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ABSTRACT

This thesis focuses on confinement-induced dynamics in 2D Fermi
gases, how they modify the dynamics of the superfluid, and how they
can be harnessed to probe many-body systems, namely Bose polarons
and imbalanced Fermi gases. In the first part, I will show how the dy-
namics of the superfluid order parameter are altered by strong con-
finement. Using trap-modulation spectroscopy, we excite the ampli-
tude mode of the superfluid order parameter, which hybridizes with a
confinement-induced oscillation. This hybridization can be explored
by tuning the energies of the involved modes via interactions and is
described by a supporting effective field theory. Furthermore, I show
that the confinement-induced mode disappears near the superfluid
critical temperature, providing a probe of superfluidity.

In the second part, we create a repulsive Bose polaron in the
strongly interacting regime by eliminating the dominating decay pro-
cess usually present in polaronic quantum gas experiments. This is
achieved by using bosonic dimers that are stable towards decay via
Pauli blocking, since they are composed of fermions. The discrete en-
ergy levels of the confinement are then exploited as a synthetic spin,
with the bath residing in the ground state. Transferring particles from
the bath into higher levels then creates impurities. Using trap modu-
lation and Bragg spectroscopy, we extract the energies, quasiparticle
residue, and, for the first time, the effective mass of the Bose polaron.
Our results are supported by a T-matrix theory and quantum Monte
Carlo simulations.

In the last part, we will explore 2D spin-imbalanced Fermi gases.
We achieve temperatures more than a factor of two lower than in pre-
vious experiments, up to polarizations of P = 0.2, and observe a ho-
mogeneous local polarization in the entire box trap for all probed po-
larizations and interactions. We find that the confinement-induced
mode of the superfluid, as well as vortices, persist well into the
strongly interacting regime, a strong indicator of superfluidity. Lastly,
to connect our results to previous experiments conducted under har-
monic confinement, we place an attractive potential at the center of
the box trap and find the same ordering: a balanced core and an im-
balanced region farther from the center. No jump in polarization is
observed, allowing us to exclude the existence of a first-order phase
transition for any system above 0.04 T5.






ZUSAMMENFASSUNG

Diese Arbeit konzentriert sich auf die Dynamiken, die aus starker
Komprimierung von 2D-Fermigasen hervorgehen. Dabei wird unter-
sucht, wie diese die Dynamik des Suprafluids beeinflussen und wie
diese Anregungsmoden genutzt werden kénnen, um Vielteilchensys-
teme zu untersuchen, allen voran Bose-Polaronen und imbalancier-
te Fermigase. Im ersten Teil werde ich zeigen, wie sich die Anre-
gungsmoden des suprafluiden Ordnungsparameters durch Kompri-
mierung verdndern. Uber Fallenmodulationsspektroskopie kénnen
wir die Amplitudenmode des Ordnungsparameters anregen, welche
mit einer Schwingungsmode der Falle hybridisiert. Diese Hybridisie-
rung kann durchgestimmt werden, indem die Energien der zwei An-
regungsmoden tiber die Wechselwirkung verdndert werden. Dartiber
hinaus zeige ich, dass die Schwingungsmode nahe der kritischen Tem-
peratur des Superfluids verschwindet, was einen Indikator fiir Super-
fluiditat liefert.

Im zweiten Teil erzeugen wir ein repulsives Bose-Polaron bei star-
ker Wechselwirkung und eliminieren den dominanten Zerfallspro-
zess, der die Lebensdauer von Polaronen in Quantengasen norma-
lerweise einschrinkt. Wir erreichen dies, indem wir bosonische Fesh-
bachmolekiile nutzen, die aus Fermionen bestehen und daher durch
die Pauli-Blockade vor weiterem Zerfall geschiitzt sind. Die dis-
kreten Energieniveaus aus der 2D-Falle werden dann als syntheti-
scher Spin genutzt, indem das Bad im Grundzustand ist und Stor-
stellen durch Anregen in hohere Zustinde erzeugt werden. Uber
Fallenmodulations- und Braggspektroskopie charakterisieren wir das
Polaron vollstandig, indem wir Energie, Lebensdauer und effekti-
ve Masse messen. Unsere Beobachtungen werden von 7-Matrix und
quanten Monte Carlo Simulationen gestiitzt.

Im letzten Teil untersuchen wir spinimbalancierte 2D-Fermigase.
Dabei erreichen wir Temperaturen, die mindestens einen Faktor zwei
kalter sind als in vorherigen Experimenten, bei Polarisationen von bis
zu P = 0.2. Wir beobachten eine homogene Polarisation im ganzen
System bei allen untersuchten Polarisationen und Wechselwirkungen.
Wir stellen fest, dass sowohl die durch die 2D-Falle hervorgerufene
Schwingungsmode des Kondensats als auch Wirbel bis weit in den
Bereich starker Wechselwirkungen hinein bestehen bleiben, was ein
deutlicher Hinweis auf Suprafluiditét ist. Um unsere Beobachtungen
mit vorherigen Experimenten in harmonischen Fallen zu verbinden,
platzieren wir ein attraktives Potenzial im Zentrum der Boxfalle. Wie
in vorherigen Experimenten bilden sich ein balancierter Kern und eine
imbalancierte Region weiter auflen. Ein Sprung in der Polarisation
bleibt aus, was uns einen Phaseniibergang erster Ordnung fiir alle
Systeme mit Temperaturen tiber 0.04 T ausschliefSen ldsst.
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INTRODUCTION

Superconductivity is one of the most striking phenomena of quan-
tum many-body physics. It was unintentionally observed for the first
time in 1911, after cooling Mercury below 4.2 K, where the resistance
dropped to zero. The phenomenon was only understood much later,
in 1957, when Bardeen, Cooper, and Schrieffer published their cel-
ebrated BCS theory, explaining how the Cooper pairing mechanism
leads to superconductivity at the microscopic level [1]. Before that,
only phenomenological descriptions were possible within the frame-
work of the Ginzburg-Landau theory, which treated the superfluid in
terms of an order parameter ¢ that becomes non-zero in the super-
conducting phase [2]. It correctly predicted the existence of two col-
lective modes, in which the phase and amplitude of 1) oscillate, called
the Goldstone and Higgs modes, respectively.

To this day, many surprising and novel phenomena continue to be
discovered, extending beyond the initial description of conventional
superconductivity. This includes the family of high-T, superconduc-
tors, which are still not fully understood. Most of these are cuprates,
where the electrons are confined to quasi-2D layers, which is surpris-
ing because here quantum fluctuations destroy true long-range order
and one would naively expect superconductivity to be suppressed.

On the theoretical side, these quantum fluctuations make 2D sys-
tems hard to compute, a difficulty that worsens in the strongly inter-
acting regime, since the fermions become highly correlated. There-
fore, quantum simulations are urgently needed to address many of the
outstanding questions. Ultracold atoms provide the perfect platform
due to their high degree of control over interactions, temperatures,
particle densities, and system geometry. Highlights in recent years
have included the exploration of the BEC-BCS crossover [ 3], the obser-
vation of the Mott insulator [4], and the direct observation of Cooper
pairs [5], just to name a few. Notable milestones in our group were
the observation of superfluidity in 2D [6], the induction of Josephson
oscillations between two reservoirs [7], and the measurement of the
momentum-resolved spectrum via Bragg spectroscopy [8, 9], includ-
ing the extraction of the superfluid gap in 2D and 3D. In the follow-
ing, I will introduce the three main questions that are addressed in
this thesis.

We start with a question relevant to any strongly confined system:
What happens when the energy scales of the system become compara-
ble to those of the confinement? Specifically, in PartII, we look at how
the confinement modifies the dynamics of the superfluid by probing
the interplay between two collective excitation modes: One, the ampli-
tude mode, which is a coherent oscillation of the superfluid order pa-
rameter, manifesting as an oscillation of the condensate density; and

¥l

Breathing oscillation

¥l
Amplitude oscillation

Figure 1.1: Dynamics of the super-
fluid order parameter in the BEC vs. the
BCS limit of a strongly confined system.
In the BEC limit, the superfluid oscil-
lates spatially but the superfluid frac-
tion stays constant, while in the BCS
limit, the amplitude of ¢ itself oscillates.
Adapted from [10].



second, a confinement-induced mode where the condensate spatially
oscillates in the trapping potential. We are able to tune the energies of
both modes via interactions, which allowed us to observe hybridiza-
tion in the region where the energies cross. More precisely, in the BCS
limit, the amplitude of the order parameter oscillates, while far on the
BEC side the condensate oscillates spatially (see Fig.1.1). The connec-
tion between these two regimes is smooth, featuring a mixing between
the modes. Additionally, since the confinement-induced mode is di-
rectly connected to the superfluid, we find that it disappears above T,
making it an ideal probe for superfluidity.

With this tool in our hands, we can now tackle spin-imbalanced
Fermi gases: Since fermionic superfluidity arises from pairing be-
tween particles, a central question is how it evolves in the presence
of spin imbalance, where not all particles can pair. Early studies of
superconductors have shown that, by creating a spin imbalance in the
electrons via large magnetic fields, superconductivity breaks down as
soon as the magnetic field is large enough to create a spin imbalance;
the famous Chandrasekhar-Clogston limit [11, 12]. However, this is
not the full picture, since electron superconductivity is suppressed by
orbital motion induced by the strong magnetic fields. When this mo-
tion is eliminated, e.g., by using neutral atoms, a broad range of phe-
nomena and exotic phases can occur. Previous studies in 3D systems
have shown that these imbalanced systems tend to phase-separate into
a superfluid, balanced domain and an imbalanced normal region [13].
Further experiments in 2D have made similar observations of the sys-
tem ordering into balanced and imbalanced regions [14, 15]; however,
contrary to theoretical predictions, no first-order phase transition was
observed, and no clear signature of superfluidity has been detected.
Additionally, although exotic phases are predicted to be more stable
in lower dimensions, direct observation remains elusive to this day.

Therefore, in Part IV, we will explore the phase diagram of 2D im-
balanced Fermi gases, far below the predicted critical temperature for
superfluidity, which constitutes one of the two main results presented
in this thesis. I will show how, for any probed polarizations up to P =
0.2, and any interactions, instead of domain formation, we observe a
homogeneous local polarization. Additionally, we find strong indica-
tions of superfluidity, as we observe confinement-induced condensate
oscillations via trap-modulation spectroscopy far into the strongly in-
teracting regime, further supported by the presence of stable vortices.
Since we did not observe any mode softening related to exotic phases
in previous experiments on spin imbalances, our system is likely in
a superfluid phase, where the excess majority lives as thermal excita-
tions on top of the superfluid.

Lastly, we investigate the fundamental concept of an impurity
immersed in a bath. Here, the impurity is dressed by the interactions
with the bath, leading to a quasi-particle with its own energy and
renormalized mass, called the polaron. Initially formulated to describe
electrons moving in an ion lattice [16], polarons have been discovered



in a broad range of systems, including optically excited excitons
in semiconductors or color centers in perovskites [17]. In recent
years, ultracold-atom experiments have enabled the characterization
of these systems, especially the Fermi polaron, in which the impurity
is immersed in a degenerate Fermi gas. Bose polarons, however, are
theoretically and experimentally much more challenging to explore
due to the absence of Pauli blocking, which leads to larger coupling,
richer physics (e.g., Efimov bound states), but also more severe
decay processes in the strongly repulsive regime [18]. The latter
is a fundamental issue arising from how repulsive interactions are
engineered: They typically require an underlying bound state into
which the impurity can decay, especially at strong interactions.

Therefore, in PartIIl, I will present the second main result of this
thesis, in which we eliminated this loss channel by using a bath
of repulsively interacting dimers. These dimers are composed of
fermions and are thus protected via Pauli blocking from decay into
larger bound states with more than two particles. By exploiting the
discrete energy levels of strong confinement as a synthetic spin, we
create impurities and extract key quantities well into the strongly
interacting regime. Most notably, in addition to the polaron energy
and quasiparticle residue, we extract the effective mass via Bragg
spectroscopy for the first time in Bose polarons.

INTRODUCTION

9






SUMMARY OF THE MAIN RESULTS IN THIS THESIS

2.1 Hybridization of the amplitude mode in a confined fermionic superfluid

Published in C. R. Cabrera, R. Henke, L. Broers, ]. Skulte, H. P. Ojeda Collado,
H. Biss, L. Mathey and H. Moritz, Physical Review Research 7 (3), Lo32018

(2025) [10]

Observation of hybridization in the BEC-BCS crossover

The dominant experimental technique used in this thesis is trap-
modulation spectroscopy, where the depth of a strongly confining
potential is periodically modulated. For this publication, we used it
to excite the amplitude mode of a fermionic superfluid and to observe
how it hybridizes with a spatial oscillation of the condensate arising
from strong confinement.

Free oscillations of the order parameter

We verify the oscillations of the superfluid via a second method:
observing free oscillations in momentum space. After short driving
and a variable evolution time, the oscillation becomes visible in the
low-momentum peak of the condensate after a short time of flight.
The energies and large lifetimes are compatible with those extracted
from the trap modulation spectrum.

Vanishing of the mode at the critical temperature

Finally, since the observed dynamics are directly related to the super-
fluid order parameter, we measure its behavior for different temper-
atures. As expected, increasing the temperature broadens the mode
and reduces its spectral weight, until it vanishes at a critical tempera-
ture consistent with previous experiments on 2D Fermi gases.

2.2 Stabilization of a repulsive Bose polaron

Preprint in R. Henke, C. R. Cabrera, ]. Levinsen, M. M. Parish, G. E.
Astrakharchik, ]. Boronat and H. Moritz, arXiv:2511.03569v1 (2025) [19]

Engineering a Bose polaron from strong confinement

We implement a repulsive Bose polaron by using a condensate of
bosonic dimers forming a bath in the ground state of a strongly
confining potential. A polaron can be created by populating higher
harmonic oscillator states. Since the underlying atoms are fermionic,
the typical decay path into energetically favorable bound states is
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effectively eliminated, while the repulsive interactions between the
dimers are retained. The mapping to the polaron picture is further
supported by T-matrix and diffusion Monte Carlo calculations.

Quasi-particle properties from zero momentum spectra

We extract three quasi-particle properties via trap modulation spec-
troscopy, namely the polaron energy, lifetime, and quasiparticle
residue. We are able to, for the first time, access the strongly repulsive
regime because the typical decay channel for repulsive Bose polarons
is eliminated in our system.

Measuring the effective mass

Another main achievement in this work is the measurement of the
effective mass. Bragg spectroscopy provides access to the momentum-
resolved spectrum and, therefore, to the effective mass m*. We show
that the extracted m* increases as it enters the strongly repulsive
regime, exceeding twice the dimer mass.

2.3 Imbalanced fermionic superfluids

Creating an imbalanced 2D superfluid

We create an imbalanced 2D Fermi gas, for the first time, at temper-
atures far below the superfluid critical temperature 7,. We achieve
this by starting with a cold, balanced system of °Li in the lowest two
hyperfine states |1) and |2), transferring a desired fraction from |2) to
[3), and performing a blowout of |3). After reevaporation we reliably
reach imbalances up to P = 0.2 colder than 6 % of the Fermi temper-
ature.

Absence of phase separation in homogeneous geometries

In a homogeneous system, we do not observe any phase separation,
even below the superfluid critical temperature and imbalances of up to
P = 20%. When a harmonic potential is introduced at the center, the
system gradually separates into a balanced core and an imbalanced
region on the outside, replicating previous experimental observations.

Probing order parameter dynamics

We verify superfluidity in our system by probing the order-parameter
dynamics via trap-modulation spectroscopy. For an imbalance of P =
13 %, we observe a condensate mode well into the strongly interacting
regime. Further on the BCS side, it vanishes, signaling the breakdown
of superfluidity. This is further supported by the observation of stable
vortices in the same interaction range. For comparison, we probe
a balanced system at the same temperature and find a mode that
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persists throughout the entire BEC-BCS crossover, confirming that the
breakdown in the P = 13 % system stems solely from the imbalance.
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3 FERMIONIC SUPERFLUIDS IN REDUCED DIMENSIONS

3.1 Fundamental properties of Fermi gases

One of the biggest breakthroughs in physics in the past century was
the discovery and subsequent theoretical description of supercon-
ductivity and superfluidity. The normal-to-superfluid phase tran-
sition was first described using the phenomenological London and
Ginzburg-Landau equations and manifests as a breaking of the U(1)
symmetry. The resulting nonzero superfluid order parameter gives
rise to the well-known sound (Goldstone) and amplitude (Higgs)
modes. Subsequently, Cooper recognized that fermions can pair up
in order to enter a superfluid state, leading to the microscopic descrip-
tion of superfluidity in the celebrated BCS theory [1], formulated by
Bardeen, Cooper, and Schrieffer.

This chapter provides a short introduction to these fundamental
concepts. After introducing the general concept of Bose-Einstein
condensation (BEC) and fermionic superfluidity in Ch. 3.1.1, we will
take a closer look at BCS theory and how it smoothly connects the
BEC regime (pairing in real space) with the BCS regime (pairing in
momentum space).

I then focus on two fundamental collective modes: the phase (Gold-
stone) and amplitude (Higgs) modes by first approaching them in the
framework of Ginzburg-Landau theory in Ch. 3.3. This phenomeno-
logical theory is very useful for intuitively describing the superfluid-
to-normal phase transition by introducing a superfluid order parame-
ter that is directly connected to the condensate density. Extending this
theory to time-dependent solutions allows us to extract typical exci-
tation spectra that contain both collective modes. Depending on the
time-dependent terms, these modes are either separate or coupled.

In Ch. 3.3.4, we will finally connect Ginzburg-Landau to BCS the-
ory. After extending the latter to the Bogoliubov-de Gennes equations
to include gradients and temporal dynamics, we will see that for at-
tractive interactions (BCS regime), the phase and amplitude modes
decouple due to particle-hole symmetry. In contrast, for repulsive in-
teractions (BEC regime), this symmetry is suppressed and the modes
couple, leading to the famous Bogoliubov dispersion.

Last, in Ch. 3.4, we will consider superfluidity in a 2D geometry by
first looking at how the defining quantities (e.g. the scattering length,
binding energy, gap, etc.) change in comparison to 3D and then
introduce a new, confinement-induced collective mode of the order
parameter that will be important for the three main results presented
within this thesis.



18

* Technically, liquid 4He is not in the
weakly interacting limit, but in this case
the criterion still works surprisingly well
and is therefore included for illustration
purposes.

Figure 3.1: Visualization of Cooper pair-
ing. a) Particles at opposite momenta
and spins can scatter freely anywhere
on the Fermi surface as long as the total
pair momentum g,,; remains zero (pur-
ple shaded region). No energy trans-
fer can occur in this process because all
states below the Fermi surface are fully
occupied (gray area). b) Pairing is heav-
ily suppressed when the pair momen-
tum is non-zero. Because g, needs to
be preserved, the particles only have a
small region on the Fermi surface that
they are allowed to scatter into.

3.1.1  Fermionic condensation in a nutshell

It is well known that when bosons are cooled to low temperatures,
they begin to occupy the same state, leading to the formation of a
macroscopic wave function. This phenomenon is called Bose-Einstein
condensation (BEC) and was predicted by Bose and Einstein in 1924
and first observed in Rubidium by Cornell and Wieman [20], as well
as in Sodium by Ketterle in 1995 [21]. For condensation to occur,
the number of energetically accessible states of a system needs to be

smaller than the number of particles. This happens when the ther-
27h?
mkgT
particle spacing. Here m is the mass of a Boson, 7" the temperature,

mal de Broglie wavelength A = is comparable to the inter-
and £ the Boltzmann constant. This criterion is captured well by the
phase-space density 2 = n\3,, where n is the boson density. For a
weakly interacting Bose gas in 3D, the critical phase-space density
above which condensation occurs is 2, = ((3/2) &~ 2.612 (deriva-
tion in standard textbooks, e.g. [22]), with the Riemann-Zeta func-
tion ¢. To illustrate its validity, plugging in typical values for *He
(Mapge = 6.65 x 1077 kg, n ~ 2.2 x 10°® atoms/m3) leads to a critical
temperature 7, ~ 3.1K below which condensation occurs®, which is
close to the experimentally observed critical temperature 7, = 2.2K.

Of course, the examples from above are all bosonic systems. Fun-
damentally, condensation is only possible for bosons, since they are
allowed to occupy the same state, which, due to Pauli blocking, is not
possible for fermions. However, this limitation can be circumvented
by adding a second fermion species (e.g., in different spin or hyper-
fine states). Interactions then allow the formation of pairs with integer
spin, causing them to behave like bosons. Naturally, pairing requires
a bound state, which is governed by the interactions. For attractive
interactions, the existence of such a bound state actually depends on
the dimensionality. While a two-body bound state always exists for
arbitrarily weak attractive interactions in 1D and 2D, the 3D case re-
quires a critical potential depth [23]. However, in a many-body sys-
tem, this criterion for 3D systems is overcome due to the change in
geometry when a Fermi sea is present: Scattering can only occur on
the Fermi surface, which is two-dimensional. This effectively reduces
the problem back to 2D, and pairs can form again for arbitrarily weak
interactions.

These pairs always form at opposite momenta, which happens
due to Pauli blocking, as illustrated in Fig.3.1: Because of energy
conservation, only fermions close to the Fermi surface are allowed
to scatter, since the states below kg are fully occupied, while they
are empty above. Additionally, under momentum conservation, the
number of states into which two fermions can scatter is maximal
when the pair has total momentum ¢,,, = 0. The reason for this
is that the conserved quantity ¢, remains zero, no matter where
the fermions are located on the Fermi surface, as long as they carry
opposite momenta. In contrast, at ¢ # 0, only two points on the Fermi
surface are accessible, suppressing interactions.
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In the scenario of repulsive interactions, on the other hand, the
picture is very different. When interactions are purely repulsive, no
bound state exists, and the particles will be pushed apart. A good
example of this is two free electrons repelling each other via the
Coulomb interaction. In practice, however, repulsive interactions can
be engineered from an underlying bound state. Most prominently,
neutral-atom experiments use Feshbach resonances to achieve tunable
interactions, where a molecular bound state is tuned close to the en-
ergy of the unpaired atoms. At repulsive interactions, this molecular
state is energetically favorable, resulting in the famous BEC-BCS cross-
over that smoothly connects pairing in momentum space (BCS state)
at attractive interactions to deeply bound molecules (BEC) at repul-
sive interactions. Of special interest is the universal regime, where the
scattering length diverges, resulting in a system that is defined only
by the Fermi energy Er.

3.2 The BEC-BCS crossover

As we just discussed, fermions can pair, which allows for condensa-
tion. The microscopic theory describing this phenomenon was for-
mulated by Bardeen, Cooper, and Schrieffer in 1957 [1], and will be
briefly discussed in the following. Our goal is to find two things: the
ground state of this interacting system and its excitation spectrum. In
the following, we will follow the derivation given in [23].

We start from the Hamiltonian describing an interacting Fermi gas
with two spin states o = {1, ]} in second quantization

g
H= Z EkCITkaU Ty Z CIT<+q1Tclt<’fq,¢Ck’iCkT’ (31)
k,o k.k’.,q

with the creation and annihilation operators clig and ¢, at a momen-
tum k. Here, ¢, = h?k?/2m is the kinetic energy, V the volume and ¢
the (s-wave) contact coupling constant. Since we know that the fermi-
ons in our system pair at opposite momenta, we only consider scatter-
ing from |k’ 1,—k" |) to |k 1,—k ]) (restricting q = k — k’), which
simplifies the Hamiltonian to
g
H = Z chlto'cka' + V Z Clt,TCTfk,chk/ick’T . (32)
ko kK
The interaction term here still remains complicated, so it is useful to
perform a mean-field approximation by using the relation
AB ~ (A)B+ A(B) — (A)(B), (33)
with A = Clt,TCik, L and B=cy 6+ By introducing
g
A= v Z <Ck,TC—k,¢> ) (3-4)
k

we get the mean-field Hamiltonian

. V
Hyp =Y acl a0+ Y (Ack el + A%y oq) + E\AP . (3:5)
k,o k
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The last term is constant and is therefore disregarded from here on
out.

