the impurities.

For weak to moderate interactions between the bath and the impurities we observed
the impurity concentration dependent energy shift of the polaron energy and its sign
inversion due to impurity statistic, as predicted by Landau’s Fermi liquid theory. For
strong interspecies interactions, instead, we saw deviation from this theory that could
be explained by the ill-definiteness of the polaron in this region and, on the attractive
side of the FR, by the presence of high energy molecular levels.

In order to shed light on these deviation a new theoretical model, based on a T-
matrix approach that takes into account the finite concentration of the impurities,
their momentum and the presence of high energy molecular levels on the attractive
side, was presented. While this model fails in reproducing the behaviour on the
repulsive side, on the attractive side it qualitatively explains our observations when
considering that the density of the high energy molecules is 2.5 times the density of
the polarons

Crucial for this observation was the fact that in our system the impurities were
thermal. Indeed, the mediated interaction can be masked in the case of degenerate
impurities by the creation of a F'S of polarons [Gir12], and by the different dispersion
relation of the non interacting and interacting state in RF spectroscopy experiments
[Sch09; Scal7].

From our observations we concluded that the Landau theory for mediated polaron-

polaron interaction is valid in the interaction range |X| 2 1 and, in this region, for
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6.4 Conclusions

at least all the interacting impurity concentrations achieved in our experiments, up
to ~ 0.2.

It would be interesting to observe the effect of the mediated interaction by means
of other techniques, such as via Ramsey interferometry [Cet16], which would help in

understanding the system dynamics on shorter timescales.
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OUTLOOK

In this Thesis, I presented two experiments aimed at investigating the physics of
Fermi polarons. New questions have arisen from these measurements and in the fol-
lowing I will discuss some possible experiments that can be performed in FeLi(Bo)Kx.

I will start presenting some technical upgrades.

Technical upgrades

New oven. At the moment, as already mentioned, our oven is providing a
very low atom flux, and obtaining samples with large atom number is partic-
ularly hard. Fortunately, my colleague Erich Dobler has designed a new oven.
Together with Adrian Konig, he is testing [Kon22|, and soon will install it,

allowing FeLi(Bo)Kx to keep on investigating new interesting physics.

Species-selective potential. In order to enrich the physics that we can in-
vestigate in our experiment, we have available an additional laser for K, which
operates at a wavelength of about 767 nm. With this laser we could create a
species-selective trap for K, with which we could better manipulate the density

of the impurities, or a species-selective lattice, with which we could pin down
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Outlook

our impurities. At the moment, my colleague Erich Dobler has installed this
laser in a setup that allows to exploit two-photon optical Raman transitions
between K hyperfine states. This setup allows to switch between two configur-
ations. In the first, thanks to two co-propagating laser beams, we can transfer
atoms between two K hyperfine states without varying their momentum. Due
to a higher (and widely tunable) Rabi frequency, this methods allows to obtain
shorter m-pulses with respect to our usual RF technique. In the second config-
uration, thanks to a couple of counter-propagating laser beams, we can transfer
atoms between two K hyperfine states while imprinting momentum to them.
This technique opens the door to the investigation of momentum effects in the

system.

Microscope. Our imaging system could be upgraded by installing a new mi-
croscope, designed by Emil Kirilov, which will increase the magnification by a
factor of ~8 [Ott19], possibly allowing for the observation of insitu distribu-
tions. Indeed, for instance, an insitu image of a K condensate, obtained with

our current setup, is only approximately two pixel wide.

Future projects

118

Breaking down of the Fermzt polaron. In the experiments presented in
Chapter 06, limited by the performance of our current oven, we were not able to
reach very high concentration of the impurities. With the new oven, and with
the possibility to exploit a species-selective potential to match the densities of
the two species [Dud23], we should be able to probe the polaron up to the

regime where the Fermi polaron picture breaks down.



Probing the mediated interaction with Ramsey spectroscopy. In the
measurements discussed in Chapter 0, we probed the mediated interaction
between polarons via RF spectroscopy, that is, by injecting the impurities in
the Fermi sea with a pulse much longer than the Fermi time, of the order of few
pus. Thanks to the recently installed Raman setup in the co-propagating con-
figuration we can probe the influence of the injection time, ranging from Fermi
time to arbitrarily long times, thus investigating the behaviour of the system
if a large concentration of interacting impurities is quenched or gradually in-
creased into the bath. In this respect, the Raman setup allows to bridge the
two approaches available in our experiment: the fairly slow RF transfer and the
previously exploited optical shift of the Feshbach resonance [Cet16], which only
allowed to quench the system. Further investigations of the mediated interac-
tion can thus be carried out by exploiting a combination of Raman transfer and
Ramsey interferometric techniques [Cet16], probing the evolution of the system

after different injection times.

Infinite impurity mass. With the possibility to create a species-selective
optical lattice, we can pin down our K impurities, effectively creating impur-
ities with infinite mass. With this we could observe Anderson’s orthogonality

catastrophe [And67].

Bose polarons. As discussed in Chapter 5, in our system both Fermi and Bose
polarons can coexist. It would be interesting to further study Bose polarons in
our system. In particular, our system would be suitable for observing the BEC
instability due to the transition between Bose polarons and Efimov clusters

predicted in Ref. [Chr22].
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Momentum dependence of the Fermzt polaron. Thanks to the implemen-
ted Raman setup in the counter-propagating configuration, we can selectively
transfer momentum to our K impurities, investigating the effect of moving im-
purities in a Fermi sea [Hu22]. In particular, we want to probe the stability of

the Fermi polaron against the impurity momentum.

Scattering close to a narrow Feshbach resonance. For a narrow reson-
ance, the range parameter R* plays a not neglible role in the scattering process
(see Section 2.1.3). Such parameter enters the scattering amplitude together
with the relative momentum between the two particles (Eq. (2.2)). Thus, thanks
to the implementation of the Raman setup in the counter-propagating config-

uration, we could test the influence of R* in the scattering process for large

relative momentum between the scattering particles.

Fermzi sea modulation. Thanks to a better imaging system we could be able
to observe density modulations in the Li Fermi sea due to the presence of the

K impurities [Trel3].

There are many other possible research path that FeLi(Bo)Kx still offers, regardless

of its age. Once the new oven will be install, its rejuvenation will be complete, and a

new era of intriguing experiments is ready to begin.
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