Next, we introduce the BCS ansatz, which is best suited to the prob-
lem, since it expresses the ground state as a superposition between
holes and pairs of opposite momenta

IBCS) = [ ] (uy + vpelicty, ) 10) - (3.6)
k

Here, u;, and v;, determine the occupation of holes and pairs, respec-
tively, and are normalized to

Jugl* + v > = 1. (37)

We chose u;, and v, to be real, leading to
g
A= TV Zukvk (3.8)
k

also being real. The ground state is then found by minimizing the free
energy

F =(H—pN)= Z 28,07, + 24 Zukvk (3-9)
s k

with the chemical potential p and ¢, = ¢, — 1. We additionally need to
take into account the constraint 3.7 from the normalization of u;, and
vy Itis therefore convenient to describe the problem in the Lagrangian
formalism and introduce the constraint as the Lagrange multiplier £,
leading to the Lagrangian

L= —E(ui +vi—1). (3.10)

We can then minimize £ by expressing the system as

224
du | g (B A R :
()= B () e

We can disregard the prefactor and solve the eigenvalue problem
to arrive at

v, = % (1 — 5,2) (3.12)
uy, = % (1 + é’;) (3-13)

B, = /& + A% (3-14)

At this point, A and p are still unknown, but we can find two equations
that allow us to fix them for arbitrary interactions. The first is the gap
equation and is obtained by inserting the solutions for u; and v, back
into 3.8

g 1 & g A?
A=-I5 S (1-2k) =2y [ .
V< 4( B2 Vv 2\ 1E? (315)

<

1
= - E - .16
g k 2Ek (3 )
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The second is the number equation and is obtained using the fact that
vy, is related to the number of pairs, and therefore the density, leading
to

nzZvizZQvizZ(l—é’;). (3.17)
k.o k k

Solving these two equations simultaneously gives us y and A, and
therefore a ground state |BCS). An analytical solution was found by
Marini et al. [24] using elliptic integrals, which is plotted in 3.2. We
can see a smooth transition between the BEC and BCS regimes. In
the former, the chemical potential is negative and dominated by the
binding energy E = h?/(ma?), since the fermions are tightly bound
in composite bosons. In the BCS regime, on the other hand, we see
that the positive chemical potential approaches Ey and A vanishes.
This makes sense, since for 1/kpa — —oo, the system becomes a non-
interacting Fermi gas.

With 4 and A defined, we can now go back and calculate the
momentum distributions u} and v}, which are plotted in Fig. 3.3 for
a broad range of interactions 1/kpa. As noted before, deep in the
BCS regime, we recover the ideal Fermi gas: The chemical potential
takes the value of Ir while A vanishes. This leads to a sharp Fermi
distribution, where all states below k. are fully occupied.
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Switching on attractive interactions, the sharp edge at kp softens,
since the energy gained by forming pairs becomes larger than the
extra kinetic energy required to populate higher momentum states.
The momentum distribution of pairs is given by u;v?, which is largest
at kp. As we move towards positive 1/kga, the Fermi surface softens
further until u?v? approaches the Boltzmann distribution, signaling
the BEC regime. Here, pairing does not take place in momentum but

Er

0

—Ef

—2E¢

-15 -1.0 -05 0.0 05 1.0 15
—1//(;:8

Figure 3.2: The gap A and chemical
potential o in the BEC-BCS crossover.
On the BEC side, the chemical potential
takes the value of half the binding en-
ergy Ep, while it goes towards Ey on
the BCS side. At the same time, A van-
ishes on the BCS side, signaling the tran-
sition to an ideal Fermi gas.

Figure 3.3: Left: Occupation of parti-
cles v7 and holes u? for different inter-
action parameters 1/kga. On the BCS
side (1/kpa < 0), v2 approaches the
distribution of a degenerate Fermi gas,
with a sharp drop in population at kg
and no condensed pairs uZv2. For in-
creasing interactions, the Fermi surface
washes out and pairing happens around
kg, while on the BEC side (1/kga > 0)
the distribution of the condensed pairs
approaches v2. Right: Single-particle
excitation energies for the same inter-
actions. Far in the BCS regime, there
is no excitation gap, and the disper-
sion is that of a non-interacting Fermi
gas. For finite attractive interactions, the
spectrum becomes gapped with an en-
ergy of A at finite momenta, while on
the BEC side, this energy minimum be-

comes \/u? + A2 atk = 0.
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Figure 3.4: Condensate fraction in
the BEC-BCS crossover. Towards the
non-interacting BEC regime the frac-
tion tends towards 1, while in the BCS
regime, it approaches 0.

inreal space, since all fermions are tightly bound, with pair sizes much
smaller than the inter-particle distance.

If we integrate the distribution of pairs uv? and all particles v, we
can determine the condensate fraction, which is shown in Fig. 3.4 for
the full crossover. We can see how the fraction approaches zero in the
BCS regime, again signaling the transition to an ideal Fermi gas. On
the BEC side, the entire system condenses, as the fermions are tightly
bound in composite bosons.

Additionally, we can determine the single-particle excitation by
considering the change in free energy upon adding or removing a
particle at a specific momentum k. Since a single particle does not
have the ability to pair, its energy is only given by &,. Additionally,
the momentum state the particle is added to or removed from becomes
unavailable for the rest of the condensate, costing an extra energy of
F .- Together, the excitation energy is

AF =& — Ty, (3-18)
with
-A
g

T 1, = 26,08 + 2wy, % > upvy (3-19)

k/

2 2
(s EE
g By By '

2 E2 _ 52

_ Sk Tk Sk
=& E, E, (3-21)
=&, — By (3-22)

Therefore, the single-particle excitation energy is
ATy =& =&+ By = Ey (3-23)

which, in the BCS regime (¢ > 0) has a minimum at §;, = 0 (¢, = p),
taking the value of A. This is why A is also called the gap. For 1 < 0,
the minimum is instead at k& = 0, with a value of \/u2 + A? (see
Fig.3.3).

In many experiments, including those presented in this thesis, the
particle number is conserved. To account for this, we can instead take
a particle at k£ and place it at k¥’ with an energy cost of E;, + E,,. The
energy gap in this scenario is calculated by exciting the particle into
the orthogonal state, resulting in an energy cost of 2E,, which is 2A
and 2,/p? + A? in the BCS and BEC regimes, respectively.

Apart from single-particle excitations, collective excitations also ex-
ist in superfluids. In the following chapters, we will focus on the
two relevant collective modes for this thesis: the Bogoliubov (sound)
mode and the amplitude mode, in which the condensate fraction itself
oscillates. These modes appear as a result of the broken U (1) symme-
try in a superfluid. To describe these excitations, BCS theory must be



FERMIONIC SUPERFLUIDS IN REDUCED DIMENSIONS 23

extended to include spatial dependence, leading to the Bogoliubov-
de Gennes equations. However, to gain an intuitive understanding of
these modes, we will first examine the phenomenological Ginzburg-
Landau theory in the following chapter, which introduces the con-
cept of an order parameter and explains how the collective modes
arise from the spontaneous symmetry breaking at the phase transi-
tion. Afterward, we learn how Ginzburg-Landau theory connects to
Bogoliubov-de Gennes equations.

3.3 The superfluid order parameter: A top-down approach

In the previous chapter, we discussed BCS theory, which uses a
“bottom-up” approach: Starting from individual particles, we move
up to arrive at many-body phenomena. By contrast, one can instead
start from the top and examine condensation within the framework
of Ginzburg-Landau theory, a phenomenological approach that is
particularly well suited to intuitively describe the physics of phase
transitions and is valid near 7. Historically, this theory was used to
describe the superfluid-to-normal phase transition, before BCS theory
was formulated.

The central concepts are introduced in the framework of the non-
local and therefore simpler Landau theory in Ch. 3.3.1, before moving
on to the full Ginzburg-Landau picture with a local order parameter
that can change spatially in Ch. 3.3.2. In Ch.3.3.3, we will then see
how the amplitude and Goldstone modes naturally emerge from this
theory, and justify the picture by connecting it to BCS theory in

Ch.3.3.4.
3.3.1  Spatially uniform scenarios: Landau theory

The central concept in (Ginzburg-)Landau theory is the order param-
eter 1), which characterizes the state of a system and changes from
zero to a finite value at a phase transition. The ground state for 1 is
determined by minimizing the free energy> F'(¢, T).

Often, an exact expression of F' is not known, and it is useful to
write it as an expansion for ¢, only including terms that are allowed by
the symmetries of the system. In the case of a superfluid, it is natural to
define 1 as the complex amplitude of the single-particle wave function
¥(r), which is normalized to the total number of particles in the
condensate

[1vwler=x. (324)
So, || directly corresponds to the superfluid density, which in BCS
theory is given by the integral over u2v?.

To describe our system, we choose a free energy featuring terms up
to the fourth order

F = alyl? + S, (325)

> Here we consider the free energy be-
cause it is the relevant quantity for
the systems discussed in this thesis.
Though, depending on the context,
other quantities can be minimized to
find v, e.g., the enthalpy.
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iy
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Figure 3.5: Free energy vs. |¢| for dif-
ferent values of o and positive 8. As
long as o > 0, the minimum of F'(¢))
is at |[¢| = 0, while at < 0 it is lo-
cated at |¢)| = /—a/B, entering the
new phase. The phase transition hap-
pens at & = 0. 3D plots show the full
landscape of F'(v) for the complex val-
ued 1 at each plotted value a.
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3 Here, we only use our knowledge that
at T' > T, the order parameter is || =
0, while below T, we plug the linear

expansion of « into || = y/—a/B.

1 1 1
0.0 0.5 1.0 15 2.0

TIT,

Figure 3.6: Behavior of the order pa-
rameter four our first-order expansion
of o around the critical temperature T,
given by Eq. (3.26).

4If we want to describe a first-order
phase transition instead, we need to in-
clude a || term.

introducing the coefficients o and §, that, in general depend on T
We do not include any odd-order terms, because the physics are not
allowed to change under phase rotations 1 — ¢'1). For physical
solutions, we can see that § > 0, since otherwise || would diverge.
Additionally, we can see that a phase transition takes place at o = 0,
when considering the minima of F' (see Fig.3.5): For a > 0, the
minimum is at |¢)| = 0, which marks the normal state, as no particles
are present in the condensate wavefunction. In contrast, at « < 0,
there is a minimum located at |¢)| = \/—a/B. It follows that the
temperature at which o = 0 must be ' = T,. Additionally, we can
see that the phase transition constitutes a break in the U (1) symmetry
of the normal state, since 1) = [1/|e’? is complex-valued. In the normal
phase where |¢)| = 0, the system is invariant under phase rotations
(U(1) symmetry), but once || > 0, it spontaneously settles on a
fixed phase since the minimum of F' now corresponds to a ring in the
complex plane.

Let us now examine the behavior of the condensate near 7. Ex-
panding « to first order around T" = T, and considering that it has to
vanish at T, gives a ~ o/ (T — T,), with o’ > 0. For simplicity, we set
B = const., since the crucial feature of the phase transition is the sign
change of « at T, yielding3:

- [T s
0,

T>T,

(3.26)

which is plotted in Fig.3.6. Additionally, we can show that the
phase transition is of second order. Under Ehrenfest’s classification,
the order of a phase transition equals the lowest derivative of the
relevant thermodynamic potential that is discontinuous at the critical
point. In our case, this potential is the free energy F'. For T' > T, all
derivatives are zero (since F'(|3)| = 0) = 0), while for T' < T, we get

a%F ( —0‘<BT>> =-85= (ag (T.—T) (3-27)
02 a(T) C_ (a)
a7 ( /3) ST 8 (3:28)

The first derivative, which is related to the entropy S, vanishes at
T = T, and therefore continuously connects to ' = 0 at T > T,
meaning it is not a first-order transition. The second derivative, which
isrelated to the heat capacity C, instead exhibits ajump at T’ = T, from
—(a’)?/pB to 0, making it a second-order phase transition4.

3.3.2 Spatially non-uniform scenarios: Ginzburg-Landau theory

Now we extend our model to feature a local order parameter, turning
it into a field:

Y — (), (3-29)
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This allows us to describe spatially inhomogeneous scenarios. The
free energy from Eq.(3.25) now becomes an integral over the volume
of the system and gains a term for the kinetic energy (v|V|), leading
to the famous Ginzburg-Landau functional:

Pl = [ @r[alv? + Siol + 199 (3:30)

Following the extremal principle, to find the differential equations
describing v, we are looking for a solution where the functional

derivative e
5 0. (331)
The functional derivative is defined as the function that fulfills
oF 5 . P +en) —Fy)
S () dor = lim !
(3-32)
_ dF(¢Y+en)
n de o ’

where 7 is an arbitrary test function. This expression can be intuitively
understood as finding the change of F' in the direction of 1. The
analogy becomes apparent when comparing the expression to the
directional derivative of a scalar field f(x) in the direction of a vector

D, f(x) := Z 857@ v;=Vf-v (3-33)
D,FIv] = [ dor ‘;—Z<r> n(e). (334)

Plugging 3.30 into Eq. (3.32), we find

oF

5 aly +en| + §|¢+677I4

(r)n(r)d3r = dig /dBT

+7|V(¢+8n)l21

e=0

|2 []?
_ /d%[aw*n ) + B U + b )

+ 7 (V) () + (F) (V1)) | -

Assuming that n vanishes at the boundaries, we can perform integra-
tion by parts for the kinetic energy terms and arrive at

OF 3 3 2 2] ¥

@(r)ﬂ(r)d r= [ &rlay+ BlYPY + VI T+ ce
Finally, we can see that the prefactors of 1 and »* have to vanish

in order to fulfill 3.31. Since 7 and 7* are linearly independent, the
differential equation for ¢ is

YV + anp + Bl = 0. (3-35)
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Figure 3.7: Recovery of f(x) over the
coherence length &, given by Eq. (3.39).

5 This is due to the fact that the system
features the terms K, |9, — v \Vw\Q,
which together lead to Lorentz invari-
ance.

As an example of an inhomogeneity, we will now extract the length
scale ¢ at which the system recovers from a defect, also called the
Ginzburg-Landau coherence length. For simplicity, we consider a 1D
system with a defect at x = 0, giving the boundary condition ¢ (x =
0) =0.

Taking the knowledge from the Landau equation, for x — oo, we
should obtain the homogeneous solution

I}erolo Y(x) = 1/*%a (3-36)
)= ,/—%ﬂx) (3-37)

_% F(@) + fl@) — f(z)® =0. (3.38)

With the boundary condition f(0) = 0, the solution for this differential
equation is

so we can define

to rewrite 3.35 as

T

f(z) = tanh N (3-39)

with the coherence length

(3-40)

A spatial profile of f(z) is shown in Fig. 3.7.
3.3.3 Excitations related to the order parameter

So far, we have only considered time-independent solutions; however,
in our experiment, we want to probe the dynamics of a superfluid.
To include these dynamics in our model, it is convenient to use
the Lagrange formalism and formulate an action which has to be
minimized to derive the excitation spectrum:

S = /dt/d?’r [Capn — F] - (3.41)

Here, & is just the integrand of the free energy functional F[y] in
Eq. (3.30), and Ly, contains the dynamical terms. For this, we choose
the two lowest-order time-reversal and time-invariant terms [25]

Layn = —IEK W 00 + Ky |00, (3-42)

where K, and K, are constants used to tune in and out the two
different terms. Therefore, our full Lagrangian is

L= Lo — F = K00+ KlOg0l2 — a2 — Syt — [Ty

(3-43)
If only the K, term is present, the system is Lorentz invariant> and
therefore relativistic, while the K, term is not. As we will see in
the following, the relativistic case (K; = 0) leads to two distinct
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modes: an ungapped Goldstone mode with linear k-dependence, and
a massive Higgs mode, which is gapped and quadratic in k. These two
modes correspond to oscillations of the phase and amplitude of the
order parameter, respectively.

Now, we know that, at T’ < T}, the equilibrium is at 1), = /—a/j,
after arbitrarily choosing our phase ¢, = 0. Therefore, we can look at
small perturbations around the uniform condensate

P(x,t) = (1hy + h(r, 1)) e'*et) (3-44)

to find the modes in the relativistic (X; = 0 and K, = 1) and non-
relativistic (K, = 1 and K, = 0) case.

To quickly summarize the steps of the derivations below, for both
cases, we first find the Lagrangian for the small perturbations by plug-
ging the ansatz into Eq. (3.43). We then get the corresponding equa-
tions of motion by invoking the Euler-Lagrange equations. Finally,
choosing a planar wave solution for the perturbations allows us to ex-
tract the energy spectrum.

Relativistic case

For the relativistic case, we start with the Lagrangian

£ = 02— Vol — ol — Zpult. (3.45)

To get an expression for the first two terms, we compute the gradient
and time derivative of the perturbation ansatz 3.44

0, = (Oph + (Yo + h)9y0) €' (3-46)
Vo = (Vh+i(yg +h)Ve)e'®. (3-47)

By squaring and dropping terms beyond the second order, the first
two terms of £ equate to

0% ~ (0,h)? + 15(0,0) (3-48)
YNVY =y (Vh)? +795(Ve)? (3-49)

The last two terms in £ govern the solution for the equilibrium and
only depend on the amplitude || = ¥, + h. We therefore group them
into the potential V(|y|) and expand it to second order around 1.

1 9%V
V() =~ V() + = =—=| h? (3-50)
077 2 gy o
— V() + % (20 + 65y2) B2 (3.51)
= V(1) — 202 (352)

The first-order term vanishes, since V' is minimal at v,. Additionally,
since the constant term V' (1),) does not contribute to the dynamics,



28

we omit it from the Lagrangian. Combining all terms, we arrive at the
Lagrangian up to second order

L‘quad = <8th>2 - V(Vh)2 + 2ah? + 1/% [(at¢)2 - ’7(v¢)2] ) (353)

which can be simplified further by rescaling the phase to § = ¢,
leading to
Cquad = <6th)2 - ’Y(Vh)Q + 2ah® + (ate)Q - ’Y(VQ)Q : (354)

We arrive at the equations of motion by invoking the Euler-
Lagrange equations

O <<9(88ffi)) v (%) - gﬁ =0 (3-55)

for each independent field f;, which is the amplitude / and phase 6.

Plugging in the Lagrangian 3.54, for the phase we get

o
S

L 8L -
af(awm) Vi(skm)

7
0,(20,0)) —2v2V20— 0 =0 (3.56)

which simplifies to
970 —4V?0=0. (3-57)

Analogously, for the amplitude £, we get
O2h —yV2*h —2ah =0. (3.58)
Choosing a plane wave solution for both fields
0(r, 1) ox €050, h(r, 1) ox kTt (359)
allows us to directly compute the dispersion for the Goldstone (phase)

—w? + k% =0 = |wg (k) = Ak (3-60)

and the Higgs (amplitude) mode

—w? +vk? —da =0 = |wy (k) = VYk? — da (3.61)

As we can see, the Goldstone mode is an ungapped sound mode

with linear dispersion, while the amplitude mode has a gap of A, =
2\/—a = 2,/|a| and behaves quadratically for £ <« 1 (see Fig. 3.8).

Non-relativistic case
For the non-relativistic case, we start with the Lagrangian

£ = it o — [V — alwf? — D ju. (3.62)

For the derivation of the excitation spectrum here, it is more conve-
nient to express 1 in Cartesian coordinates, again assuming small per-
turbations of the amplitude h <« 1 and phase ¢ < 1, leading to

Y= (Vg +h)e"® ~ g+ h+ithgp = Yy +u+iv. (3.63)
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To get the Lagrangian, we again start with the time-dependent term
WO = i(thy + u— )0, (thy + u+iv). (3-64)

Since constants do not change the dynamic, and the equilibrium
causes first-order terms to vanish, the term becomes

i 0,p — vOu — udyv . (3.65)

At this point, we can already see that, unlike in the relativistic case,
the phase and amplitude are coupled. The remaining terms in the
Lagrangian we treat analogously to the relativistic case and arrive at

Laquad = 0y — udyo — v [(Vu)® + (V)] 4 2au? . (3.66)

Invoking the Euler-Lagrange equations again, for both v and v, we get
the equations of motion

v = 29V2u + dau (3.67)
dyu = —2yV3v (3.68)

Plugging in a planar solution for v and v

u(r,t) = wpe' 0 o(r t) = et (3-69)
then leads to
—iwvy, = —2vkuy, + 4oy, (3.70)
—iwuy, = 2vk%vy, . (3.71)
From the second equation, we get
L w
Vg = —1277“1@, (3.72)

which we plug into the first equation and get

w?

—Wuk = —(29k? — da)uy, . (3.73)

After rearranging, we get the well-known Bogoliubov dispersion

wp(k) = V/29k2(27k? — da) = \/c2k2 + (29k?)? (3.74)

Figure 3.8: Dispersion for the Lorentz
invariant system (left). Two distinct
modes are visible, corresponding to a
massive amplitude and a massless phase
oscillation of the order parameter, as
illustrated in the top and bottom-right
panels, respectively.
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Figure 3.9: Dispersion for the non-
relativistic system (left). The spectrum
takes the shape of the well-known Bo-
goliubov dispersion. At low momenta,
the excitation is purely an oscillation of
the phase of the order parameter (top
right), while both the phase and ampli-
tude oscillate for larger momenta (bot-
tom right).

With ¢? = —8ay being the sound velocity. In Fig. 3.9, we can see that,
at low k, the mode has linear dispersion, which becomes quadratic
at higher k. Additionally, by plotting the evolution of ), we can see
that in the linear regime, only the phase (the imaginary part of )
fluctuates, while amplitude fluctuations mix in at higher k.
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3.3.4 Connecting Ginzburg-Landau with microscopic theories

We now have a good idea of how an order parameter and correspond-
ing collective modes arise from a spontaneous breaking of the U(1)
symmetry. To justify the applicability, we now connect the micro-
scopic BCS to Ginzburg-Landau theory, and show that the Lorentz
invariant case holds in the BCS regime due to particle-hole symme-
try, while it breaks down for a BEC.

Let us first consider the time-independent solutions. Shortly after
the BCS theory was developed, Gor’kov found that, by using Green’s
functions, the microscopic BCS Hamiltonian maps onto the static
Ginzburg-Landau theory [26]. However, since the precise steps of the
mapping go beyond the scope of this thesis, the reader is referred to
the original paper or a more detailed derivation in [27]. The same
result can be obtained by instead applying a Hubbard-Stratonovich
transformation to the partition function using the BCS Hamiltonian
[28] and expanding around the critical temperature 7.

These solutions are static and therefore do not include information
about collective modes; the microscopic theory needs to be extended
to incorporate dynamics. We therefore look at the time-dependent
Bogoliubov-de Gennes (BdG) equations, which are obtained when
extending the mean-field BCS Hamiltonian 3.5 to include gradients
and plugging it into the Schrddinger equation

L (ulrt) ho At (u(rt)
0, = - .
1ot (v(r, t)) (A* ) —hy ) \ort))” (375)
where hy = — % — . The most important property of these equations

is that they are particle-hole symmetric, meaning that the 2 x 2 matrix
elements fulfill H,;, = —Hj, and H,, = Hj,. This makes them Lorentz
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invariant® [30], again introducing the squared time derivative that
leads to the phase and amplitude modes being decoupled. In the BCS
regime, the dispersions of these modes are [30]

we (k) = ck (3.76)

wy (k) = V(28)% + 2k, (3.77)

with the sound velocity ¢ ~ wvp/v/3 and Fermi velocity vp = kg/m.
Comparing this with Eq. (3.60) and (3.61), we can relate v and «
from the phenomenological theory to the parameters in our relativistic
microscopic theory:
o _ kg 2
'y:c:w,a:—A. (3.78)
Things change drastically when going to the BEC regime. Formally,
the BAG equations are particle-hole symmetric in the entire cross-
over, but this symmetry becomes suppressed as A becomes much
larger than Ep and the pairs become tightly bound, thereby losing
the fermionic character. As a result, the BAG equations reduce to the
Gross-Pitaevskii equations [ 31], which are used to model BEC dynam-
ics

h0,0(5,0) = (5 Vg7 ) vint). (379)

As we can see, this equation features only a first-order time derivative
and is very similar to the non-Lorentz-invariant Ginzburg-Landau
theory. As a result, we again arrive at the well-known Bogoliubov

hw(k) = \/€,(€, + 2gn) . (3.80)

We can relate v and « to the microscopic theory by comparing with

dispersion

the non-relativistic Ginzburg-Landau theory 3.74:
h? _gn

It should be noted, however, that the interpretation of the high-

v

momentum limit, where the Bogoliubov mode becomes quadratic,
differs between the microscopic and Ginzburg-Landau theories. In
Ginzburg-Landau theory, the quadratic behavior results from mix-
ing between the amplitude and phase modes, whereas in the micro-
scopic theory, the excitation gains single-particle character, which is
also quadratic. These two interpretations are fundamentally different,
since the amplitude mode is collective, whereas single-particle excita-
tions clearly are not. Since Ginzburg-Landau theory is a phenomeno-
logical theory valid in the long-wavelength (low-k) regime, the cor-
rect interpretation of the quadratic behavior lies in the single-particle
excitations of the microscopic theory.

Additionally, the predictions for the BEC and BCS regimes smoothly
connect in the crossover. When going from the BCS to the BEC
regime, the amplitude mode vanishes, while the sound mode becomes
quadratic at large k. Since, in microscopic theory, this mode is called
“(Anderson-)Bogoliubov” or “sound” mode in the crossover, we will
do the same in the following and use these labels interchangeably.

®Not only are they Lorentz invariant,
but they are also formally equivalent to
the Dirac equation [29].
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Table 3.1: Different fundamental quan-
tities of a Fermi gas in 2D and 3D.

3.4 Fermi gases in 2D
3.4.1  Scattering and the BEC-BCS crossover

We now turn towards 2D Fermi gases, which are the central topic
of this thesis. Generally, when compressing a superfluid into a 2D
regime, many of the concepts introduced, such as Cooper pairing, the
superfluid order parameter, and the collective modes derived from
the Ginzburg-Landau theory, remain valid, as these arguments are
independent of the dimensionality. However, a few things change
drastically, starting from the interactions. The change of numerous
key quantities is summarized in Tab. 3.1.

| 0 [ 2D |
Fermi wave number k. (67%n)1/3 47n
. (6m2n)%/3h2 2mnh?
Fermi energy Ey 2, m
binding energy F mhazD mha%
3] 2]
: m32V mV
density of states ppog Vs VE s
. . 9 4r
scattering amplitude f(k) s | Ihao T
: . 4ma? 3973
scattering crossection o D 2
g 1+k72a§]3 4In(ka D)2+7r2

First of all, scattering itself changes, leading to a logarithmic de-
pendency on the scattering length In(kga,p), instead of 1/kga,p, in the
three-dimensional case. This becomes apparent when considering the
scattering amplitude f(k), which quantifies how much of an incoming
wave is scattered in a given direction of a spherical wave

ikr

e

() = e** + f(k)

(3-82)

r

For s-wave scattering in 3D at low energies, it can be approximated to

(3]

a
GD)(f) = —— 30 8
FEOR) = =1 ihap (3-83)
In the 2D case, however, the scattering amplitude has a logarithmic
dependency on a,p [32]:

47

(2D) _
fE (k) = —21In(ka,p) +im (3:84)

This also has the consequence that 3D has a unitary point, where the
system is strongly interacting but independent of a,p, whereas in 2D
this point does not exist. In 3D, for a,, — oo the scattering amplitude
tends towards f — —1/ik, leading to a scattering crossection o, =
47 /k?, which is independent of a,p. We can see from Eq.3.84 that
this point does not exist in 2D due to the logarithmic dependence.
At both, a,p, — 0 and a,p, — o0, a,p does not cancel out. Instead,
both regimes actually become weakly interacting, and the strongly
interacting regime is located around In(kga,p) ~ 0.

Another major change is the behavior of the bound state. As
explained in Ch.3.1.1 in a 2D geometry, a two-particle bound state
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exists for arbitrarily weak interactions, with the binding energy given
by the same form as in 3D:
h2
Bp=— 5. (3-85)

mazD

As a result, the gap and number equations drastically simplify to [33]
A = \/ EBEF (3.86)
p=Ep— EB/2 ) (3-87)

instead of the complicated Eq. (3.16) and (3.17) that have to be solved
using elliptical integrals. As in the 3D case, the chemical potential in
the BEC regime is dominated by the binding energy, while on the BCS
side it approaches Ey.

3.4.2 The Berezinskii-Kosterlitz-Thouless phase transition

There is another major change in the physics when going to 2D.
The famous Mermin-Wagner-Hohenberg theorem [34, 35] states that
condensation at finite temperatures is generally not possible in 2D
systems. This breakdown of superfluidity comes from quantum
fluctuations that become relevant in reduced dimensions. However,
in finite-size systems, this limit can be overcome by vortices pairing
up, stabilizing coherence. The microscopic theory describing this
phenomenon was developed by Berezinskii, Kosterlitz, and Thouless
[36, 37], hence the name BKT phase.

To quantify this stabilization, we look at the first-order correlation
function

g M (r) = W (r)w(0), (3:88)

with the bosonic creation operator ¢(r). In the case of a 3D superfluid,
g takes a constant value, meaning that coherence holds for arbitrar-
ily large distances. A thermal gas (" > T,), on the other hand, is
not coherent, since g'*) decreases exponentially. For a 2D superfluid,
however, g'!) only decreases algebraically

gV o <7> , (3-89)

which restores coherence in finite-size systems, specifically when the
system size is smaller than the coherence length.

In these systems, the previously introduced theories for superflu-
idity and their interconnections still hold.

3.4.3 The quasi-2D regime

Of course, it is impossible to fully eliminate one dimension in reality,
meaning that the atoms cannot be confined to a true 2D geometry:
In cold atom experiments, the atoms are typically confined by using
dipole traps with large trap frequencies, and the wave function will
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7Some publications also use the term
“quasi-2D” for systems, where p >
hw,, which can be misleading. We pre-
fer calling this the “intermediate-2D-
regime” to clearly distinguish between
systems where the discretization of the
confined dimension becomes relevant
while o > hw,, and systems where dy-
namics along the confined direction are
actually frozen out p < hw,.

8The original manuscript [38] states
A ~ 0.915, which is incorrect. The ac-
tual valueis A ~ 0.905, see e.g. [39—41].
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Figure 3.10: Binding energies for vary-
ing interactions in the quasi-2D system.
On the BEC side, the pair size is small
compared to [, and it approaches the
3D binding energy, offset by the energy
from the confinement. In the BCS limit,
the opposite is the case, and the energy
approaches the 2D binding energy.

always have some finite extent along this confined direction. On first
sight, the task of creating a 2D system seems hopeless. However, if our
chemical potential » and temperatures 1" are low enough, we can reach
the point at which the atoms occupy only the lowest energy level of the
confining potential. Therefore, even though the wavefunction has an
h/(mw,), with
the trap frequency w,, dynamics along this direction are effectively

extent given by the harmonic oscillator length [, =

frozen out. We call this regime, where 1, kg1 < hw,, the “quasi-2D”
regime’.

Of course, since we still tune interactions using Feshbach reso-
nances, we need to connect a,p, to a,p, which is possible by consid-
ering the scattering amplitude that has been derived by Petrov and
Shlyapnikov [38]

_ 4dr

V2l o +w(k2/2)
Here, w(x) is a rather complicated function, but in our low-momentum
limit (x <« 1) it simplifies to [38]

flawasizb) (k) (3.90)

2 272
w(k?12/2) ~ —In <;k2l2> +ir, (3.91)
with A ~ 0.9058, leading to
flawast2D) (k e (3.92)

\/glz/C%D —In (27“ kzlz ) +im
By comparing this scattering amplitude with the true-2D one in
Eq. 3.84, we can directly see that the scattering lengths are related via

(3.93)

™ _ /=
a,p =1, 1¢ VEl/ap

This definition is used to parametrize the 2D interactions for all results
presented in this thesis. Note that there are two distinct definitions
of the scattering length, which are identical in the 1D and 3D cases
but yield different results in 2D. In our case, we defined a,, via the
2D binding energy Ey = h%/maZ,, which is also the definition used,
e.g., by Petrov et al. [38]. The other definition uses the analytic
continuation of the scattering wavefunction to small distances to
calculate a, and is used, e.g., in [ 42, 43]. Fortunately, these definitions
are related by a simple factor a,p, = (ay/2)e™ " ~ 1.123a,, slightly
shifting the interaction parameter In(kpa,p) = In(kpay) — 0.113.

Another quantity that is modified is the binding energy, which
is a direct result of the varying pair size in the BEC-BCS crossover.
On the BCS side, the pair size is much larger than the harmonic
oscillator length [, and the binding energy follows the 2D description
in Eq. (3.85). In the BEC regime, on the other hand, the pairs are
bound in Feshbach molecules of comparable or smaller size than [,
and therefore follow Ep . + fiw,. An interpolation between these
regimes can be obtained by solving [39]

’EB.guasizD
e T

e

l, _/OO du
asp Sy Vamud

(3.94)
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In Fig. 3.10, we can see how the solution smoothly transitions between
the two regimes.

3.4.4 Confinement induced modes

In quasi-2D systems, we find the same modes as in the 3D and 2D case:
In the BEC regime, there is a Bogoliubov mode that turns from a linear
sound mode at low momenta k to a quadratic dispersion at large &,
while on the BCS side, both a distinct Goldstone and amplitude mode
exist. However, there is an additional family of modes that appears
when strongly confining quantum gases, stemming from the discrete
energy levels of the trapping potential: The multibranch Bogoliubov
spectrum.

0.0 0.5 1.0 1.5 2.0

The original discussion by Zaremba [45] considers a cylindrically
confined Bose gas and finds a family of gapped modes induced by the
discrete level spacing of the confining potential. This model has been
extended by Ghosh et al. [46] to describe these modes in the BEC-BCS
crossover, and Qin et al. [44] subsequently solved the problem in a flat
geometry similar to our experiment. A momentum-resolved energy
spectrum E,, (k) of these modes is shown in Fig. 3.11, where nygs is
the axial quantum number, corresponding to n in the figure. We can
see that the nypg = 0 excitation is an in-plane mode, corresponding
to the previously introduced sound mode. The additional modes at
higher energies stem from the multibranch Bogoliubov spectrum and
can be understood as monopole (breathing) and dipole (center-of-
mass) modes for even and uneven nygg, respectively. The resulting
density deformations n(z, wt—kx) visualizing the center-of-mass and
breathing character are shown in Fig. 3.12.

While this description is great for an intuitive understanding of
confinement-induced modes, our systems differ from the limits used
in these publications, and the quantitative predictions are not suited
for a comparison. The main difference is that [44—46] consider the
Thomas-Fermi limit. Most notably, in their calculations, they have
a system that occupies not only the ground state of the confining
potential but also many higher-lying levels, meaning that they are

Figure 3.11: Multibranch Bogoliubov
spectrum obtained from hydrodynamic
theory in a flat trapping geometry. The
BEC (1/kpa = 6), BCS (1/kga =
—0.5), and unitary regime (1/kpa =
0) are depicted by the dash-dotted,
dashed, and solid lines, respectively.
Adapted from [44].

0 2n 4n
kx — wt

Figure 3.12: Density deformation dn of
the stationary solution caused by the
different modes from the multibranch
spectrum. The z-axis can be understood
both as a temporal and spatial axis, since
the system oscillates spatially with the
wave number k£ when moving along 7,
and with the frequency w over a time
t. The in-plane mode (n, = 0) is a
regular sound mode, while the higher-
lying modes also exhibit vertical motion.
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Figure 3.13: Spectrum including all
modes discussed in this chapter. The
amplitude mode, starting at 2A, the
sound mode, and the pair-breaking con-
tinuum are all in-plane (n, = 0) while
the multibranch Bogoliubov spectrum
(green) results from the trapping geom-
etry.

Focused Beam

£

Figure 3.14: Excitations addressed by
dragging a stirrer through the gas at
three different velocities.  The area
probed by the stirrer is colored red and
black, while the sound mode is colored
blue. Adapted from [47].

q

actually in the 3D limit. Additionally, they consider the hydrodynamic
regime, which is not valid for weak interactions. Since we focus on the
quasi-2D regime, only the ground state of the confining potential is
occupied. As we will see, the modes correspond directly to excitations
from the ground state to individual levels. This becomes apparent
when considering the non-interacting BEC case where the energy of
zero-momentum excitations approaches the harmonic-oscillator level
spacing, hw,, whereas the hydrodynamic theory predicts different
energies, namely

¥ 2
B sk =10) = hwz\/QnMBS (nMBS + 5 1) : (3.95)

Here, v is determined by the density dependence of the chemical
potential 4+ oc n”, which is 1 in the BEC regime and 2/3 for a unitary
and a non-interacting Fermi gas. This leads to e.g. F,(k = 0) = v/3hw,
instead of 2hw, for a non-interacting BEC.

However, the general features of the spectra shown in Fig. 3.11 are
preserved, namely an in-plane sound mode (n, = 0) that is linear
for low momenta and a family of higher-lying transverse modes that
feature a quadratic dispersion.

All modes combined then result in the spectrum sketched in

Fig.3.13.
3.5 Experimental observation of collective modes

3.5.1  Bogoliubov mode

We now look at previous studies that have examined the modes dis-
cussed above, starting with the Bogoliubov mode. Since this is a sound
mode, it is directly linked to density fluctuations and is therefore very
easy to excite. This mode actually sets the critical velocity, as was
done in early experiments probing the Landau criterion, in which a
stirrer is dragged through a superfluid [48-52]. As long as the stir-
rer moves slower than the critical velocity v,, no excitations occur.
In the momentum-resolved spectrum discussed in the previous chap-
ters, this corresponds to addressing all excitations that lie on a straight
line that starts at the origin (w = 0,k = 0), with the slope deter-
mined by the velocity of the stirrer (see Fig.3.14). Since the sound
mode has a finite width, v, is lower than the sound velocity, and at
T > T, excitations for arbitrarily small velocities exist. Additionally,
one can introduce sound waves into the system to directly measure
the speed of sound [53]. A more involved approach is Bragg spec-
troscopy, as performed in [6, 8, 9, 54-58], which allows excitations
of the system at combinations of well-defined momenta and energies.
With this probing scheme, it was possible to extract textbook-quality
spectra of the sound mode (Fig. 3.15), as well as v, from the onset of
the sound mode, and T, from the temperature at which the extracted
v, vanishes. Bragg spectroscopy is also able to detect pair-breaking
excitations, as shown in Fig. 3.16. Since the onset of the continuum is
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a 1/kpa = 2.45 b

1/kpa = 0.01

located at an energy of 2A for a BCS-type superfluid, as explained in
Ch. 3.2, it provides a way to measure the superfluid gap. Therefore,
previous studies have quantified A in 3D [8] and 2D [9] Fermi gases,
enabling comparison between the two.

A short explanation of Bragg spectroscopy in our experiment will
be presented in Ch. 4.3.3, while a more detailed description can be
found in [47, 59].

3.5.2 Amplitude mode

Observing the amplitude mode, on the other hand, is significantly
more challenging for two reasons: First, it does not couple to density
fluctuations, but to modulations of the interaction; and second, it
decays very quickly because it lies in the pair-breaking continuum.

In charge density wave (CDW) superconductors, the amplitude
mode has been observed as early as 1980 [62, 63] but was only later
identified as such [64, 65]. This was possible because the CDW
couples to the superfluid order, which also pushes the amplitude
mode below the pair-breaking continuum [66]. However, in s-wave
superconductors without CDW, the detection is significantly more
challenging and only became possible after the development of high-
power THz sources [60]. The first observation was reported by
Matsunaga et al. in 2013 [61], more than three decades later, where a
strong THz pump pulse quenched the system. This led to amplitude
oscillations of the order parameter (see Fig.3.17), as evidenced by
changes in the probe pulse’s electric field. In a follow-up study, the
order parameter was periodically modulated, again with a THz pump
pulse [67].

In cold-atom experiments, the amplitude mode has so far been
observed in two ways. The first experiment, performed by the Kohl
group, used an off-resonant RF field to modulate the occupation of
the second and the initially unoccupied third lowest hyperfine state |2)
and |3), respectively. This modulates the superfluid order parameter
of the |1)—|2) mixture at the Rabi frequency Q5. As a result, they
observed heating at the frequencies consistent with the amplitude
mode (2A/h) for various interactions.

Alternatively, one can directly modulate the interactions by varying
the magnetic field, which was done in the Kohl group [68] and the
Vale group [58]. While the former observed heating at 2A via periodic
modulation, the latter quenched the interactions and observed free

Figure 3.15: Bragg spectroscopy mea-
surements on a 3D homogeneous Fermi
gas. a) Excitation spectrum in the BEC
regime, showing the typical Bogoliubov
dispersion. b) Towards strong interac-
tions, the sound velocity increases and
the pair-breaking continuum becomes
visible at larger q. The dashed line
marks the onset of the pair-breaking
continuum. Adapted from [8].
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Figure 3.16: Extraction of the superfluid
gap A by taking a slice at a finite mo-
mentum. The onset of the pair-breaking
continuum at 2A is clearly visible (red
line). Adapted from [8].
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Figure 3.17: Higgs oscillations after
quenching the system with a THz pump
pulse. The difference in the electric field
of the probe pulse shows oscillations
that fit well with theory predictions for
the amplitude mode. Adapted from [60,
61].
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Figure 3.18: Higgs oscillations after
quenching the interactions of the sys-
tem via a magnetic field jump. The y-
axis shows the response measured by
Bragg spectroscopy of the pair-breaking
continuum, which is modulated by the
order-parameter oscillations. Adapted
from [58].

2- oo
o OO c
o
o
0 o 0°
0/o o
—_ & . ©
N i o
o ©
5 1 09 oO 51
~— o »
B o 0'66
»
Q _00 /66
3 _0- _&0°
50
<)
/og
0+- T T
0 2
-1
K (um™)

Figure 3.19: Observation of the multi-
branch Bogoliubov spectrum via Bragg
spectroscopy. The experimental points
(circles) show good agreement with the
theory in [45] (dashed lines). Adapted
from [69].

oscillations of the order parameter (see Fig. 3.18), very similar to those
shown in Fig. 3.17.

In PartlIl, we will see that the amplitude mode can also be excited
via trap-modulation spectroscopy, since it modulates [, and therefore
the interactions a,p.

3.5.3 Confinement induced modes

The multibranch Bogoliubov spectrum has been probed via Bragg
spectroscopy by Steinhauer et al. [69] for a cylindrical BEC, where
they found good agreement with the predictionsin [45] (see Fig. 3.19).
However, studies of Fermi gases in the BEC-BCS crossover and in flat-
trapping geometries are still lacking. Additionally, there are currently
no experiments on these modes in the quasi-2D limit, which is not cov-
ered by the hydrodynamic theory of [44—46].

The dynamics of strongly confined systems are also of great interest
in thin-film superconductors, or superconducting nanowires. Here,
Blatt and Thompson have predicted the existence of shape resonances
that occur whenever the energy of a transverse energy level crosses
the Fermi energy [70]. This can lead to an enhancement of the
superconducting gap A, which has been observed, e.g., in [71, 72].

In this thesis, we aim to determine how these strongly confined
modes modify the dynamics of superfluids, especially in the limit
where their energies are comparable to the energy scales of the 2D
system, and to use them as a tool to probe superfluidity and quantum
many-body phenomena. To achieve this, we will primarily focus on
the second excited (n, = 2) mode, as it is readily accessible with the
spectroscopic techniques at our disposal.

More precisely, in Partll, we show that this mode persists in the
entire BEC-BCS crossover and shifts in energy. Eventually, in the BCS
regime, the energy crosses that of the amplitude mode, leading to
a hybridization. Additionally, since this mode is a Goldstone mode
associated with the superfluid order parameter, we observe that it
vanishes near 7, making it a useful probe of superfluidity. We extend
our understanding of this mode in Part III, where we will see that it
can be mapped to the polaron problem. This theory is also able to
consider excitations at finite momenta, so besides the polaron energy
and quasi-particle residue, we are able to extract the effective mass m*.
Finally, in Part IV, we use this mode as an indicator for the existence
of a superfluid in a locally imbalanced system in order to shed light
on the superfluid phase diagram of 2D imbalanced Fermi gases.



EXPERIMENTAL APPARATUS

In this chapter, I will explain the experimental apparatus and sequence
that allow us to create and probe ultracold 2D Fermi gases with a high
degree of control. A special emphasis will be placed on the upgrades
that were implemented during the course of this work and, most
notably, were imperative for the creation of the first 2D imbalanced
Fermi gases below the superfluid critical temperature, presented in
Ch.8.

4.1 Overview of the experimental apparatus

Our experiment is able to create a 2D Fermi gas at temperatures lower
than 7' = 0.027%, which is well below the superfluid critical temper-
ature Tggr ~ 0.1T% in 2D [6, 73]. It allows us to cleanly control a
broad range of parameters, including interactions, the density of each
hyperfine state? (spin imbalance), and temperature. Additionally, we
have a versatile set of tools at our disposal to probe various properties.
These include a microscope to acquire in situ density images; Bragg
spectroscopy, which enables us to measure momentum-resolved spec-
tra; and trap-modulation spectroscopy, which allows us to readily ac-
cess confinement-induced excitations.

We use °Li in the lowest two hyperfine states, namely [1) =
|[F=1/2,mp=1/2) and |2) = |F =1/2,mp = —1/2), which have
a broad Feshbach resonance at 832G, allowing us to freely tune the
interactions from attractive to repulsive. Due to its light mass and
strong interactions, evaporative cooling is very effective and reliably
reaches temperatures well below Tpyr.

Throughout the experimental sequence, the atoms are suspended
in ultra-high vacuum at ~ 1 x 107" mbar to prevent losses and heating
due to collisions with particles from the air. This vacuum is provided
by a multi-chamber setup, which will be discussed in more detail in
Ch. 4.2 as we go through the preparation steps.

The final trap is a purely repulsive, homogeneous box potential
that squeezes the atoms to the 2D regime, with Ep, ;1 < Aw,. A high
NA (NA= 0.62) microscope above the final vacuum cell allows us to
project either a sharp ring potential or arbitrary potential landscapes
from two independent digital mirror devices (DMDs) into the 2D
plane. In this thesis, only the ring is used for the vast majority of the
results presented in PartsII to IV.

To image the atoms, a second, identical microscope below the sam-
pleis used, allowing us to image density and momentum distributions
with a resolution of ~ 1.5 um via spin-resolved absorption imaging.
The momentum distribution is accessed via time-of-flight expansion

9 Introducing a spin imbalance, how-
ever, limits the minimum temperatures
we can reach (see Ch.9.1).
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Figure 4.1: Overview of the experimen-
tal cycle and vacuum system. The oven
provides an influx of 61i atoms, which
are then cooled in the Zeeman slower
(red) before being trapped in the MOT.
Here, they are loaded into an optical res-
onator (purple) and prepared for the
transport to the science cell by evapo-
ratively cooling the gas. The transport
trap (green) then moves the atoms to the
science cell, where they are first loaded
into an oblate trap and further evapora-
tively cooled (bright blue). From here,
they are loaded into the purely repulsive
homogeneous box, where a final evap-
oration occurs, leaving an ultracold 2D
Fermi gas well below Tyt (dark blue).
Adapted from [74].
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Figure 4.2: Front view of the dipole
traps in the science cell. The repulsive
box trap (green) is created by the ring,
which is projected through the micro-
scope, while the accordion trap is cre-
ated by overlapping two beams at a vari-
able angle from the side. An attractive
oblate dipole trap (red) precompresses
the atoms, ensuring that only a single
layer is loaded in the accordion trap.
Adapted from [75].

(more details in Ch. 4.3.2), which fulfills two major goals: First, the
temperature can be extracted from the thermal wings of the bimodal
momentum distribution, and secondly, the low momentum peak is
directly connected to the superfluid density, acting as a probe for the
response in spectroscopic measurements.

4.2 Preparing an ultracold 2D Fermi gas

250 ms 14s 500 ms
MOT transfer transport squeeze evap.
time
5s 1.6s 1s 400 ms
MOT resonator evap. transport 1D transfer

evap. & transfer

Zeeman slower J

MOT chamber

science cell —>

We will now focus on the different experimental steps required to
create an ultracold 2D Fermi gas. An overview of the full experimental
cycle and the vacuum system is shown in Fig. 4.1. In short, hot SLi
atoms are released from an oven and cooled in a Zeeman slower
(ZS, red), so they can be caught in a magneto-optical trap (MOT).
Afterward, the atoms are loaded into a dipole trap provided by
an optical resonator (purple), where they are further evaporatively
cooled. From here, the atoms are loaded into the transport trap
(green), which moves them from the MOT chamber to the science
cell. There, they are first transferred into an oblate attractive dipole
trap where they are evaporatively cooled to degeneracy, and then
transferred to the homogeneous box potential. This box trap consists
of two repulsive potentials (see Fig. 4.2): A radially confining ring and
an accordion lattice that compresses the atoms into a 2D geometry.
The atoms can be further cooled by lowering the ring power, leaving a
clean 2D Fermi gas at 7' < 0.027%. Optionally, before this evaporation,
we can induce a spin imbalance, allowing us to probe imbalanced 2D
Fermi gases below Tpir (more details in Part IV). Alternatively to the
ring, arbitrary potentials can be projected into the 2D plane by using
a digital micromirror device (DMD).

After preparation, the ultracold 2D Fermi gas can be probed using
various spectroscopic methods, which will be introduced in Ch. 4.3.
Using absorption imaging, we can acquire in situ density images or
extract the momentum distribution after a short time-of-flight (ToF).
Since this procedure is destructive, we have to prepare a new sample
for each shot. It is therefore beneficial to keep the cycle times as short



as possible, as it limits the amount of data we can take in a given
amount of time.
We will now go into detail through the different preparation steps.

4.2.1 Oven and lasercooling: From 750K to 140 pK

We start by evaporating Li in an oven at 480 °C, providing a constant
stream of atoms to the experiment. In the first step, these atoms are
slowed in a Zeeman slower (ZS) and then captured by a 3D magneto-
optical trap (MOT) in the MOT chamber. The magnetic field of the ZS
decreases along the path of the atoms to keep the light on resonance
while the atoms slow down from velocities of roughly 1500m/s to
1m/s. In the MOT, we are able to reach temperatures close to the
Doppler limit of 140 pK.

Both the ZS and MOT are fed by the same laser and address the
D2 line of °Li (see Fig. 4.3) at a wavelength of A = 671nm to achieve
cooling and trapping. A set of coils in an anti-Helmholtz configuration
provides the magnetic field required to operate the MOT. To keep the
laser at the required wavelengths, we use an offset lock to a reference
laser, which in turn is locked to a °Li vapor cell via modulation transfer
spectroscopy.

During this thesis, the laser system supplying light to the ZS and
MOT was upgraded to eliminate redundant setups, replace degrading
components, and deliver higher power to achieve faster MOT loading
rates, since this step alone accounts for about one-third of the entire
experimental cycle. We reduced the loading time from 5.5 to 3 s, while
achieving three times as many atoms in the MOT. A summary of the
upgrade is provided in Ch. 4.4.3 with more information in [76].

4.2.2 The cooling resonator: From 140 pK to 100 nK

In the next step, we transfer the atoms from the MOT to the first
dipole trap that is far detuned at A = 1064 nm. The main benefit of
using a far-detuned potential is that scattering events with the light are
negligible, with the downside that higher powers are required to trap
the atoms. Since the atoms are still relatively hot ~ 140 pK, and spread
over a large volume compared to the dipole trap, high intensities are
required for loading.

Instead of using a high-power laser at e.g. 200 W, we use an op-
tical resonator in vacuum that amplifies the intensities by a factor of
~ 1000. This allows us to achieve sufficient trapping using only 2W
of incoming light. We load the atoms about 3 cm off-center between
two curved mirrors to ensure a larger overlap with the MOT™ (see
Fig. 4.4a). Since the resonator is a bowtie cavity, we inject two inde-
pendent counterpropagating beams that create a standing-wave lat-
tice for trapping. By slightly detuning one arm with respect to the
other, the lattice moves, transporting the atoms to the center of the
cavity (Fig. 4.4b), where one arm is switched off, and the atoms are
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Figure 4.3: Level scheme of 5Li includ-
ing the transitions that are used for the
MOT. The cooler and repumper are dis-
played as red and cyan arrows, respec-
tively. Since the splitting between the
hyperfine levels of 22P; /2 is very small,
the cooler and repumper address all.
Adapted from [74].

* When loading the MOT, it is actually
not overlapped with the resonator. Only
at the end of loading do we shift the cen-
ter of the magnetic field using two addi-
tional sets of coils to align the MOT with
the resonator. This increases the final
atom numbers as the resonator initially
does not disturb the MOT.
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\ /

Figure 4.4: Resonator trapping and
cooling scheme. a) Atoms are loaded
from the MOT into the standing wave
lattice of the bowtie cavity off-center.
b) One of the resonator arms is de-
tuned, transporting the atoms to the cen-
ter of the cavity inside the moving lat-
tice. ¢) After switching the coils to a
Helmholtz configuration to increase in-
teractions and turning off one of the
arms, evaporative cooling is performed
by lowering the power. d) After evap-
oration, the atoms are loaded into the
transport trap. Adapted from [77].

evaporatively cooled (Fig. 4.4¢). For efficient evaporation, we enhance
interactions by exploiting the Feshbach resonance by switching the
MOT coils to a Helmholtz configuration, thereby generating a homo-
geneous magnetic field. After cooling, the atoms are ready to be trans-
ported to the science cell.

4.2.3 Transport: From MOT chamber to science cell

As soon as the atoms become cold enough during resonator evapora-
tion, they automatically move into the transport trap, which is over-
laid on the resonator center (Fig. 4.4d). Like the resonator, this far-off-
resonance trap (FORT) has an attractive wavelength of A = 1064 nm
and is initially operated at 8 W. A movable lens on an air-bearing stage
then transfers the atoms to the science cell within 1.4s. After trans-
port, the atoms arrive with an imbalance in the two lowest hyperfine
states, with 80 % in the |1) state. We therefore use a series of about 100
Landau-Zener sweeps between |1) and |2) to balance the system be-
fore continuing. Finally, the atoms are further cooled so they are ready
to be loaded into the 2D box potential. Similar to the MOT chamber,
we have coils in place to control the interactions, which we set slightly
above the pole of the Feshbach resonance at 870 G for efficient evapo-
ration.

During this thesis, the laser system of the FORT was upgraded to
enable higher power and therefore load more atoms more robustly
from the resonator, as discussed in Ch. 4.4.2. Additionally, the photo-
diode used for the position stabilization was exchanged during the up-
grade of the 2D breadboard, which is explained in Ch. 4.4.1. In partic-
ular, the stable atom numbers gained from the laser upgrade allowed
us to reach the 2D regime for imbalanced Fermi gases, as presented in
PartIV.

4.2.4 Loading the 2D homogeneous box: From 3D to 2D

Before loading the atoms into the final box potential, an attractive
dipole trap (squeeze trap), again at A = 1064 nm, is used to precom-
press the atoms vertically. This happens as the power of the FORT is
ramped to omW, while the squeeze trap stays at 1 W.

Subsequently, the atoms are further evaporatively cooled in the
squeeze trap while the magnetic field is ramped to 750 G, well below
the Feshbach resonance. This transfers the atoms into tightly bound
bosonic molecules and later improves loading into the box potential
due to the low chemical potential in the BEC regime. Before that,
however, a magnetic field gradient deterministically spills the gas to
a desired number of atoms, with the final atom numbers fluctuating
less than 5 % in between experimental cycles.

Now, the atoms are transferred to the repulsive box potential used
for the main experiment. The repulsive dipole traps for the 2D ho-
mogeneous box are switched on, consisting of the ring and accordion,



()

" -
m—Ge==10. 4

/ (©)

(b) !

D = 50pm

200pm

I2.9pum

e atthtunassatman SR
-100 -50 0 50 -100 -50 0 50 -100 -50 0 50
X [pm] x [pm] X [pm]

both at A\ = 532nm. The ring™ is projected through a high-NA mi-
croscope above the glass cell and radially confines the atoms to a di-
ameter of ~ 9o um. For the 2D confinement, we employ a vertical ac-
cordion lattice, which is created by overlapping two beams from the
side at an angle which can be continuously tuned between 1.5° and
13°, leading to trapping frequencies ranging from w, = 27 - 0.8 kHz
up to 27 - 11.5kHz, respectively. After loading atoms into the open
accordion, it is compressed to w, ~ 27 - 12 kHz, leaving a superfluid
in the 2D regime.

To achieve our final temperatures, a final evaporation is performed
by lowering the ring power. The cooling is aided by using a slight
anticonfinement that pushes the evaporated atoms away from the
ring. This anticonfinement is generated by the accordion trap and
is usually canceled out by the confinement of the magnetic field that
is used to tune the interactions. However, a second pair of coils in
a Helmholtz configuration can create a much more homogeneous
magnetic field, leaving the anticonfinement of the accordion trap in
place. Therefore, during evaporation, the hot atoms outside the ring
are actively pushed away, leaving a clean superfluid at temperatures>
T /Ty < 0.02 for balanced systems. After this evaporation, we switch
back to the first set of coils and ramp the magnetic field to reach the
desired interactions for the main experiments. The system can then
be imaged via absorption imaging.

During the course of this thesis, the 2D breadboard, which, among
other things, features the squeeze trap and accordion lattice, was com-
pletely renewed. Previously, the vertical lattice for 2D confinement
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Figure 4.5: 2D box trap in the exper-
iment. a) General overview. Atoms
are loaded from the attractive squeeze
trap (red) into the repulsive box trap
(green). b) The squeeze trap precom-
presses the atoms for reliable loading
of a single layer of the accordion lat-
tice. By changing the angle 6, the lat-
tice spacing can be adjusted. c¢) The
ring, which is projected through the up-
per microscope, provides radial confine-
ment in a homogeneous box with a di-
ameter of typically 8o pm. d)-f) Density
profiles for atoms in the squeeze trap
(a), squeeze + ring (b), and ring + ac-
cordion (c). Adapted from [75].

" The ring beam itself is created by an
optical setup making use of multiple
axicons, allowing a sharp ring at high
powers to be projected into the gas. A
detailed description of the axicon setup
can be found in [78].

> More details on the temperature mea-
surements are provided in Ch. 4.3.2.
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The best resolution theoretically
achievable in the experiment is 0.7 um,
since the microscope has a numer-
ical aperture of 0.62 and we use a
wavelength of 671nm for imaging.
However, due to slight misalignments,
we currently do not reach that value.
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Figure 4.6: Free-space vs. T/4 ToF. a)
In free space, the cloud gets sheared in
phase space as time progresses. b) In a
weak harmonic confinement, the phase
space instead rotates along 9o° after a
quarter of a period, mapping momen-
tum to real space. Adapted from [78].

was static, whereas now we are able to tune the lattice spacing from
20 to 2.3 um, leading to trap frequencies between 0.8 and 11.5 kHz, re-
spectively, at maximum power (0.5 W). The upgrade of the 2D bread-
board is summarized in Ch. 4.4.1 while a more detailed description
can be found in [79]. As an alternative to the ring, there are two sep-
arate digital mirror devices (DMDs) that allow arbitrary potentials to
be projected onto the 2D plane.

4.3 Probing 2D Fermi gases

Parts of this section were adapted from the supplementary material of [19],
submitted during the course of this work. Notably, Ch. 4.3.2 was taken from the
experimental documentation with minor modifications, and Ch. 4.3.3and 4.3.4
closely follow the discussion of the theoretical description of the spectroscopic
techniques.

4.3.1  Density imaging

To take in situ density images, we use high-power absorption imaging.
The light that is used is resonant with the D2 line of °Li, and since
we take the images at fields between 700 and 1000G, the splitting
between the hyperfine levels is large enough that we can address
them individually. Since SLi is very light, we use high powers for
imaging so that a single shot only illuminates the atoms for 5ps,
eliminating movement-related blur. Because of these high powers, we
have to consider saturation-related effects, which are calibrated using
a technique similar to that presented in [80], and are described in
detail in [77]. Furthermore, during imaging, the atoms are already
accelerating, so we sweep the imaging light frequency to stay on
resonance.

A microscope below the vacuum cell with an additional lens setup
then projects the image of the 2D plane onto an EMCCD (electron-
multiplying charge-coupled device) camera with a resolution’ of
around 1.5 um. This camera features a “fast kinetics” mode that can
also be used to take multiple pictures of smaller vertical size in quick
succession, which allowed us to implement a double-shot technique
where both spin states used in the experiment are imaged in a single
experimental cycle (see Appendix A). However, since this technique
was only reliably implemented towards the end of this work, it was
not used for any of the results presented in this thesis.

4.3.2  Measuring temperature and response from the momentum distri-
bution

Accessing the momentum distribution is vital for all experiments con-
ducted in this thesis, as it allows us to extract a response from spec-
troscopic measurements and measure the temperature. We achieve
this by using 7'/4 time-of-flight (ToF), where we switch off all opti-
cal trapping potentials and exploit the residual radial confinement of



28 Hz from the magnetic field. A detailed explanation of this tech-
nique can be found in [75], but in short, after a quarter of a period
T/4 = 9gms, the momentum space maps to real space (see Fig. 4.6)
and can be imaged via standard absorption imaging as explained in
the previous section.

However, because the superfluid is strongly confined along the
imaging axis prior to switch-off, the cloud rapidly expands beyond the
microscope’s depth of field, distorting the momentum distribution.
We resolve this issue by slightly tilting the imaging beam (see Fig.
4.7a) such that the z-axis is partially mapped to the y-axis of the
density images, resulting in the elongated shape shown in Fig. 4.7b.
The center, as indicated by the dashed lines, corresponds to the atoms
in focus, showing the actual momentum distribution, while the atoms
further above and below are out of focus.

Since we are interested in measuring the temperature and conden-
sate density, we ramp the magnetic field to low interactions in the
bosonic regime at B = 750G for all measurements involving 7'/4
ToF, where In(kpa,p) ~ —2.5. This reduces collision events that
may distort the momentum distribution and freeze out the dynam-
ics. Additionally, the atoms are tightly bound in bosonic molecules,
which, for low enough temperatures, leads to a clear bimodal struc-
ture (see Fig. 4.7¢c), where the condensed atoms are in the parabolic
low-momentum peak, and the thermal fraction is visible in the much
broader wings.

a imaging beam

(o

0 100
X [um]

to camera

To extract the temperature, we typically average over 50 density im-
ages, take a vertical sum, and fit a bimodal function to the measured
distribution (see Fig. 4.7¢). The bimodal fit combines a parabolic term
for the condensate and a Boltzmann distribution, with the tempera-
ture given by the thermal wings.

If we want to extract a response from our different spectroscopic
techniques, we instead use the condensate peak as it provides a much
better signal-to-noise ratio. Again, we take a horizontal slice through

EXPERIMENTAL APPARATUS 45

Figure 4.7: Tilted imaging. a) Sketch
of tilted imaging. After ToF expansion,
the atoms expand vertically due to prior
confinement. We perform absorption
imaging with a tilted beam to avoid ar-
tifacts from out-of-focus atoms. We can
therefore extract the response and tem-
perature from a small in-focus region in
the images. b) An average of 50 absorp-
tion images taken with a tilted imag-
ing beam. The central region indicated
by the dashed lines shows no diffraction
fringes. The atoms above and below this
region are out of focus. ¢) Momentum
distribution obtained from the vertical
sum of the region between the dashed
lines in b. The red line is a bimodal fit
used to extract the temperature.
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Figure 4.8: Density images after a gms
T/4-ToF expansion for a system before
(left) and after (right) resonant mod- 25
ulation. The imaging is slightly tilted
to avoid fringes caused by atoms that 50
have expanded out of focus as they en- 75
ter the central region. The smoothed

horizontal slices from the sum between

y[px]

the black dashed lines are shown in the 0 50 100 150 0 50 100 150
lower panels. A clear condensate peak
X |PX X |pPX
is visible for both slices, but with differ- [PX] [px]
ent maximum values (red dashed lines).
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the center of the time-of-flight images, but this time we smooth the
distributions for better stability. Comparing the peak densities of the
low momentum peaks of the unperturbed system C(0) with the driven
system C(w,,) then allows us to extract the response [6]:

Clwm)
4.3.3 Bragg spectroscopg
Figure 4.9: Sketch of the Bragg spectros- 4 v =vo+80MHz + Av A )\
copy setup. The beams are split in two - V \
via a PBS to ensure equal powers in both ‘ =
arms. Each arm then has its own AOM translation/:’ :
and translation change to independently stages |
adjust the wavelength and angle, respec- | : virr = 80MHz + Av
tively. The moving lattice is then created \ 1 i put SOMEZ - AOM
by focusing both beams into the sam- : E Y PBS
ple via the upper microscope objective. .7/ '
Adapted from [59]. i
i <oy = C
objoctive Soim, Lne = sovm T
f=26.2mm —_—/2

waveplate

We probe the momentum-resolved spectrum experimentally using
Bragg spectroscopy. The implementation is discussed in detail in [59],



and I will provide a short summary here while also showing how this
technique is connected to the spectral function, as explained in the
supplementary material of [19].

The basic idea is to probe the system at a specific energy fw,, and
momentum ¢ by using a two-photon process. Experimentally, this
is achieved by splitting a far-off-resonant beam at a wavelength of
78onm into two independent arms, each of which passes through an
acousto-optic modulator (AOM) and is overlapped onto the atoms ata
controllable angle (see Fig. 4.9). This angle can be changed by moving
two linear translation stages and focusing the translated arms into the
2D plane through the upper microscope. By coherently absorbing
a photon of one beam and reemitting it into the other, the system
gains an energy fiw = h(w; — w,), set by the detuning between the
two AOMs, and an in-plane momentum ¢ = k; — k,. An alternative
perspective to understand Bragg spectroscopy is that the overlapping
beams create a running optical lattice in the 2D plane, where the lattice
spacing determines the momentum and the speed sets the energy at
which the gas is probed.

We can see that Bragg spectroscopy only couples to the density-
density correlation function, since it introduces a dynamic potential

VQ(L‘) = Q/d‘ﬁ"r2cos(q-rL — wt) &T (r)q/?(r) , (4.2)

n(r

where () denotes the intensity of the applied field and 1 (r) creates a
particle at r. For a more intuitive understanding, we switch to second
quantization, also including the harmonic oscillator wavefunctions'4
of the strong confinement ¢,,(z), via the transformations

en = / dr e g (2)() (43)
dJA(I') = Z eik.n(pn<z)ékn . (44)
k,n

In the scenario where all atoms are in the ground state n, = 0 of the
confinement, we get the driving term

Va(t) =Q Z (e_iwtélJLJrq,oEko + ethCAltoékJrq,O) . (4.5)
k

Therefore, Bragg spectroscopy addresses excitations at a specific mo-
mentum q.

We can then calculate the rate at which momentum is transferred
to the system

d(P)
"t

with the time evolution operators U' (t), giving [19]

= (WIUT )P, VoIU (1) |4, (4.6)

dP
E X nqA()(qﬂ W) ) (47)

where A (q,w) is the spectral function for in-plane excitations, includ-
ing the Goldstone mode and the pair-breaking continuum. A,(q, w) is
also called the dynamic structure factor [47, 59].
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* For convenience, we drop the sub-
script z of n, for the indices n.
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Additionally, we can also access confinement-induced excitations
discussed in Ch. 3.4.4 by slightly tilting the Bragg beams (e.g., by
offsetting the linear translation stages in the experiment). In this case,
the dynamic potential changes to

Vo) = 0 / dPr2cos(qt, + 4.2 — wt) O (1)), (4.8)

with the transverse momentum component ¢,. In second quantiza-
tion, Eq. (4.8) becomes

Vo) =2 > (€' Qund Ck+q mikn + € Qi Elliciqm) - (49)

k,n,m

Here, Q,,,,, quantifies the coupling strength to the higher levels. Since
we always start from the ground state, the relation

Z |Q710|2 =1 (4'10)
holds. Considering only the lowest three levels, we get

212
2: 1iqzz
|QOO| ( 4
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2
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|Qqol? = == (4.11)

We can see that, as long as the Bragg lattice has no transverse momen-
tum component ¢, it does not couple to higher levels.

Again, we calculate the rate at which momentum is transferred to
the system, arriving at

dP
E X anlQnO|2An(q7 W) . (4'12)
Therefore, we can access the spectral functions A,,(q,w) of each indi-

vidual harmonic oscillator level n .

4.3.4 Trap-modulation spectroscopy

The second important spectroscopic method in our experiment is trap-
modulation spectroscopy. Here, we periodically modulate the power
of the strongly confining lattice, as illustrated in Fig. 4.10, allowing us
to probe excitations exactly at a momentum transfer of ¢ = 0. Since
the lower limit for g in our Bragg spectroscopy setup is restricted due
to the finite size of the Beams, it is perfectly suited to probe A,(0,w),
as we will see in the following.

We modulate the power of the lattice sinusoidally, leading to the
dynamic potential

Vo (t) = 2Q sin(wt) / dBr 22t (r)d(r) . (4.13)



Again, switching to second quantization, we get

Vo (t) = 2Qsin(wt) > W, (6,80, + hoc.) (4.14)

m>n

with the coefficients

W = / dz 0 (2) o (2)

2n2+1 lz ; m=n
= Q22 oy =t 2, (4.15)
0 otherwise

Since trap-modulation spectroscopy is a symmetric procedure, it can
only excite even transitions. Here, we consider only excitations from
level n to m = n+ 2; however, higher even transitions, e.g., m = n+4,
are also possible, albeit more suppressed.

We can now calculate the energy deposited in the system via

d(H)
Tt

If, again, only the n, = 0 state is occupied at the beginning, after

= (| UT()[H, Vo(t)]U () |¢) - (4.16)

some algebra we get [19]

dE

I o ng Ag(w), (417)

allowing us to probe the spectral function of the second excited state
As(w).

Furthermore, by modulating the trap frequency w,, the harmonic
oscillator length I, = /h/(mw,) is also modulated. Since [, also
determines the 2D scattering length a,p (see Eq. (3.93) in Ch. 3.4.3),
trap modulation spectroscopy also couples to the amplitude mode, as
we will see in PartII.

4.4 Upgrades over the course of this work

Three major upgrades have been implemented over the course of this
work, starting with the breadboard, which provides the accordion lat-
tice, the squeeze trap, and horizontal imaging along 4 different di-
rections. The second upgrade increased the power of the transport
trap, allowing us to transport atoms to the science cell more reliably
and thereby increasing the total number of atoms in the final exper-
iment. Finally, the laser-cooling setup for the MOT and the Zeeman
slower was streamlined to achieve higher intensities and faster load
times while eliminating multiple degrading components in the exper-
iment. I will summarize these upgrades in the following sections.

4.4.1 New 2D breadboard and coils

At the beginning of this work, the 2D breadboard, including the coils
for the science cell, was fully replaced. The new coils improved
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Figure 4.10: Sketch of trap modulation
spectroscopy. The trap frequency w,
is weakly modulated, after which the
system is ramped to the BEC regime to
allow for the extraction of the response
via ToF expansion. Adapted from [10].
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Figure 4.11: Setup of the accordion lat-
tice. A beam with a wavelength of
532nm is focused onto a galvo, which
can be set to reflect the beam at a specific
angle. This angle is then converted to an
offset by another lens. The beam is split
by a rotated PBS, and a last lens focuses
the beams onto the atoms. This creates
a vertical lattice with variable spacing.
Adapted from [79].

two things: First, they are closer to the glass cell and therefore
smaller, allowing more space for the optics on the new breadboard,
providing greater flexibility. Second, the coil holder was designed to
accommodate magnetic field jumps by featuring a slit on one side,
eliminating eddy currents that limit the rate at which the field can
change. Unfortunately, in tests we observed that higher-order eddy
currents can still introduce a kick to the atoms during a field jump,
as discussed in [79]. This kick can be compensated via four pairs of
clover leaf coils; however, since none of the presented works in this
thesis use field jumps, this feature is not further discussed here.

20pm

@ toms

N2 plate

The breadboard itself introduced multiple improvements, most
notably the accordion lattice, which allows the lattice spacing to be
changed from 20 to 2.3 um. A sketch of the setup is shown in Fig. 4.11:
A beam with a repulsive wavelength A = 532nm is focused onto a
galvo mirror, which sets the angle of the reflected beam. A second
lens, placed a focal length behind the galvo mirror, then converts
the angle into a vertical displacement. The beam is then split via a
45° rotated polarizing beam splitter (PBS), with the distance between
the beams given by the position of the incoming beam. A \/2 plate
then rotates the polarization of the lower beam to match that of the
upper beam, before a lens focuses the beams onto the atoms, creating a
vertical lattice via interference. The lattice spacing ultimately depends
on the distance of the outgoing beams from the PBS.

This upgrade was developed by Markus Bohlen and Jonas Falti-
nath, and implemented jointly with Niclas Luick, Hauke Biss, Jonas
Faltinath, and myself. For more details on the new 2D breadboard,

see [79].
4.4.2 Stabilizing the transport

Another implemented upgrade is the new laser for the transport trap.
Initially, the attractive light at A = 1064 nm was provided via a reject
portof a A = 532 nm laser and was able to provide 30 W, although at a
poor beam quality. Before exchange, the maximum power in the trap
itself was 6 W, allowing to safely transport ~ 1 x 10° atoms.

This laser was replaced with a A = 1070nm laser, allowing us to
reach trap powers up to 8 W, even though the output power used



is 20 W. This led to a factor of 2 increase in the number of atoms
in the science cell. Since the laser can reach an output power of
200 W, a future upgrade using only free-space optics could completely
eliminate the optical resonator, which is generally prone to failure.

4.4.3 Streamlining laser cooling

The last upgrade was a complete redesign of the laser system used
for laser cooling, jointly developed and implemented by Jannis
Dammann, Moritz von Usslar, and myself.

Previously, the Zeeman slower and MOT were completely indepen-
dent systems, each featuring a A = 671 nm laser and tapered amplifier
(TA). Since the laser diodes and the TAs degrade over time, they had
to be replaced at regular intervals.

To eliminate these degrading components from the experiment,
everything was replaced with a fiber laser that uses two infrared
sources and sum frequency generation to create 671nm light with
an output power of up to 5W, a factor of ~ 5 higher than what the
previous setup could provide. The new setup is shown in Fig. 4.12.
Since the Zeeman slower and the center frequency of the MOT are only
~ 160 MHz apart, the laser can serve both setups by using a double-
pass AOM setup to bridge the frequency difference.

After implementation, we reduced the MOT loading times from 5.5
to 3s, with roughly three times as many atoms inside the MOT by the
end of loading.

More details about the setup can be found in [76].
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Figure 4.12: a) Sketch of the new laser
system in the experiment. b) Picture of
the new laser system after implementa-
tion. Adapted from [76].






Part II

DyYNAMICS UNDER STRONG CONFINEMENT






HYBRIDIZATION OF THE AMPLITUDE MODE IN A CONFINED
FERMIONIC SUPERFLUID

In this chapter, we report on the hybridization of the amplitude mode of a
superfluid with a confinement-induced mode, which is published in

C. R. Cabrera, R. Henke, L. Broers, |. Skulte, H. P. Ojeda Collado, H. Biss,
L. Mathey and H. Moritz, Physical Review Research 7 (3), L032018 (2025)

[10]

and reprinted here with minor modifications. The conception and conduction
of all measurements presented here were jointly performed by Cesar Cabrera,
Hauke Biss and me. The theoretical description was developed by Lukas Broers,
Jim Skulte and Hector Pablo Ojeda Collado. The entire work was supervised
by Cesar Cabrera, Ludwig Mathey and Henning Moritz.

Bardeen-Cooper-Schrieffer (BCS) theory [1] provides the frame-
work for understanding superconductivity. It describes the forma-
tion of Cooper pairs and the emergence of a superconducting energy
gap, 2 A, corresponding to the minimum energy required to break
them (see Ch.3.2). However, as P. Anderson noted, significant de-
viations from this framework can occur in finite-size systems when
the characteristic length or energy scale imposed by the confinement
approaches the Cooper-pair size or the pairing gap energy, respec-
tively [81]. These finite-size effects have been predicted and observed
in systems such as nanowires and thin films [70-72], where confine-
ment can modify the dimensionality, enhance the superfluid gap, or
increase the critical temperature (T, ), see review [82]. Such phenom-
ena highlight how confinement can be used to engineer superconduct-
ing properties.

A key open question we address in this work is how confinement
influences the fundamental collective modes of fermionic superfluids
and superconductors. As introduced in Ch. 3.3.2, these systems are
characterized by an order parameter, ¥ = |¥|e~*, supporting fluctu-
ations in § and |¥|, which correspond to the Goldstone mode (gapless
phononic excitation) and the amplitude mode (gapped Higgs-like ex-
citation at energy 2A), respectively [25, 60]. While these collective
modes are well understood in homogeneous systems, their behav-
ior in the presence of confinement remains largely unexplored. For
instance, the excitation spectrum is expected to change qualitatively
[83-86], featuring a hybridization of oscillations of the amplitude and
the spatial distribution of the order parameter.

In previous work, evidence for amplitude oscillations of the order
parameter has been reported in both superconductors [62, 67, 87,
88], as well as in ultracold bosonic and fermionic superfluids [58,
68, 89-92]. Additionally, a mesoscopic system has been used to
explore precursors of the amplitude mode and its interplay with
discrete energy shells [93]. In contrast to these experiments, we study
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Figure 5.1: Hybridization of amplitude
oscillations with spatial excitations. In
our confined fermionic superfluid, a
well-defined excitation of the order pa-
rameter with frequency wy is observed
throughout the entire BEC-BCS cross-
over (dashed lines). In the BCS regime,
this excitation corresponds to a pure am-
plitude oscillation of the order param-
eter located at the onset of the pair-
breaking continuum 2A. This oscil-
lation conserves the quantum number
n, = 0, but the superfluid density
ng = [|¥|?dz oscillates in amplitude,
illustrated with red curves. In the BEC
regime, the excitation at wg corresponds
to a breathing mode with energy ap-
proaching 2Aw , involving the quantum
numbers n, = 0 and n, = 2. This os-
cillation is sketched with blue curves. In
the strongly interacting regime, when A
becomes comparable to Aw,, the result-
ing excitation is a hybridized mode with
both breathing and amplitude character.
Here, the mode frequency drops below
the pair-breaking continuum.
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Figure 5.2: a) We prepare a homo-
geneous Fermi gas in a ring-shaped
box potential, strongly confined along z
with a repulsive lattice potential. The
harmonic confinement is comparable
to the Fermi energy Ep with 1.5 <
Eg/hw, < 2.b) The trapping frequency
w, is weakly modulated to excite spa-
tial oscillations of the order parameter
and amplitude oscillations via the corre-
sponding modulation of the interaction
strength. The deposited heat is mea-
sured by performing ToF after an adia-
batic ramp to the BEC regime.
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the effect of confinement on the amplitude mode in a macroscopic
fermionic superfluid and observe strong evidence of its hybridization
with a collective mode of the trap. This is achieved by exploiting the
BEC-BCS crossover to tune the pairing gap energy, bringing it close
to the trap level spacing. The resulting hybridization is depicted in
Fig.5.1. In the BCS regime, the pairing gap energy is smaller than the
trap level spacing. Here, the system exhibits a well-defined resonance
with frequency wp located at 2A (Fig.5.1, left panel), where the
superfluid density n, = [ |¥|?dz oscillates in amplitude (red curves).
Its frequency coincides with the onset of pair-breaking, however, it
is a coherent excitation. Towards the strongly interacting regime,
the pairing gap increases, and the amplitude mode hybridizes with
the nearest spatial mode of the trap with equal parity, specifically
the quantum number n, = 2 (central panel). In this intermediate
regime, the resonance energy wp drops below 2A, and the order
parameter acquires a spatially oscillating component, admixing state
n, = 2 to the ground state n, = 0. Finally, deep in the BEC regime,
the resonance approaches twice the trap level spacing (right panel),
resembling a pure breathing mode (blue curves). Our interpretation
is based on an effective field theory, which continuously connects
the Gross-Pitaevski and Klein-Gordon functionals [25, 94], showing
remarkable agreement with our experimental results.

5.1 Engineering the hybridization in the BEC-BCS crossover

To engineer the mode hybridization, we prepare a homogeneous
fermionic superfluid (7% < 0.027) of 5Li atoms in the lowest two
hyperfine states [75].
confinement Aw, = h - 8.7kHz (Fig.5.2a), comparable to the Fermi

The system is subjected to strong vertical

energy By = h*4mn,p/2m. Here, Ty is the Fermi temperature, T
is the temperature measured after an adiabatic sweep into the BEC
regime, m is the atom mass, # is the reduced Planck’s constant, and
n,p is the fermionic density per spin state. To reach the regime where
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the pairing energy is comparable to the vertical confinement energy,
we tune the interaction parameter = In(kga,p) using a Feshbach
resonance, where kp = /47n,p is the Fermi momentum and a,p, is the
2D scattering length [ 32, 38, 95]. To probe both spatial and amplitude
oscillations of the order parameter, we vary the interaction strength
[58, 68] by employing trap modulation spectroscopy [89, 90]. This
modulates the harmonic oscillator length I, and hence the scattering
length a,p,.

Specifically, we modulate the trapping frequency with an ampli-
tude o < 0.5 % at a frequency w,, for a fixed number of periods, N =
240, followed by a rethermalization time of 20ms. To obtain the de-
posited energy, we adiabatically ramp into the BEC regime (n = —1.7)
and measure the bimodal momentum distribution after time-of-flight
(ToF). Here, we extract the condensate amplitude A(w,,). This is com-
pared to the condensate amplitude of the unperturbed system A(0),
defining our response function R(w,,) = A(0)/A(wy,) — 1. This nor-
malized function deviates from zero when energy is deposited in the
system, revealing resonant frequencies.

In the first series of experiments, we start with a fermionic density
of n,p, =~ 1.5atoms/pm?, resulting in a ratio of Ep/hw, = 1.8.
A typical response from trap modulation is shown in the inset of
Fig.5.3a. This measurement is extended throughout the entire BEC-
BCS crossover in Fig.5.3a, where the color encodes the response
R(wy,). The vertical axis is normalized to the trapping frequency
w,, which is independently determined using a fermionic gas with
negligible interactions. The system exhibits two distinct excitations.
Within the BCS regime, one appears as a broad resonance located at
wn ~ 2w,, corresponding to single-particle excitations of unpaired
atoms to the energy level n, = 2. The other manifests as a narrower
resonance at lower frequency, gradually increasing from the BCS (n =
3) to the BEC (n = —2) regime, eventually approaching 2w,.

In the weakly interacting BCS regime, the well-defined resonance
is located at nearly twice the pairing gap A. It agrees with the
mean-field prediction of A = |/2E, Ey (red dotted line), where the
binding energy £, is calculated in the 2D limit. This agreement
breaks down towards the strongly interacting regime for n < 1.9,
where the observed mode deviates from the onset of the pair-breaking
continuum, measured independently via Bragg spectroscopy (red
points in Fig.5.3a) [6, 8, 54, 56], and instead becomes an in-gap
excitation. Finally, in the BEC regime, the order parameter is directly
related to the total density and hence only supports spatial oscillations
along the vertical confinement [25]. Here, the resonance corresponds
to a breathing excitation of the condensate shifted downwards from
2hw, due to repulsive dimer-dimer interactions.
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Figure 5.3: a) Spectral response R(wy,)
of a confined fermionic superfluid
throughout the BEC-BCS crossover,
measured via trap modulation spec-
troscopy. The inset shows a typical
response R(wy,) for n = 0.97, with
a resonance located below the single-
particle excitation energy 2Aw,. In the
BCS limit (n > 0), the energy of the
resonance agrees with the mean-field
value 2A (red dotted line). Atn = 2,
it deviates from 2A, evolving into an
in-gap excitation. This is supported by
an experimental measurement of 2A
using Bragg spectroscopy (red points).
In the BEC regime (n < 0), where no
amplitude mode exists, the excitation
corresponds to a breathing mode along
the confined direction. Here, its energy
is in good agreement with an analytical
calculation of the energy difference
between the n, = 0 and n, = 2 eigen-
modes (black dashed line) extracted
from an effective field theory (see main
text). The full numerical simulation
shows excellent agreement in the entire
crossover (black solid line). The error
bars show the standard deviation of
the mean. b) Hybridization of the
amplitude mode. For values n > 1.9,
the amplitude character is dominant,
quantified by the amplitude contri-
bution extracted from the effective
field theory (black line). Here, the
excitation does not conserve the total
superfluid density, while conserving
the quantum number n, = 0. In the
BEC regime, the superfluid density
is conserved and oscillates spatially,
involving the n, = 2 eigenmode. In
the crossover, the composition of the
collective mode corresponds to both
amplitude and spatial oscillations of the
order parameter.

> This field theory is based on the
time-dependent Ginzburg-Landau the-
ory, introduced in Ch. 3.3, featuring the
same K; and K, terms. Itis extended to
include the discrete energy levels from
the strong confinement.
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5.2 Theoretical model

To understand the continuous evolution and character of the reso-
nance, we develop a theoretical model in which the dynamics of the
order parameter U(z,t) are described by the equation of motion

. 0V(z,t
1Ky é()t )—K2

92U (2, t)
a2

h2o?
= <— =+ Vi(z,t)—1rg+ u0|\Il(z,t)|2> U(z,t), (5.1)
2M

derived from a zero-temperature effective field theory'>. We consider
a homogeneous system along the x-y plane and decompose ¥(z,t)
into the n, = 0 and n, = 2 eigenstates of the harmonic potential
V(z,t). In this model, the coefficients K, K, ry, and v, parameterize
the BEC-BCS crossover. These are determined from theoretical pre-
dictions for the energy gap, condensate density [96], and speed of
sound [97] in the crossover. In the limit where K; = 0, Eq.5.1 re-
duces to a nonlinear Klein-Gordon equation, describing the order pa-
rameter dynamics in the weakly interacting BCS regime. The resulting
equation is Lorentz invariant, which is a manifestation of particle-hole
symmetry. In the BEC limit, where K, = 0, Eq.5.1 reduces to the
Gross-Pitaevskii equation.

The black dashed line in Fig. 5.3a represents the eigenfrequency dif-
ference between the ground and second excited state as analytically
obtained from Eq. 5.1, taking into account interactions to leading or-
der. Towards the BEC regime, this analytical result is in excellent
agreement with the experimental observation. The full numerical sim-
ulation in the presence of trap modulation (black solid line) extends
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the agreement throughout the entire BEC-BCS crossover without any
fitting parameters. Beyond capturing the mode frequencies, this nu-
merical approach also reveals the composition of the collective excita-
tion due to hybridization, distinguishing between its amplitude and
breathing mode components. The theoretical amplitude mode contri-
bution is shown in Fig. 5.3b, and represents the fraction of the response
where the total superfluid density oscillates in time. In the BCSregime
(n = 1.9), this contribution approaches its maximum value, resem-
bling a pure amplitude mode (see red curves in Fig. 5.1). Towards the
strongly correlated regime (7 ~ 1), the amplitude mode contribution
gradually decreases, and the mode gains breathing character. Finally,
in the BEC limit, the dominant excitation is a pure breathing mode,
where the superfluid density is constant in time, and oscillates spa-
tially between n, = 0 and n, = 2 (see blue curves in Fig. 5.1).
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5.3 Lifetime and free oscillations of the condensate

One feature not captured by our theoretical model is the behavior of
the spectral width throughout the crossover, particularly its narrow-
ing in the hybridization regime, which suggests a long-lived and well-
defined mode. We quantify the coherence of the mode by computing
the quality factor Q = w,/éw, where w, is the resonance frequency and
dw is the full width at half maximum extracted from the spectrum. In
the entire crossover, the mode remains underdamped with @ > 0.5
(Fig.5.4a). Notably, the largest quality factors are found at n < 1.9,
reaching a maximum value in the strongly interacting regime (n ~ 1).
Here, the mode energy is below the onset of the pair-breaking contin-
uum, suggesting that single-particle decay is suppressed, leading to
longer lifetimes [84, 98, 99]. This contrasts with a conventional case,
where the amplitude mode resides at the onset of the pair-breaking
continuum, resulting in strong damping and limited visibility [100-
103]. To further confirm the long-lived nature of the mode, we track
the free coherent oscillations of the system at = 1.2 after a short
resonant excitation (Fig. 5.4b). We observe a long-lived oscillation at
the collective mode frequency w, when measuring the change in the

Figure 5.4: a) Quality factor along the
BEC-BCS crossover. We quantify the
spectral width via the quality factor Q,
extracted from the spectral response in
the BEC-BEC crossover. For all inter-
action strengths, we find Q > 1, sig-
naling a long-lived excitation through-
out the BEC-BCS crossover. The maxi-
mum value @ = 15 + 2 occurs in the
strongly correlated regime. b) In this
regime (n = 1.2), the collective mode
is resonantly excited with a four-period
modulation of the trapping frequency.
This is followed by a free evolution for
a time span t. We observe oscillations of
the central density n after a ToF expan-
sion of 3ms. The experimental data are
fitted with a damped oscillation yielding
a decay time 7 = (610 + 60) us which
results in Q = 21 4+ 2.
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Figure 5.5: a) Vanishing of the collec-
tive mode above the critical tempera-
ture. We measure the spectral response
R(wy,) in the strongly correlated regime
(n = 1.2) as a function of temperature.
The collective mode frequency remains
nearly constant at w,, /w, ~ 1.2. As the
temperature increases, the mode broad-
ens, and its visibility diminishes, signal-
ing the loss of coherence. Above a crit-
ical temperature, single-particle transi-
tions at 27w, become the dominant pro-
cess due to thermally broken pairs. b)
To extract the critical temperature, we
fit the maximum response of the collec-
tive mode R, by a double Lorentzian
function (red line) shown for two ver-
tical cuts of panel a. ¢) The temper-
ature dependence of the maximum re-
sponse shows a kink, which we identify
as the critical temperature 7. Employ-
ing a bilinear fit (red line), we obtain
Ty =0.088(4) Tf.

central density of the cloud after 3ms of ToF. Fitting the data with
an exponentially damped oscillation with a decay time 7, we obtain a
quality factor Q = Tw,/2 ~ 21 4 2, comparable with our results from
trap modulation spectroscopy.

5.4 Breakdown of superfluidity at T,
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Since the observed dynamics are compatible with oscillations of
the order parameter, we expect a strong temperature dependence,
especially close to the superfluid critical temperature T,. To explore
this further, we prepare a strongly interacting system (n = 1.2) at
different temperatures and perform trap-modulation spectroscopy.
Fig. 5.5a shows the spectral response as a function of temperature
T* /Tp. With increasing temperature, the resonance at 2hw, associated
with single-particle excitations from thermally broken pairs becomes
the dominant contribution to the spectrum (see Fig. 5.5b). Meanwhile,
the collective mode with lower frequency broadens and its spectral
weight decreases. The frequency remains constant, resembling the
behavior previously observed in Refs. [58, 68, 104]. In Fig. 5.5¢, the
peak amplitude of the mode as a function of temperature is plotted.
The observed trend is well described by a bilinear fit, featuring a
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kink at a temperature of 7 = 0.088(4) T;. Remarkably, our previous
experiments on the critical velocity in 2D Fermi gases show a critical
temperature of 7 = 0.09(2) Ty [6]. This supports the interpretation
that the collective mode is an excitation of the order parameter which
vanishes above a critical temperature.

Summary and conclusion

This chapter focuses on a fundamental feature of strongly confined
fermionic superfluids: the hybridization of collective modes. We
observe a well-defined resonance in the entire BEC-BCS crossover,
which we interpret as an excitation of the order parameter. This
interpretation is supported by the strong suppression of the resonance
above the critical temperature and the excellent agreement with the
effective field theory.

Additionally, we show that trap modulation spectroscopy is a
powerful tool for determining the pairing gap in the BCS regime
and the superfluid-to-normal transition in the crossover. This is of
interest for studying spin-imbalanced superfluids and other strongly
correlated 2D systems.

Beyond ultracold atoms, these results provide insights into the hy-
bridization of modes in confined fermionic superfluids and supercon-
ductors, such as low-dimensional materials and nano-superconducting
devices. Here, the hybridization could influence fundamental prop-
erties such as the critical velocity or critical temperature. Our work
paves the way to investigate more complex dynamics of the order
parameter under confinement [105, 106], such as frequency beat-
ing [107], drum modes [90], exotic Higgs bound states [108, 109] or
Leggett modes [110-112]. Finally, it is an exciting prospect to use con-
finement to control the properties of many-body systems by admixing
higher harmonic oscillator states [113, 114].
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POLARONS

An impurity interacting with a bath is a conceptually easy, yet non-
trivial problem in quantum many-body physics. In this scenario, the
impurity displaces particles from the bath in its vicinity, forming a
dressing cloud (see Fig.6.1). The result is the polaron quasiparticle,
which behaves similarly to the free particle since its wavefunction
|9(k)) has a finite overlap with that of the undressed particle ¢ , |0).
This overlap Z(k) = | (1(k)| ¢, |0) |* is also called the quasi-particle
residue or weight and decreases the stronger the dressing becomes.
As a result, the polaron typically behaves like a free particle but
features its own energy Ep and a renormalized mass m*, since it drags
the displacement through the bath as it moves.

The initial description of the polaron was formulated by Landau
and Pekar in 1948 [16], after Pekar had already recognized that a free
electron in an ionic lattice can displace the ions, creating a potential
well that leads to its localization [115]. They proposed many of the
fundamental properties that we just established, namely the quasipar-
ticle residue Z, energy Ep, and effective mass m*. A rigorous theory
for this system was first developed by Frohlich [116 ] through electron-
phonon interactions, leading to the celebrated Frohlich Hamiltonian,
which describes a broad range of phenomena.

In the following years, the polaron framework was extended be-
yond ion crystals and studied across a broad range of systems (see,
e.g., the reviews in [17] and [117]). A few notable observations that
can be described in the polaron picture include optically excited exci-
tons in doped semiconductors [118] and color centers in perovskites

[119].

E/E
Repulsive ~p © .
polaron S| sfi\e2r
° . A
N b
of N 0 £ ¢
% AN < O K
\ 1/(kF ﬂ)
'50?6" Attractive
@0
[ ) polaron
AN >0

Naturally, studying polarons in quantum gases is of great interest,
as it provides a clean, highly controllable platform. Here, polarons
can generally be divided into two classes depending on the quantum
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Figure 6.1: Sketch of the polaron quasi-
particle. Impurity (red) immersed in
a bath (blue), displayed for attrac-
tive and repulsive impurity-bath inter-
actions. The polaron displaces the par-
ticles in the bath, forming a dressing
cloud (shaded area).

Figure 6.2: Repulsive and attractive
branches of a Bose/Fermi polaron.
While the attractive branch is at lower
energy and stable, the repulsive branch
can decay, leading to a broader mode.
Adapted from [18].
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statistics of the bath: The Bose polaron, for a bath that is a BEC, or
the Fermi polaron, for a degenerate single-component Fermi gas. The
statistics of the impurity itself are irrelevant to the labeling. Since
the impurity-bath interactions are tuned via Feshbach resonances,
there are typically two branches: One for repulsive and one for
attractive interactions (see Fig. 6.2). It is important to note that the
attractive branch also extends to positive scattering lengths, since it
transitions into the molecular bound state that becomes energetically
favorable for 1/kza > 0. This is also visible in the polaron energy
Ep which approaches the binding energy Ej for increasing 1/kga.
The repulsive branch, on the other hand, sits at higher energies
and is therefore metastable towards decay into the attractive branch.
Especially at strong interactions, the overlap with the underlying
bound state increases, leading to rapid decay.

In Ch. 7, I demonstrate how we manage to eliminate this loss chan-
nel from the repulsive branch of the Bose polaron. But before that, I
will first introduce the basic concepts and previous experimental stud-
ies regarding Bose polarons in the following section Ch. 6.1, while,
for completeness, Ch. 6.2 briefly explains Fermi polarons and their
main differences to Bose polarons, including a short overview of re-
cent studies.

6.1 Bose polarons

As we already know, Bose polarons are impurities immersed in a
BEC. These types of polarons are of particular interest because, in the
weakly interacting limit, they map to the Fréhlich Hamiltonian, which
is used to describe the original polaron problem of an electron in an
ion lattice [117]. This makes the Bose polaron an ideal platform for
quantum simulation of impurities in solid-state systems. However,
because interactions can be tuned freely using Feshbach resonances,
it is possible to reach the regime of strong interactions, where the
system goes beyond the Frohlich Hamiltonian, and properties change
qualitatively. One example of this is the bound state that the attractive
branch transitions into.

In recent years, the Bose polaron has been studied extensively in
a broad range of experiments [120-125]. Notably, in [122, 123, 125],
the polaron quasiparticle energies Ep were extracted for both the re-
pulsive and attractive branches, including at varying temperatures in
later studies [124, 126]. All of these studies extract the polaron spec-
trum by using radio-frequency (RF) pulses to address the impurity
state |2) (see Fig.6.3a). These RF pulses either address a transition
from the bath state |1) (as in [122]) or another, third state |3) (as
in [123]). Ideally, the bath, or the third state, are only weakly in-
teracting, such that the polaron energy directly corresponds to the
energy shift with respect to the bare RF transition wy,,., leading to
Ep = h(Wyeg — Wpare)- Here, wy is the resonance frequency measured
by RF spectroscopy.
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The spectrum extracted from [122] is shown in Fig. 6.3, where both
branches are clearly visible. If we start in the weakly attractive regime,
we find the attractive branch, with a negative polaron energy that
decreases further as interactions increase. Following this branch to
positive 1/k,, a, the polaron becomes bound in the Feshbach molecule
and approaches the binding energy Ej.

Furthermore, on the repulsive side, we can see the repulsive branch
at positive energies. It is broader than the attractive branch because of
its metastability. In the strongly interacting regime, the decay pro-
cesses become dominant, leading to the repulsive branch broadening
until it becomes indistinguishable from the attractive one. This issue
is exacerbated by the existence of a continuum of many-body states
that lie between the repulsive and attractive branches, since the sys-
tem is highly compressible and higher-order collision processes occur
more frequently.

Generally, more advanced techniques can be used to reduce the
width of the extracted spectra somewhat. Recent studies in the
Hadzibabic group [125], using a homogeneous 3D box potential,
eliminated inhomogeneous broadening and were able to extract the
polaron energies of the repulsive branch down to 1/k, a;z =~ 0.5, while
at the same time extracting the energies of the molecular branch. In
another recent experiment [127], Ramsey interferometry was used
to observe beating between the quasiparticle branches, also allowing
them to extract Ep of the repulsive branch in the strongly interacting
regime, down to 1/k, a;g ~ 1.

However, numerous open questions regarding Bose polarons re-
main, primarily due to the rich physics in the strongly interacting
regime. Here Efimov and few-body bound states with more bosons
can hybridize with the polaron spectrum [128-131]. But more fun-
damentally, currently there is only one study measuring the effective
mass of a Bose polaron in 1D [121], while the effective mass in 2D and
3D remains an open question.

In Ch. 7, I will present a scheme that allows us to eliminate the loss
channel into the attractive branch by using fermions already bound
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Figure 6.3: Energy spectrum of a Bose
polaron. a) Schematic of the attrac-
tive and repulsive branch. The attrac-
tive branch is the ground state and ap-
proaches the molecular stateat 1/k,,a >
0. The repulsive branch is at posi-
tive energies and, under strong interac-
tions, is unstable to decay into the attrac-
tive branch or the molecular channel.
RF-injection spectroscopy allows access
to the spectral function resulting from
these branches by taking a small frac-
tion of atoms into the interacting state
|2), from an initial weakly interacting
state |1), which can either be the bath
itself or an additional non-interacting
state. Adapted from [117, 122]. D)
Observed polaron spectrum from RE-
injection spectroscopy. The repulsive
and attractive branches are well visible
until they become indistinguishable in
the strongly interacting regime due to
broadening. Adapted from [122].
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Figure 6.4: Extracted energy spectrum
for the Fermi polaron, obtained by RF in-
jection spectroscopy. The green and red
lines are the theory predictions for the
attractive and repulsive branch, respec-
tively. Adapted from [140].
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Figure 6.5: Inverse of the effective mass
of a repulsive Fermi polaron. As the
dressing increases for stronger interac-
tions, the inverse effective mass moves
towards o and finally turns negative.
This has been interpreted as a signature
of the repulsive state becoming unsta-
ble towards decay into the bound state.
Adapted from [146].

in bosonic dimers and exploiting the discrete energy levels of the
confining potential to create impurities. This allowed us to extract the
polaron energies, quasiparticle residue, and effective mass.

6.2 Fermi polarons

Fermi polarons were actually studied earlier than their bosonic coun-
terparts, with the first experiments reported by the Zwierlein group in
2009 [132], followed by various further studies in a number of groups
[14, 133-146]. Since there are several excellent review papers on Fermi
polarons [18, 147-151], I will provide only a brief overview of the basic
features and the current state of the field.

The main difference between Fermi and Bose polarons lies in the
statistics of the bath, which, in the fermionic case, is not a condensate
but a single-component degenerate Fermi gas. As a consequence,
Pauli blocking restricts scattering between the impurity and the bath,
since only fermions close to the Fermi surface are allowed to scatter.
Therefore, the dressing cloud is typically smaller than that of Bose
polarons and the theoretical description easier. Additionally, this
results in only the two-particle bound states being present in the
strongly interacting regime, yielding distinct attractive and repulsive
branches even at strong interactions.

Fermi polarons are generally much better understood than their
bosonic counterparts. The full polaron energy spectrum was first mea-
sured in [140] (see Fig. 6.4), and due to the simpler nature of the possi-
ble excitations, theoretical descriptions fit remarkably well, even in the
strongly interacting regime. Additionally, unlike for Bose polarons,
the effective mass was extracted (Fig. 6.5) [133, 146]. These measure-
ments accessed momentum-resolved energies by exploiting the occu-
pation of low-momentum states upon injecting a variable, controlled
density of fermionic impurities. Furthermore, Fermi polarons have
also been studied in lower dimensions [14, 134, 141, 142], again ex-
tracting the polaron energies of the repulsive and attractive branch, as
well as the effective mass. Theory predictions are generally in good
agreement with the experimental observations.



However, a few open questions remain, e.g., how polaron-polaron
interactions manifest, as previous experiments have reported conflict-
ing signs for these interactions [138, 152, 153]. Furthermore, the limit
of large mass imbalance between impurity and bath may be of inter-
est, since this allows for bound states with more than two fermions

[154].
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THE SYNTHETIC SPIN POLARON

This chapter presents the first main result of this thesis: The creation and
characterization of repulsive Bose polarons, using the discrete energy levels of
the strong confinement as synthetic spin. Besides eliminating the dominant
decay path for repulsive polarons, we measure the polaron energy, effective
mass, and the quasiparticle residue well into the strongly interacting regime.
The corresponding manuscript is currently under review and published as a
preprint in

R. Henke, L. Levinsen, M. M. Parish, . Boronat, G. E. Astrakharchik, H.
Moritz, C. R. Cabrera, arXiv:2511.03569v1 (2025) [19]

and reprinted here with minor modifications. The conception and conduct of
all measurements presented here were jointly performed by Cesar Cabrera and
me. The theoretical T-matrix description was developed by Jesper Levinsen and
Meera Parish, while the QMC calculations were conceptualized and performed
by Grigori Astrakharchik and Jordi Boronat. The entire work was supervised
by Cesar Cabrera and Henning Moritz.

7.1 Polaron mapping
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Here, we experimentally realize a stable repulsive Bose polaron in
the strongly interacting regime, overcoming the intrinsic metastabil-
ity observed in previous studies [122, 123, 125, 127]. We focus on
the two-dimensional (2D) geometry (Fig. 7.1a), where correlations
are enhanced and striking phenomena are predicted, such as effective
mass divergence and the breakdown of the quasiparticle picture [155-
160]. Our approach employs bosonic Feshbach molecules consisting
of pairs of fermions [3], which have strong immunity against typical

Figure 7.1: Experimental realization of
repulsive synthetic-spin polarons. a)
An impurity (blue) is immersed in a
homogeneous 2D Bose-Einstein conden-
sate (green). The atomic cloud is con-
fined to a single 2D plane of a blue-
detuned optical lattice in combination
with a ring trap (box potential in the ra-
dial plane). b) The eigenstates of the
harmonic trapping potential along the z
direction play the role of synthetic spins,
allowing us to realize a 2D repulsive po-
laron. Here, the bath corresponds to a
superfluid of density n in the ground
state n, = 0, while the impurity is cre-
ated by populating a higher level such
as n, = 2. Without interactions, the
energy hw, to address this transition is
2hw,, the harmonic oscillator level spac-
ing. With increasing repulsion na2p,
hw, exhibits an interaction shift arising
from the difference between the bath
chemical potential g and the repulsive
polaron energy pp. In contrast to pre-
vious Bose polaron realizations, there is
no underlying attractive branch.
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three-body decay due to the Pauli exclusion principle [161]. In ad-
dition, they feature repulsive interactions [161] with large tunability,
allowing us to realize strongly repulsive superfluids. Simultaneously,
the strong 2D confinement enables us to create impurities within the
superfluid by exciting a small number of dimers from the ground state
to an excited state of the trapping potential, with the quantum num-
ber n, acting as a synthetic spin (Fig. 7.1b). This mapping of im-
purity and bath into different vibrational states gives rise to a new
class of quasiparticle which we term the synthetic-spin polaron, char-
acterized by purely repulsive interactions and the absence of any un-
derlying attractive branch. We access the polaron spectral function
and extract the polaron quasiparticle properties using trap modula-
tion spectroscopy and Bragg spectroscopy. Most notably, we measure
the effective mass of the Bose polaron for the first time, observing
values exceeding twice the bare mass of a non-interacting impurity,
a hallmark of strong many-body dressing. Comparisons with quan-
tum Monte Carlo (QMC) and T-matrix theories reveal pronounced
beyond-mean-field effects in a regime previously inaccessible.

The experiments are performed in a homogeneous gas of bosonic
dimers, each composed of two °Li fermions occupying the lowest two
hyperfine states. To ensure the bosonic character of the system, we
stay in the regime where the dimer size is smaller than the interparticle
distance. The cloud is confined in a highly anisotropic geometry with
a trapping frequency w, = 2w - 11.4kHz along the vertical direction,
and a uniform box potential providing horizontal confinement [6, 75],
as illustrated in Fig. 7.1a. The typical temperatures measured after an
adiabatic ramp to low interactions are 7' < 0.02 Ty, where T} is the
Fermi temperature (further experimental details in Ch. 4). We tune
the interaction strength via a broad Feshbach resonance [6, 75]. It is
quantified using the dimensionless gas parameter na2,, where n is
the total 2D dimer density and the scattering length a,p is obtained
by mapping the 3D interaction between composite dimers [161] to the
quasi-2D geometry [38]. The gas parameter also defines the dimen-
sionless parameter In(k,, a,p), which is commonly used to describe 2D
systems, where k,, = VA4mn is the characteristic momentum scale. We
note that in our scheme, the underlying microscopic interaction po-
tential between the n, > 0 impurity and the bath particles is the same
as that between particles in the bath, with differences in the effective
interactions being due to the transverse overlaps'® O,,_. Specifically,
the impurity-bath interactions are typically reduced, with an effective
2D scattering length given by k,a,p,, = (k, a,p)On=. This effect is
conceptually similar to the scenario of *He impurities in superfluid
“He [162], where the larger volume occupied by the lighter *He atom
yields different effective interactions despite the same underlying in-
teraction potential.



7.2 Extraction of the quasiparticle properties

7.2.1  Trap modulation spectroscopy

To probe the properties of a 2D Bose polaron, we measure its spec-
tral response using trap modulation spectroscopy [10] (see Ch. 4.3.4),
which is equivalent to injection radio-frequency (RF) spectroscopy
widely used in Bose polaron experiments in the case of a BEC [122,
125]. Specifically, we modulate the vertical trapping frequency as
w,(t) = w,(14+asin (wy,t)), with modulation frequency w,, and a small
amplitude of & < 0.5 %. This transfers a small fraction of dimers from
the superfluid (n, = 0) into the n, = 2 harmonic oscillator level, act-
ing as impurities populating the repulsive polaron branch. Following
the excitation, a 20 ms hold time allows for collisions between impu-
rities and the bath, resulting in energy redistribution and measurable
heating, as explained in Ch. 4.3. The heating rate of the condensate is
directly linked to the zero-momentum spectral function A,(w) for the
n, = 2 impurities (see Ch. 4.3.4):

92 o Agfiom + 1e). (71)
This mapping demonstrates that trap modulation provides the spec-
tral information of injected n, = 2 impurities (polarons) into the con-
densate, and consequently that eigenstates of the trap can be exploited
as synthetic spin. Note that this differs from previous experiments
on trapped motional states in a quantum bath, which only explored
weak interactions and required a different species of atom for the im-
purity [163, 164].

Experimentally, we quantify the heating rate via the response
function R(w,,) = 1 — C(wy,)/C(0). Here, C(w,,) corresponds to the
amplitude of low-momentum atoms, determined from the bimodal
momentum distribution after time-of-flight imaging. It is normalized
by the unperturbed amplitude C(0), such that R(w,,) becomes non-
zero when the modulation is resonant with an excitation. In the
limit of small energy transfers, R(w,,) is proportional to dE/dt, and
according to Eq. (7.1), proportional to the polaron spectral function.

7.2.2  Polaron energy

In Fig. 7.2a, we show R(w,,) as a function of the gas parameter.
The excitation spectrum features a well-defined resonance across
the entire interaction range, clearly below the bare transition 2w,
(dashed line). Additionally, a second mode appears at 2hw, for
larger interactions, corresponding to thermal dimers and unpaired
fermions that are parametrically heated. The interaction shift A =
h(w, — 2w,), shown in Fig. 7.2b, consists of two contributions: the
chemical potential of the bath pyp, representing the energy lost by
removing a particle from the condensate, and the polaron energy 1ip,
corresponding to the energy required to add an impurity into the
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Figure 7.2: Polaron energies from trap
modulation spectroscopy. a) Response
R(wy,) measured via trap modulation
spectroscopy. A well-defined mode is
visible, corresponding to the creation of
polarons in the n, = 2 state. b) Energy
shift A, extracted from Lorentzian fits
to the spectra shown in panel (a). The
error bars of the experimental data are
small compared to the symbol size. A
comparison with QMC theory shows ex-
cellent agreement up to na2, < 0.05
in the strongly interacting regime. Both
T-matrix and QMC theories deviate for
large interactions, where the details of
the scattering potential become relevant,
while MF theory fails already for moder-
ate interactions. For small interactions,
all theories agree well with the experi-
ment (inset).
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system. Their difference yields the total energy shift: A = pup — pp.
Notably, due to the reduced spatial overlap between the impurity and
the bath, we find that ug > pp, and hence A < 0, even though the
polaron is repulsive, jip > 0. Since p5 has been previously calculated
in weakly interacting 2D Bose gases [ 43, 165, 166], our measurement
of A provides experimental access to the polaron energy pp (discussed
below), revealing the many-body dressing of the impurity.

To test the validity of the polaron description, we compare our ex-
perimental results with two complementary theoretical approaches—
diffusion Monte Carlo simulations (denoted as QMC) and a T-matrix-
based polaron theory—which highlight different aspects of the in-
teractions (see supplementary material of [19]). Specifically, the T-
matrix theory precisely captures the low-energy two-body scattering
between an n, > 0 impurity and an n, = 0 bath particle, including
the possibility of decay of the impurity, but it neglects interactions
within the medium and multiple excitations of the medium, as well
as the finite range of the interaction potential (set by the dimer size).
Conversely, the QMC method captures finite-range effects and higher-
order correlations, but it neglects decay mechanisms and treats the
n, = 2 impurity as distinct from the bath particles, as in the standard
polaron scenario. Neither theory treats the constituent fermionic par-
ticles forming the bosons, which is reasonable since the mean inter-
particle distance exceeds the dimer size.

The remarkable agreement seen in Fig. 7.2b for na2, < 0.02
between both theories and the experiment indicates that the polaron
picture indeed applies to excitations of the transverse degrees of
freedom and that the resulting description is universal, as it does
not depend on the precise details of the interaction potential. At
stronger interactions, discrepancies between theories and experiment
emerge, which can be attributed to missing correlations in the 7T-
matrix theory as well as the growing importance of the microscopic
details. First, the QMC description models the dimers as hard spheres,
an approximation that becomes inaccurate when the dimer diameter



a,p becomes comparable to the oscillator length /.. Additionally, the
gas enters the strongly correlated regime when na2y ~ 0.1, which, for
reference, is near the crystallization point predicted for hard disks at
na2p =~ 0.18 [167]. Finally, the composite nature of the bath particles
becomes relevant when the dimer size becomes comparable to the
distance between dimers. For comparison, we also include a mean-
field (MF) prediction (grey line), which estimates the energy shift
based only on the reduced spatial overlap betweenn, = 2and n, = 0
harmonic oscillators. This trivial MF approach neglects many-body
correlations intrinsic to polaron formation and breaks down in the
intermediate to strongly interacting regime.
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If we want to access the polaron energies yp from this measure-
ment, we have to make an assumption for the chemical potential of
the bath pg, since the measured energy shift is A = pip — pg. Here we
compare the following predictions:

1. The chemical potential from our QMC calculations fig qpic-

2. The mean-field (MF) prediction of 2D bosons from [165] corre-
sponding to

4mh?n/m

|Inna3p| (7:2)

HBMF =

3. A beyond-mean-field correction to jip\p from Ref. [43], resulting
in
4h3n/m

[In naZ | +1In|lnna 5| +C, +

HB,BMF = Injlnna2,|+C, ’ (73)

na3p)

with coefficients
Ci,=—Inm—2y—-1=-33
Cy=—Inm—2y+2=-0.3.
Here, v ~ 0.577 is Euler’s constant.

A comparison of the different chemical potentials is shown in
Fig. 7.3a, and resulting polaron energies pp in b when adding pp to

THE SYNTHETIC SPIN POLARON 75

Figure 7.3: Comparison with various
chemical potentials. a) Comparison
of different predictions for the chemical
potential pp of the bath (see text). b)
Polaron energy pup = Agyp. + pp, US-
ing the chemical potentials pp from a
and A, from Fig.7.2. Since the val-
ues for A, lie at different interactions
than the QMC predictions, pgqmc is
taken from the cubic spline interpola-
tion shown in a. For naZ, < 0.06
the BMF and QMC predictions are ex-
pected to yield good results. In contrast,
upmrp underestimates the chemical po-
tential, clearly visible from the negative
predicted polaron energy fipyg-
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Figure 7.4: Spectral function at dif-
ferent interaction strengths. a) Ridge
plot showing the response for different
na?2p, directly connected to the spectral
function Ay (wy, + pp). From Lorentzian
fits (blue dashed lines), the full width
at half maximum -~ is extracted (inset),
as well as the integral, shown as blue
shaded areas, which determines the
quasiparticle residue Z. As impurity-
bath interactions increase, the spectral
response shifts and broadens, reflecting
strong correlations with the medium. A
comparison of the width with T-matrix
theory plus a constant offset (purple
line) shows good agreement. b) Quasi-
particle residue Z, quantifying the over-
lap between the dressed polaron and
a non-interacting particle. For increas-
ing naZp, the extracted Z (blue circles)
steadily decreases, signaling enhanced
dressing by the bath, which is supported
by QMC (red crosses) and T-matrix
(purple line) calculations.

the measured energy shift A, from the experiment. Since our QMC
theory agrees well with the results for naZ, < 0.06 (see Fig. 7.2b),
we expect the predicted chemical potentials to be close to the actual
values for this regime. For larger interactions, the details of the
scattering potential become relevant and the predictions for g qumc
unreliable. The included BMF theory replicates these results. For
completeness, we also included the 2D hard-core MF prediction jig \r,
used in the main text, which clearly underestimates the chemical
potential, leading to the prediction of negative polaron energies as
a consequence. We therefore expect 15 quc to be the most reliable
prediction.

7.2.3 Lifetime and quasiparticle residue
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Having established the energy shift A as a proxy for the polaron en-
ergy, we now turn to two additional quasiparticle properties encoded
in the spectral response: the lifetime and the quasiparticle residue, di-
rectly related to the spectral width and weight, respectively. As shown
in Fig. 7.4a, the spectral response shows a well-defined resonance visi-
ble throughout the strongly interacting regime, indicating the remark-
able stability of the repulsive polaron branch in our system.



The inset in Fig. 7.4a shows how the full width at half maximum
(FWHM) v (inverse lifetime) extracted from a Lorentzian fit remains
narrow across the explored region, normalized by the characteristic
energy scale E,, = h?kZ/(2m). This is in contrast to previous ex-
periments [122, 123, 125], where the molecule-hole continuum was
also observed. The difference arises from a fundamental distinction
in how the repulsive branch is engineered. Unlike previous experi-
ments, where the repulsion stems from the presence of an underlying
molecular state [168], our scheme uses the residual repulsion between
stable bosonic dimers [161, 169]. Therefore, the bound state responsi-
ble for the instability of the repulsive branch does not exist. This key
feature not only leads to a robust, long-lived repulsive branch but also
enables direct comparison with variational and quantum Monte Carlo
descriptions, which typically neglect bound states [170, 171].

We additionally compare the width with the prediction from 7-
matrix theory. Within this theory, the width originates from collisions
where the n, = 2 impurity scatters into high-momentum states in the
n, = 0 level. We find that in order to match the experiment, we need
to include a constant offset of Ayggser/E,, = 0.475+0.015. Experimen-
tally, this offset cannot be explained by the frequency resolution set
by the driving duration, which only contributes to ~ 10 % of the total
width. The most plausible explanation is temperature effects. Those
are not covered by our theoretical descriptions and require further in-
vestigation.

The second quantity encoded in the spectral function is the quasi-
particle residue Z, which quantifies how much of the original un-
dressed particle remains after interaction with the bath: Z = 1 for
a free particle, while Z < 1 indicates many-body dressing [18]. In the
spectral function, Z corresponds to the integrated weight of the reso-
nance (shaded area in Fig. 7.4a), which we extract from the Lorentzian
fits. The resulting values of Z, normalized to the weakest interaction
strength (naZ, ~ 0.001), are displayed in Fig. 7.4b, showing excellent
agreement with our predictions. The gradual decrease for larger inter-
actions signals the many-body dressing by the bath, while upholding
the validity of the quasiparticle picture (Z > 0).

7.2.4 Effective mass

In addition to the energy shift A, spectral width v, and quasiparticle
residue Z, we measure the effective polaron mass m*. This quantity
characterizes the mobility of the impurity and follows the dispersion
relation Ep(q) = Ep(0) + h2¢%/(2m*). We measure Ep(q) using Bragg
spectroscopy, where a two-photon process transfers a precise energy
hw,, and in-plane momentum #gq to the impurity (see Fig.7.5a). As
described in our previous experiments [6, 8], the interference of two
far-detuned laser beams creates a running-wave optical lattice with
tunable spacing. It is important to note that coupling into the n,
states requires a small out-of-plane momentum component ¢, (see
Appendix 4.3.3), which we introduce by slightly tilting the Bragg
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Figure 7.5: Effective mass of then, = 1
and n, = 2 polaron. a) Creation of
a polaron via Bragg spectroscopy: By
overlapping two beams onto the atoms,
a selected energy of w;, = w; — ws
and momentum q;,; = k; — ky can be
transferred. Slightly tilting the beams
allows for excitations into the n, = 1
and n, = 2 impurity states due to a
small transverse momentum g, < g
imparted in addition to an in-plane mo-
mentum g ~ g, (inset). b) Bragg spec-
trum of a bosonic superfluid, display-
ing the phonon (n, = 0) and the im-
purity modes (n, = 1 and n, = 2).
The inverse of the curvature of the im-
purity dispersion directly gives the ef-
fective mass m*. c¢) Bragg spectra for
the n, = 1 (lower panel) and n, = 2
(upper panel) in the strongly interacting
regime. The energies Ep(q) extracted
from Lorentzian fits to the momentum
slices, including the quadratic fits, are
overlaid. d) Effective masses extracted
from the quadratic fits to the Bragg
spectra, including a comparison with
QMC and T-matrix theory. The bottom
panel shows the zero-momentum ener-
gies w, = Ep(q = 0) forn, = 1 ex
trapolated from the fit. Remarkably, the
energy shift from the bare transition re-
mains zero for all gas parameters na2p,
due to symmetry.

7 For extraction of the curvature, we do
not include the value at ¢ = 0 from trap
modulation spectroscopy, since there is
a small systematic energy shift between
both measurements.

Momentum, g/k, Gas parameter, nag,

beams (¢,,) relative to the atomic plane (¢, ~ 0.05¢,,), see inset in
Fig. 7.5a. As shown in Fig. 7.5b, this off-axis Bragg excitation allows
transitions to n, = 1 and n, = 2, as the matrix elements between
harmonic oscillator states are not constrained by parity [172]. Using
the detection protocol introduced for A in Fig. 7.2, we measure the
momentum-resolved resonance frequency.

A typical Bragg spectrum in the strongly correlated regime is
shown in Fig. 7.5¢c. This spectrum combines two datasets for then, = 1
(bottom) and n, = 2 (top) impurity. For each momentum slice, Ep(q)
is determined individually, allowing us to fit a quadratic dispersion '7,
which gives the effective mass. For comparison, in our theory models,
we extract m* as follows: In QMC calculations, the effective mass
is obtained from the imaginary-time diffusion coefficient assuming
distinguishable impurities. Independently, using T-matrix theory,
we extract the effective mass from the impurity self energy, which
determines the momentum-resolved spectral function 4, (¢,w) (see
supplementary material of [19]).

The resulting effective masses for the n, = 1 and n, = 2 polaron
branches are shown in Fig. 7.5d for a wide range of na2y. In the weakly
interacting regime, the measured effective masses for both n, = 1
and n, = 2 are close to 2my,;, consistent with the picture of nearly
free dimers moving through the bath. However, at strong coupling,
the two branches noticeably differ. For the n, = 1 impurity, we
observe a pronounced increase in the effective mass, exceeding twice
the bare dimer mass for our strongest bath-impurity coupling, which
is much larger than the effective masses observed previously for Fermi
polarons [133, 135, 141, 146]. Both T-matrix and QMC predictions
qualitatively capture this increase, confirming this feature as a clear
signature of many-body dressing arising from the repulsive dimer-
dimer interactions and the absence of an underlying bound state [161].

By contrast, we measure a nearly constant effective mass for the
n, = 2 polaron. Although m* for n, = 2 is expected to be smaller
than for n, = 1 due to its reduced overlap with the bath, the absence
of any noticeable increase with stronger bath-impurity coupling is un-
expected. In both data sets, we verified that no systematic energy



shifts appear when varying the driving strength, and that the effec-
tive mass from the quadratic fit does not change when removing the
highest momenta from the data, ruling out non-quadratic contribu-
tions. The qualitative difference potentially stems from the fact that
the n, = 2 impurity can decay into the bath, whereas the n, = 1 im-
purity is protected by parity symmetry. This is supported by their
respective widths in Fig. 4c. Moreover, only the former exhibits a
strong broadening at large momenta, a feature not captured by either
theory, possibly because it requires decay processes involving multi-
ple excitations of the medium.

While the effective mass reveals strong interaction effects for the
n, = 1 impurity, the energy shift shows a remarkably different
behavior. The bottom panel of Fig. 7.5d shows the extrapolated zero-
momentum energies Ep(0) = A, _; + fiw, from Bragg spectroscopy,
extracted from the quadratic fit. Surprisingly, there is no deviation
from the bare transition across the full interaction range. This striking
result stems from the parity symmetry of the trapping potential: since
there are no odd-parity pairwise interactions, the n, = 1 excitation can
only go into the center-of-mass motion of the gas without changing
its properties. This is in analogy with Kohn’s theorem. Within the
impurity picture, this property appears as a cancellation between the
factor of 2 due to impurity-bath exchange during scattering (which
is incorporated into our T-matrix approach) and the factor of 1/2
arising from the reduced spatial overlap betweenn, = land n, = 0
wavefunctions. The resulting vanishing interaction energy shift thus
highlights a subtle manifestation of quantum indistinguishability.
Furthermore, the observed exchange process is a property of the
impurity-bath interactions that exists even at 7" = 0. It is thus different
from the exchange of thermal bosons that takes place in the driving
transition in measurements of clock shifts in a thermal Bose gas [126,

173].

7.3 Conclusion

In conclusion, we have engineered a stable Bose polaron in 2D and
measured the key properties from the weakly to the strongly interact-
ing regime. Those include the polaron energy and the quasiparticle
residue, finding excellent agreement with QMC predictions and 7-
matrix calculations. Furthermore, we determined the effective mass
via Bragg spectroscopy, showing a significant increase in the effective
polaron mass and absence of the energy shift A associated with the
n, = 1 polaron, due to bosonic statistics. Our work demonstrates how
the internal states of the confining potential can be exploited as pseu-
dospins, enabling momentum-resolved spectroscopy without relying
on RF or Raman transitions. We term this long-lived quasiparticle the
synthetic-spin polaron. Next steps include extending this approach to
finite temperatures, which will enable the exploration of how thermal
fluctuations affect polaron stability and mobility, thereby deepening
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our understanding of quasiparticles in low-dimensional Bose systems.
While this work focuses on the bosonic regime, our polaron mapping,
based on internal states, can be extended to imbalanced Fermi gases
[174], enabling exploration of the crossover between Bose and Fermi
polarons within the same experimental platform.



Part IV

IMmBALANCED FERMI GASES






IMBALANCED FERMI SUPERFLUIDS

This chapter provides a comprehensive overview of cold Fermi gases
with spin imbalance. First, a brief introduction to the basic concepts
underlying imbalanced Fermi gases is provided in Ch. 8.1, followed
by a historical overview of previous experimental studies with neutral
atoms in Ch. 8.2. Finally, in Ch. 8.3 we discuss in detail the 2D phase
diagram predicted by various theories. A special focus is placed on
superfluid phases that allow a local imbalance.

8.1 Imbalanced Fermi gases in a nutshell

As we have already discussed in Ch.3, Cooper pairing is the
fundamental mechanism underlying fermionic superfluidity. Due to
Pauli exclusion, only fermions with opposite momenta on the Fermi
surface are allowed to pair up and condense. For a balanced system,
the Fermi surfaces of both components perfectly match, and pairing
is straightforward (see Fig.8.1a). It is easy to see, in contrast, that
once there is a spin imbalance with n, > n, the respective Fermi
surfaces do not match anymore (kg; > kg ) and pairing becomes
non-trivial (see Fig.8.1b). Depending on the system, this can lead
to the breakdown of superfluidity, phase separation into normal and
superfluid domains, or one of various possible magnetized superfluid
phases.

One of the first systems where spin imbalances were studied is con-
ventional solid-state superconductors. Here, Cooper pairing occurs
between electrons with opposite spin. One can induce a breakdown
of superfluidity by applying a strong magnetic field. This happens
because the field induces an energy difference between the chemical
potentials of the two spin states as a result of the Zeeman shift. Once
this difference exceeds the energy gained from the pairing mecha-
nism, electrons can flip to the energetically more favorable spin state,

Figure 8.1: a) Matching Fermi surfaces
in the balanced case (ny = n}). Pair-
ing can happen on the entire Fermi sur-
face (shaded region), since for particles
with opposite momentum, the total pair
momentum is gy = ky —k; = 0 any-
where on the Fermi surface. b) In the
imbalanced case, the Fermi surfaces do
not match up anymore, and pairing be-
comes non-trivial. Scattering can only
happen in a small region (shaded re-
gions) because the non-zero pair mo-
mentum needs to be conserved.
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Figure 8.2: Different non-trivial phases
for imbalanced superfluids. In the FFLO
phase, pairing happens at finite pair mo-
mentum ggpr o (dashed line and blurred
regions), while part of the excess ma-
jority occupies the opposite region of
momentum space (red shaded region),
leading to a vanishing total momentum.
In the Sarma phase, the region around
kg in momentum space is fully polar-
ized, and pairing happens adjacent to
thisregion. Another phase considers the
deformation of Fermi surfaces, resulting
in two overlapping regions on opposite
sides, leading to pairing at ¢ = 0.

creating an imbalance. Since the electrons can no longer pair, super-
fluidity breaks down. The critical magnetic field at which this occurs
is called the Chandrasekhar-Clogston (CC) limit [11, 12].

Besides this transition from a balanced superfluid to a spin-
imbalanced Fermi mixture in the normal phase, other phases have
been predicted to support superfluidity, even in the presence of a
spin imbalance, beyond the CC limit (see overview in Fig.8.2). Most
prominently, Fulde, Ferrell, Larkin, and Ovchinnikov independently
predicted the FFLO phase, where fermions pair at a non-zero total
momentum (g o, leading to a spatially oscillating order parameter
and local imbalance [175, 176]. Two other famous predictions are
the Sarma phase [177] and a phase featuring a deformed Fermi sur-
face [178-180]. The former features a gap in the momentum spec-
trum, in which the momentum states around kg are fully polarized;
it is therefore also called the “breached-pair” or “interior-gap” phase.
The latter is easily understood by comparing it with the FFLO phase:
Unlike pairing with a finite momentum qgg; o and keeping the two
respective Fermi surfaces spherical, the Fermi surfaces deform el-
liptically, leading to an overlap on opposite sites that then allows
pairing at zero pair-momentum. None of these phases has been ob-
served directly in conventional superconductors so far. This is ex-
pected, since the imbalance is always created by applying a strong
magnetic field, which induces orbital motion of the electrons due to
their charge, further hindering superfluidity [181]. Only indirect mea-
surements in layered superconductors have indicated the existence of
an FFLO phase [182, 183], where the orbital motion is eliminated by
orienting the magnetic field parallel to the layers, including specific
heat [184], magnetic torque [185], and nuclear magnetic resonance
measurements [186]. A direct observation, however, remains elusive
as of now.

8.2 Exploring imbalanced Fermi mixtures with quantum gases

Quantum gases with neutral atoms offer an ideal framework for
studying imbalanced Fermi gases, thanks to their high degree of con-
trol and the absence of the orbital limit. Not only is it possible to
precisely tune the interactions from strongly attractive to repulsive
via Feshbach resonances, but a specific imbalance can be fixed di-
rectly by using two different hyperfine levels or even different iso-
topes with mass imbalance. Additionally, absorption imaging allows
direct observation of local imbalances or, when combined with time-
of-flight expansion, provides access to the momentum distribution.
This makes quantum gases predestined to explore the phase diagram
of imbalanced Fermi mixtures in detail for varying interactions, polar-
izations, and temperatures.



8.2.1 3D Fermi gases

The first cold-atom experiments on spin imbalances were reported
by the Ketterle group starting in 2006 [13, 132, 187-193], closely
followed by the Hulet group [194, 195]. Both groups demonstrated
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that, using a harmonic trapping potential, imbalanced 3D Fermi gases
phase-separate: While the core is a balanced superfluid, the excess
majority is pushed out into a spin-imbalanced Fermi gas in the normal
phase. Inside the balanced core, the Ketterle group observed vortices
arranging themselves into the famous Abrikosov lattice after rotating
the sample (see Fig. 8.3), a hallmark of superfluidity.

In follow-up studies, the polarization vs. temperature phase dia-
gram was extracted at unitarity, as shown in Fig. 8.4 [13], demonstrat-
ing that a T' # 0 superfluid can support a limited amount of excess
majority as excitations on top of the superfluid. At the border between
these regions, the polarization jumps, therefore making it a first-order
phase transition (see Fig.8.5). Additionally, a triple point exists at
T = 0.06 Tf, above which the first-order phase transition changes to
second order. These observations are in line with mean-field predic-
tions [174], where a phase separation is predicted for 7' = 0, as well
as a triple point at a finite 7".

8.2.2 2D Fermi gases

While 3D imbalanced Fermi gases have been extensively studied
experimentally, the picture is much more restricted in the two-
dimensional case. So far, only two experimental studies of imbalanced
2D Fermi gases have been reported. The first was performed in the
group of J. Thomas [14], where the atoms are trapped in multiple 2D
layers of a 1D standing-wave lattice. This system is in the interme-
diate 2D-regime as the Fermi energy is on the order of Aw,. Their
main observation was that, within this system, critical ordering into a
more balanced core and imbalanced gas outside occurred, similar to
the experiments on the 3D systems, but without a jump in polariza-
tion. This feature was particularly pronounced at strong interactions
towards the BCS regime, where the core remained fully balanced be-
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Figure 8.3: Imbalanced Fermi gases in
a 3D harmonic trap on the BEC (top)
and BCS (bottom) side. The polariza-
tion decreases from left to right. In
the prepared samples with lower polar-
ization, superfluid vortices can be ob-
served arranging into an Abrikosov lat-
tice. Adapted from [187].
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Spin polarization

Figure 8.4: Phase diagram extracted
from density profiles in a 3D harmonic
trap. For 0 < T' < T, the superfluid is
able to support a local imbalance up to
P ~ 0.2. There exists a tricritical point
at T' ~ 0.06 Tf, below which the super-
fluid and normal gas are separated via a
first-order phase transition, signaled by
ajump in polarization that is also shown
in Fig. 8.5. Adapted from [13]
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Figure 8.5: Observed phase separation
in a 3D harmonic trap. a) The den-
sity profile can be divided into three re-
gions, depending on the radial density
profiles of the majority (red) and minor-
ity (blue). Going from the center out-
wards, we find: I) A balanced super-
fluid. II) An imbalanced Fermi gas in
the normal phase. III) A fully polarized
Fermi gas. The polarization jumps on
the I-II boundary (lower panel), signal-
ing a first-order phase transition. b) Ex-
perimental data, showing the expected
behavior from a. Adapted from [13].
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low a critical global polarization. The absence of a jump in polariza-
tion is unsurprising since the temperatures were at 0.2 7;; (with the T3
from the majority), which is above the point where phase separation
is predicted to exist [196, 197] (further discussed in Ch. 8.3).

The second experiment was performed by the group of W. Bakr
[15], which used a similar standing-wave lattice to trap atoms in a
2D geometry. The main difference from the previous experiment is
that they load only a single layer here, and Er is smaller than fiw,,
thereby entering the actual 2D regime. Additionally, they reach tem-
peratures as low as 0.08 T;;, which is comparable to the superfluid crit-
ical temperature in 2D [73]. The observations are similar to those of
the previously discussed experiment, showing critical ordering into
a balanced core at the center and an imbalanced region farther out
(Fig.8.6). Again, they observed that at strong interactions, the core
remains fully balanced below a critical global polarization. Further-
more, they reported a bimodal minority distribution after a relatively
short time-of-flight at finite imbalance, yet not at zero imbalance. This
is consistent with, though not definitive for, condensation. Previous
experiments have shown that systems above the critical temperature
can also exhibit a bimodal momentum distribution up to 0.5 T [73].

As of now, numerous unanswered questions remain regarding im-
balanced 2D Fermi gases, starting with whether they are indeed su-
perfluid. Second, it is unclear whether the phase transition becomes
first-order below a specific critical temperature. Current theory pre-
dictions estimate that the phase-separated region in 2D reaches up to
T ~ 0.2T% [197], yet no phase separation was observed in [15]. How-
ever, it is unclear whether the theoretical predictions are accurate due
to the difficulty of incorporating quantum fluctuations, which become
highly relevant in 2D. This might also be the reason why the predicted
tricritical point in 2D of up to T' & 0.2 T; [197] is much higher than the
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observed tricritical point in 3D of T1p & 0.06 T. Lastly, exotic phases,
such as the FFLO phase, are expected to be favored in 2D geometries,
albeit at temperatures 7' < 0.03 Ty [198].

Therefore, further quantum simulations are urgently needed. Ide-
ally, they should explore lower temperatures and be sensitive to the
presence of a first-order phase separation, probe superfluidity, and
possibly also more exotic phases. In Ch. 9, I will present experiments
where we have reduced the temperature substantially and work in box
potentials for the first time. Here, a first-order transition should man-
ifest itself as a sharp jump in polarization and the formation of phase-
separated domains. The nearly homogeneous trap potential should
also facilitate the study of more exotic phases, which are expected to
exist only in a small parameter range and would therefore be obscured
in harmonically trapped systems.

As we will see in Ch. 9, we do not observe any signs of a first-
order phase separation or of a FFLO phase, most likely because, as of
now, the temperatures in the experiment are too high at the required
polarizations. We do, however, find indications of superfluidity,
both by observing coherent oscillations of the condensate via trap-
modulation spectroscopy and by creating long-lived vortices.

Before discussing our experimental observations, however, we first
focus on the predicted phase diagram in the following sections.

8.3 Phase diagram of 2D imbalanced Fermi gases

There are three independent parameters that fully determine which
phase the 2D imbalanced Fermi gas is in: The polarization P =
(ny —ny)/(ns +ny), the interactions characterized by Ey/Ef, and the
temperature 7' /T;. It is therefore instructive to fix one of the 3 axes
while varying the other two to explore the phase diagram, which
we will do in the following chapters. First, we consider the 7' = 0
scenario, after which we keep the interactions fixed in the BCS regime
and vary the temperature instead.

An overview of this discussion is presented in the theoretically
predicted phase diagrams depicted in Fig.8.7. At zero temperature,
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Figure 8.6: Radial density profiles of the
majority (yellow) and minority (red)
in the 2D harmonic trap. From a-
¢, the global polarizations are P =
0.25,0.55,0.75. Similar to the 3D den-
sity profiles shown in Fig. 8.5, the core
is balanced for polarizations P < 0.55,
pushing the excess majority outwards.
However, there is no jump in local po-
larization (blue). The same is observed
in the in situ polarizations (insets). A
bimodal momentum distribution is evi-
dent in the time-of-flight density images
(d-f). Adapted from [15].
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Figure 8.7: Overview of the 2D im-
balanced Fermi gas phase diagram pre-
dicted by theory. First-order phase
transitions are denoted with solid lines,
while dashed lines are used for second
or higher orders. a) Polarization vs.
interaction phase diagram at zero tem-
perature. It is dominated by a forbid-
den phase-separated region, in which
the system splits into a balanced super-
fluid (SF;) located on the x-axis and
either the normal (N) or, potentially,
the FFLO phase. On the BEC side,
the FFLO and partially polarized nor-
mal phase (Npp) disappear, leading to
a SF,—Ngp phase separation, where Ngp
is the fully polarized Fermi gas, located
at P = 1, on the upper z-axis. Far
in the BEC regime, the fully polarized
Fermi gas and the BEC become misci-
ble, allowing a local imbalance on top
of the superfluid (SFgg). Additionally,
in the almost-fully-polarized regime, we
find the Fermi-polaron picture. b) Po-
larization vs. temperature phase dia-
gram at fixed interactions on the BCS
side. Most notably, the SF, superfluid
allows a small imbalance in the form of
thermal excitations, leading to the im-
balanced superfluid (SFy;), or, poten-
tially, the Sarma phase (S). At higher
temperatures, the BKT mechanism leads
to the breakdown of coherence while the
fermions remain paired (Np,;;). These
phases are separated from the Npp and
FFLO phases by a forbidden region.
Both phase diagrams are a summary of
the predictions presented in [197-201]

we see that, for a broad range of interactions and polarizations P > 0,
phase separation (PS) into a balanced superfluid (SF;) and either a
normal polarized (partially polarized Npp or fully polarized Ngp) gas
or the FFLO state manifests. This separation always constitutes a first-
order transition. Generally, the only phases that allow superfluidity
with an imbalance present are the FFLO state, which extends from
the strongly interacting to the BCS regime, and a miscible Bose-
Fermi mixture far on the BEC side (SFgg), consisting of condensed
bosonic dimers and non-condensed fermions from the excess majority.
Additionally, the BCS regime is more susceptible to spin imbalances
because it relies on pairing in momentum space, and superfluidity
breaks down at lower polarizations. This 7' = 0 phase diagram is
composed of a combination of different predictions [199-201], closely
following the discussion in [59].

When fixing interactions in the BCS regime and varying the tem-
perature instead (Fig.8.7b), we see that the conventional superfluid
phase, which was restricted to P = 0 in the 7" = 0 case, now allows
a small imbalance to persist [196, 197]. This excess majority exists as
thermal excitations “on top” of the superfluid. Within this SF, region,
there may be a second-order transition to the Sarma phase (S).

Another noteworthy observation is that the FFLO phase is stable
only at low temperatures in the BCS regime. However, as we will
discuss below, the region for the FFLO phase is an educated guess
by mapping the 7' = 0 region at Egz/Er = 0.1 to the y-axis of the
temperature phase diagram, and placing a tricritical point at Tgp o ~
0.03 Ty, where theory predicts the FFLO state to become unstable
[198].

Comparing this to the phase diagram measured in 3D (Fig.8.4),
we can see that the tricritical point that borders the PS, SF,; and Npp
region now lies below the PS region and borders the pairing without

coherence phase (N instead of Npp. The phase-separated region

pair)
extends to relatively high temperatures and then returns to P = 0
at temperatures just below 0.27%, where it vanishes. Interestingly,

the second experiment discussed in Ch. 8.2.2 reached T" = 0.08 T, at



various polarizations, where a phase separation is predicted, but no
jump in polarization was observed.

Therefore, the predicted phase diagram is likely inaccurate, since
theoretical descriptions are difficult due to the relevance of quantum
fluctuations in 2D, which are not captured by mean-field theories, and
are challenging to account for in beyond-mean-field calculations.

8.3.1 T =0 phase diagram

BCS BEC
1.0 q
+
Nep
0.8 - Npp
0.6 -
a
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0.2
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0.0 1 1 ' | 1
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We start by first discussing the phase diagram at 7" = 0, ignoring ex-
otic phases for now. A BCS-Leggett mean-field prediction was given
by He et al. [200], which is shown in Fig. 8.8. The main observation
here is that at T' = 0, the superfluid phase (SF,) never allows an im-
balance to be present. We can see this because the SF, phase is re-
stricted to the z-axis at P = 0. Once we introduce a finite polarization,
the system phase-separates into a balanced superfluid (SF;) and a po-
larized gas in the normal phase, as indicated by the phase-separated
region (PS). Above a critical polarization, superfluidity fully breaks
down, and the entire system enters the normal phase, as indicated by
the solid line. Depending on the interactions, this polarized normal
phase is either partially (Npp) or fully (Ngp) polarized. The regions
for a SFy—Npp and SFy—Nyp phase separation are divided by the dotted
line. In a homogeneous system, this would lead to SF, and N domains
with constant P or superfluid bubbles. Since the phase-separated re-
gion can be interpreted as forbidden, the polarization is expected to
jump at the domain boundaries, making it a first-order phase transi-
tion. More precisely, this jump would be from P = 0 to a point on the
P, line, with both domains being homogeneous (constant P).

However, this phase diagram is not the full story, as another phase
can enter far in the BEC regime. Here, the system can be regarded as
a Bose-Fermi mixture, since the paired fermions are deeply bound as
dimers and effectively behave like bosons. For the unpaired fermions
and the BEC to mix, the miscibility condition has to be fulfilled [199]:

0g4q — gga >0, (8.1)
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Figure 8.8: Mean-field phase diagram
at T = 0 as predicted by [200]. The
balanced superfluid (SF) is located at
P = 0 on the z-axis. For polarizations
between 0 < P < P,, the system phase
separates into SF and the normal phase.
Depending on the interactions, the nor-
mal phase is either partially polarized
(NPP) or fully polarized (NFP).
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Figure 8.9: T = 0 phase diagram
from[200], including the mixed phase
SFgr between a BEC of tightly bound
bosonic dimers and excess majority
fermions from [199]. This phase occurs
very far in the weakly interacting BEC
regime and does not depend on polar-
ization.
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where a = 27h%/m. The dimer-dimer and dimer-atom interaction
parameters are defined as

_ N —dr (8.2)
Jaa = mg In(kia?,) — In(4n) '
h —27
Jad = miuln(k}%a?ia) —In(4n)’ (8:3)

with the reduced mass m, = 2m/3. Here, we use exact solutions
agq = 0.55a,p [40, 202] and ay, = 1.26a,p [203] for the dimer-dimer
and atom-dimer scattering lengths, respectively. Plugging everything
into Eq. (8.1), we find that the miscibility condition is fulfilled for
Eg/Ey > 7.28. Since this criterion is independent of the polarization,
the phase transition corresponds to a vertical line in the diagram, as
shown in Fig 8.9.

8.3.2 T # 0 predictions

We now introduce finite temperatures, allowing us to access the full
parameter range that can be explored experimentally. We follow the
description of Tempere et al., who calculated the P (dn/n) vs. T
vs. Eg/Ep phase diagram using a functional-integral method. They
included phase fluctuations via a hydrodynamic action functional
[196] and, in a follow-up, expanded the theory to include amplitude
fluctuations [197]. We first consider a P vs. T phase diagram at fixed
interactions in the BCS regime, shown in Fig. 8.10a. Consistent with
the T = 0 phase diagram, we see that on the y-axis, where T' = 0, a
SFy—Npp phase separation appears for any polarization 0 < P < P,.
However, most notably, once the temperature increases, the superfluid
is able to support a small imbalance up to P ~ 0.04 at T" ~ 0.07 T,
which we call the magnetized superfluid phase SFy;.

Starting from the SFy; phase, as the temperature increases further,
we reach the BKT limit, where vortices unbind, and superfluidity
breaks down. Pairing still occurs since A > 0, but the phase fluctua-
tions destroy the algebraic phase coherence, leaving us in the “pairing
without coherence” (N,,,;;) phase. Unlike the first-order phase transi-
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tion that occurs when preparing a system with a global imbalance in
the forbidden phase-separated region, the BKT transition into pairing
without coherence is of infinite order, as explained in Ch. 3.4. Addi-
tionally, a tricritical point exists that, at higher temperatures, leads to
an Npp—N

If we add the interaction axis again, we can see that the phase

pair Tather than an Npp—SFy; phase separation.

diagram shown in Fig.8.10b does not change qualitatively for the
range of interactions considered. The main observation is that, when
moving from the BEC to the BCS side, all phase transitions move
to lower polarizations and temperatures, increasing the size of the
unpaired normal state, consistent with the T = 0 phase diagram in
Fig.8.9.

Comparing the P vs. T phase diagram with previous observations
from 3D experiments (Fig.8.4), we see two main differences: First,
due to the BKT mechanism, the 2D system exhibits an incoherent
phase where fermions are still paired. Second, the phase-separated
region encloses the two paired phases (SFy and N,;.), by reaching
down to P = 0 at /Ty =~ 0.2 instead of vanishing at a tricritical
point. However, as mentioned before, these predictions should be
taken with a grain of salt due to quantum fluctuations, which are
difficult to account for.
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Figure 8.10: Phase diagram including
the T-axis. a) At fixed interactions
(Eg/Egr = 0.1) in the BCS regime, we
see that the superfluid phase SF, allows
a local imbalance to exist for T > 0.
Above the superfluid critical tempera-
ture, superfluidity breaks down, while
fermions are still paired (Np,). Both
phases are phase-separated from the un-
paired normal state Npp. b) When
changing interactions, we can see that
towards the BCS regime, superfluid-
ity is suppressed, consistent with the
T = 0 phase diagram shown in Fig. 8.9.
Adapted from [197].



92

Y

=
.

Figure 8.11: Pairing mechanism in the
FFLO state. Fermions still pair on op-
posite sites on their Fermi surfaces as
indicated by the dashed lines, although
the region in which pairing occurs is
much smaller (blurred regions). Due
to the different sizes of the surfaces,
this leads to a non-zero pair momentum
grrLo- The total momentum of the sys-
tem remains zero, since unpaired major-
ity atoms occupy states on the opposite
side of the Fermi surface (red shaded re-
gion).

a

Figure 8.12: Simulated spatial varia-
tion of the superfluid order parameter
in the FFLO phase. a) At low polar-
izations, rings of low order parameter
values form. Here the system is lo-
cally imbalanced. b) At higher polar-
izations, a spatially modulating struc-
ture emerges, with the characteristic
length scale 1/qpp . Figures adapted
from [198].

8.3.3 Exotic phases

Apart from the previously discussed phases, in which a magnetized
superfluid exists only as a Bose-Fermi mixture far on the BEC side,
or with the help of thermal excitations of the majority, there are less
intuitive phases that allow spin-imbalanced superfluids. These phases
include the FFLO, Sarma, deformed Fermi-surface, and FFLO phases,
which will be discussed below. As we will see, only the Sarma and
FFLO phases might exist in the 2D phase diagram, with the FFLO
phase being the only stable one at 7' = 0.

FFLO

The most prominent phase that allows for a spin-imbalanced su-
perfluid is the FFLO phase, named after Fulde, Ferrell, Larkin, and
Ovchinnikov, who independently predicted it [175, 176]. Its defin-
ing feature is that the pairs carry non-zero total momentum gpp o =
kg +—kg,| # 0. A sketch of the pairing mechanism is shown in Fig. 8.11.
Here, pairing still happens on opposite sites, but the region where
pairing occurs is much smaller due to energy and momentum conser-
vation that are much more restrictive for the finite ¢zp 0. The global
momentum of the entire system is still zero, as unpaired majority
atoms occupy the opposite side of the Fermi surface, as illustrated
by the red-shaded region. For some parameters, unpaired minority
atoms can also occupy momentum states on the side of the minority
Fermi surface where no pairing is taking place.

A consequence of the non-zero momentum pairing is that the
spatial symmetry is broken, and the superfluid order parameter A
and polarization locally oscillate at a length scale given by 1/qgp; -
Therefore, the FFLO state bears similarities to supersolids and is at
times also referred to as such [204]. Recent numerical simulations by
Tiizemen et al. have shown what the emerging patterns may look like
(see Fig.8.12). In their simulation, they find that the FFLO phase is
stable for temperatures up to Ty o = 0.03 Tf.

Additionally, a T = 0 mean-field calculation by Sheehy et al. [201]
provides a region in which the FFLO phase might be stable. Adding
this to the previous 7' = 0 prediction (Fig.8.8), yields the phase
diagram shown in Fig. 8.13. Here, we see that the FFLO phase exists
in a narrow region along the boundary between the phase-separated
region and the Npp phase. The phase transition to the normal phase
is of second order. It has to be noted, however, that the confinement-
induced bound state in 2D may destabilize the FFLO phase as soon
as Ey becomes comparable to Ef, and the tricritical point where the
FFLO phase vanishes might be shifted further towards lower Ey/ .

Unfortunately, there is no comprehensive study at non-zero tem-
perature which would allow us to place the FFLO state in the P vs.
T phase diagram. However, using estimates from previous studies
[198], we can speculate that the FFLO phase is present until T o ~
0.03T¢. Mapping the T' = 0 prediction at Eg/Er = 0.1 from [201]



to the y-axis (1" = 0) in the P vs. T phase diagram leads to the dia-
gram at the beginning (Fig.8.7b). One should note, however, that a
reliable estimate of whether the FFLO phase is stable should go well
beyond the mean-field approximation and also include a considera-
tion of the aforementioned confinement-induced bound state. An al-
ternative theoretical study to the ones discussed here suggests that the
FFLO phase may be generally unstable for 7' > 0 in homogeneous 2D
systems [205].
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To date, the FFLO phase remains elusive; only indirect measure-
ments in solid-state systems have revealed signatures [183], but a di-
rect observation remains elusive. In the context of quantum gas ex-
periments, this is not surprising; The FFLO phase is expected to be
unstable towards phase separation in 3D systems, and, as discussed
in Ch. 8.2.2, studies of 2D imbalanced systems are limited and were
always performed at temperatures 7' > 0.1 T, far above Tgp; . Addi-
tionally, all previous experiments were performed in harmonic traps,
where different distances from the trap center correspond to different
values of the P axis in the phase diagram. Since the FFLO phase only
exists in a small parameter space, it would manifest on a slim shell
surrounding the superfluid core, making detection practically impos-
sible.

As we will see in the next chapter, our experiment reaches temper-
atures slightly above Tgp . However, we did not observe any typi-
cal precursors (e.g., mode softening in the momentum-resolved spec-
trum) of the FFLO phase, most likely because those temperatures are
still too high.

Sarma

The Sarma phase, predicted by Sarma et al. [177], may be understood
analogously to a phase separation but in momentum space. It is a
direct consequence of the single particle excitation spectrum [, of the
BCS state, introduced in Ch. 3.2. The imbalance introduces a shift &
in the chemical potentials between the minority and majority, which
directly carries over to the single-particle excitation spectrum E,. As
soon as h > A, the majority energy E; , has a region centered around
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Figure 8.13: 7' = 0 phase diagram
including the mean-field prediction of
the FFLO state. It is located in a narrow
region between the phase-separated and
Npp regions, extending far into the BCS
side.
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Figure 8.14: Occupation of the momen-
tum states in the Sarma phase with ma-
jority |1) and minority |2). The momen-
tum states centered around the Fermi
momentum are fully occupied by the
majority but fully vacant for the minor-

ity.
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Figure 8.15: P vs. T phase diagram for
a 3D imbalanced Fermi gas. It is an ex-
tension of the experimentally obtained
one, previously shown in Fig.8.4, in-
cluding the experimental points. Here,
the superfluid phase is divided into a
BCS and Sarma (S) region. Adapted
from [174].

Figure 8.16: Deformed Fermi surfaces.
Both Fermi surfaces get elongated along
two orthogonal directions, such that two
opposite sides overlap again and a pair-
ing at zero total pair momentum be-
comes possible. In 3D, this example
would be rotationally symmetric about
the k-axis.

kg, where it becomes negative. As a consequence, the momentum
distribution is fully polarized for all k, where E, , < 0. Since pairing
occurs directly above and below this region, this phase is also called
the “breached pair” or, less commonly, “interior gap” phase.

In the T' = 0 scenario, however, this phase is always unstable
towards phase-separation, no matter the dimensionality. Once T" >
0, this can change, as can be seen in predictions for the 3D phase
diagram, shown in Fig.8.15: The SF,; region is divided into two
distinct phases that are separated via a second-order transition. For
low polarizations, a gapped BCS state exists. Increasing P, however,
eventually leads to 1 > A and the Sarma phase (S) becomes stable.
Since no paper in 2D discusses the difference between the Sarma and
BCS phase, it is unclear whether the SFy; region is in the BCS or Sarma
phase, or whether a similar crossover as in the 3D case occurs. We note
that it is experimentally challenging to distinguish between a Sarma
and a BCS phase, since both are spatially homogeneous, with the
main difference manifesting in the momentum distribution. As shown
in Fig. 8.4, previous experiments do not specify which magnetized
superfluid phase their system is in, and as of now, a signature of the
Sarma phase has not been observed.

Deformed Fermi surface

Another phase that allows for an imbalanced superfluid is one in
which the Fermi surfaces deviate from their usual radially symmetric
shape, taking an elliptical form, and was proposed by Sedrakian et al.
[178, 179]. Both Fermi surfaces elongate in orthogonal directions, as
illustrated in Fig. 8.16. This allows the surfaces to overlap again in a
small region where pairing can then take place.

The stability of this phase, however, is still debated. One of the
original papers [179] compared the free energy under BCS and FFLO
theories, concluding that the region of stability is larger than that of
the FFLO state. More recent mean-field studies, however, have found
lower free energies for the FFLO phase [201], and we disregard this
phase for the rest of the discussion.



REALIZATION OF AN IMBALANCED FERMI SUPERFLUID IN A

HOMOGENEOUS 2D GEOMETRY

Creating cold Fermi gases with imbalances is an experimentally chal-
lenging endeavor. This chapter discusses how we managed to reach
temperatures below the superfluid critical temperature for the first
time, a factor of two to three lower than in previous experiments on
2D imbalanced Fermi gases [15]. Contrary to theoretical predictions,
we do not observe phase separation but find superfluid behavior well
into the strongly interacting regime when probing collective excita-
tions of the condensate via trap-modulation spectroscopy. The outline
of this chapter is as follows: First, in Ch. 9.1, we focus on the prepara-
tion scheme that allows us to create imbalances with selected polar-
izations of up to P = 0.2, while staying at temperatures below 0.06 7.
The following chapters will then characterize the prepared systems
by first focusing on the in-situ density distributions in Chapter 10.1.
In the homogeneous case, phase separation does not occur, but criti-
cal ordering can be induced by adding a harmonic confinement at the
center of the trap, replicating observations from previous experiments
[14, 15]. Finally, Ch.10.2 focuses on the order parameter dynamics,
showing that the system is superfluid from the BEC to the strongly
interacting regime, but breaks down on the BCS side as a result of the
imbalance.

9.1 Creation of a cold imbalanced 2D Fermi gas
g.1.1  Comparison of different approaches

Key to our experiments was the ability to create imbalanced 2D gases
that are a factor of two to three colder than previously achieved,
allowing us to go well below the critical temperature for balanced
superfluids. This has become possible by testing different preparation
strategies and then carefully optimizing the most promising one.
The following discussion is aimed at experimentalists with a special
interest in the preparation rather than a general audience, which is
referred to in Ch. 9.1.2, that explains the preparation sequence used in
the experiment.

Spin selective spilling via a magnetic field gradient

A relatively straightforward way to create an imbalance is to use
a magnetic field gradient, which selectively applies a force to only
one spin component of the mixture. This gradient tilts the trapping
potential, leading to spilling as illustrated in Fig. 9.1b. Since the atoms
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Figure 9.1: a) Zeeman shift of the lowest
two hyperfine states of 5Li at low mag-
netic fields. At 27 G (dashed line), state
|2) has an energy maximum. b) Trap-
ping potentials when applying a mag-
netic field gradient in addition to an op-
tical dipole trap at 27 G. Only state |1)
spills, thus creating an imbalance.
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with the highest energy are removed from the system, this also has the
convenient side effect of keeping the mixture cold. This technique was
used in [206] to create an imbalance in a 2D Fermi-Hubbard system.

To achieve this state-dependent gradient, let us take a look at the
energies vs. magnetic fields for the different hyperfine levels of 5Li,
calculated from the Breit-Rabi formula in Fig.g9.1a. We can see that
states [1) = |[F=1/2,mp=1/2) and |2) = |[F=1/2,mp =—1/2)
perfectly fulfill the requirements for this technique at a field of 27 G:
While |2) has an energy maximum and will therefore be unaffected
by a gradient, the energy for |1) changes, leading to a tilted trapping
potential and selective spilling.

However, there is one major caveat: 27 G is far below the Feshbach
resonance at 832G, and the atoms are not yet bound in molecules,
since losses to deeper-lying molecular states would be detrimental in
this regime. This means that after creating the imbalanced system,
we have to ramp across the Feshbach resonance to probe superfluid
properties, which leads to losses and heating as the magnetic field
approaches 832 G.

To make matters worse, the initial cooling must also be performed
far below the Feshbach resonance, so that atoms cannot enter the
molecular state before spin-selective spilling. This means that the
largest scattering length that can be reached for evaporative cooling
is around —290 ¢, at 320G, which is orders of magnitude lower than
the interactions that can be reached on resonance.

Partial blowout of one spin state via an optical transition

A similarly straightforward approach is to use an optical transition
and partially eject one spin species to achieve the desired polariza-
tion. While this technique can create an imbalance, it has two major
drawbacks: first, it raises the system temperature to above 7 ,; second,
the number of ejected atoms varies from shot to shot. We attribute
these effects to the possibility that some atoms remain in the trap af-
ter a single photon absorption. These atoms then collide with other
atoms in the mixture, thereby introducing heat.

Radio frequency transfer to third spin state with consecutive blowout

A more refined approach for an optical blowout exploits a third
hyperfine state |3) = |F = 3/2,mp = —3/2). By addressing the |2) —
|3) transition, one can transfer a desired number of atoms into this
third state and subsequently blow them out. This avoids the issues of
the previously introduced technique, as all atoms addressed by the
blowout are removed. This is the technique that we follow in this
work.

There are a few things that have to be considered to minimize the
heat introduced by this preparation:
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1. The time between the transfer and blowout should be as short as
possible, since having three species of fermions heavily increases
three-body losses, which, apart from atom losses, heats the system.

2. Since the energies of adjacent hyperfine levels are relatively close
(about 80 MHz for °Li close to the Feshbach resonance), during
the blowout, atoms in |1) and |2) can also scatter photons. To lower
the impact, the power of the blowout should be as low as possible,
while still removing all atoms in |3).

3. The RF transition transfers atoms from anywhere in the Fermi sea to
state |3), effectively increasing the entropy. After rethermalization,
the system is hotter and, in most cases, needs further cooling.

Additionally, there are two ways to address the RF transition. One
can use a resonant RF pulse, which leads to fast transfer but larger
fluctuations in the atom number in |2). Alternatively, one can perform
a Landau-Zener sweep, which is very stable with respect to atom
number but takes an order of magnitude longer for the transfer. As
a result, three-body collisions through decoherence can become a
problem. In the end, the approach using a Landau-Zener sweep
yielded the best results for our preparation and is discussed in detail
in Ch.g.1.2.

Spin selective dipole trap

There is one more approach that is potentially suited for our experi-
mental setup: Using a spin-selective dipole potential. In the simplest
case, atoms can be loaded into an attractive dipole trap close to reso-
nance, where both spin species experience significantly different trap-
ping depths. When lowering the potential depth, species at shallower
potentials are selectively evaporated to lower densities, creating an im-
balance (see Fig.9.2). Unfortunately, because the light needs to be
near resonance, scattering processes are expected to rapidly heat the
mixture to temperatures above T,,. However, in the specific trapping
geometry used in the experiment, these effects might be mitigated.
One of the main features of our 2D box trap is that it uses only
repulsive optical potentials, including the ring, which creates sharp
walls for radial confinement. Overlapping this ring with a spin-
selective beam lowers the potential barrier for one spin state (see
Fig.9.3). Spilling then creates an imbalance while preventing atoms
from being directly exposed to light near resonance, thereby reducing
scattering and subsequent heating. This technique has not been
tested at the time of writing due to the required modifications to the
experiment, but it remains a promising option for future experiments.

9.1.2 Creation of an imbalance via RF transitions

We now focus on the preparation technique that yielded the coldest
and most consistent results for creating an imbalanced Fermi mixture
of °Liin a 2D geometry. In detail, the preparation sequence of creating

05 - N2

210 -05 0.0 0.5 1.0

Figure 9.2: State dependent dipole po-
tential for |1) and |2). By choosing a
wavelength close to a transition, the po-
tential of one of the spin states is shal-
lower, leading to an imbalance (here
n; > ny). Heating is expected be-
cause the required wavelength is close to
a transition.

0.8 -

0.6 -

V()

04 -

0.2 -

0.0

-1.0 -0.5 0.0 0.5 1.0

Figure 9.3: Creating an imbalance via
a state-dependent ring. By overlapping
the repulsive ring beam with a state-
dependent beam, the potential can be se-
lectively lowered for one spin state and
raised for the other, leading to spilling.
The heating from the overlapped beam
is expected to be reduced because it is
located in a region of negligible density,
assuming a clean beam profile.



an imbalance via an RF transfer and consecutive blowout looks as
follows:

1. After the general preparation sequence explained in Ch. 4.2, we
start with a balanced Fermi mixture of about 8 x 10* atoms in
the squeeze trap at a power of 1W. We ramp down the power
exponentially in 15 to perform evaporative cooling while ramping
the magnetic field into the BEC regime (from 870G to 750G). The
magnetic field ramp is performed to optimize the loading of atoms
into the ring in the next step, as the pressure, and therefore the
radius of the cloud, decreases for the BEC. The final power of the
squeeze trap is set slightly below the point where the atoms start
spilling from the trap, typically at around 20 mW. At the same time,
a vertical magnetic field gradient is introduced to spill atoms to a
desired density. This reduces the shot-to-shot fluctuations in atom
numbers from ~ 10 % to smaller than 5%. Afterward, the power
is ramped up to 60 mW in 200 ms to recompress the atoms for the
next step.

2. We now have a cold Fermi mixture in a relatively small volume
since we ramped the interactions to the BEC side. In this step, we
load our atoms into the trapping geometry. This is done by first
switching the ring trap to around 150 mW over 50 ms, thereby con-
fining the atoms radially. To avoid three-body losses, which are
enhanced on the BEC side, we ramp our field to the pole of the
Feshbach resonance at 832 G in 200 ms, before switching on the ac-
cordion lattice for vertical confinement in 300 ms. Additionally, we
keep the accordion at a large lattice spacing of ~ 30 pum, ensuring
consistent loading to a single layer. The transfer is completed by
switching off the squeeze trap in 100 ms and consecutively ramp-
ing the accordion to its final power of 0.5 W in 50 ms.

3. In this step, the imbalance is created. The first step is to ramp
the magnetic field to 1000 G far above the Feshbach resonance in
250ms, thereby reducing interactions between the atoms. This
will prevent heating later on. Now, a desired fraction of atoms
is transferred from state |2) to state |3). The atoms in |3) are
then blown out via a resonant light pulse through the microscope,
leaving an imbalanced |1) — |2) mixture.

4. Since the previous steps introduced heat into the system, re-
evaporation is required. To increase interactions, we ramp the mag-
netic field back to 832G in 15 while compressing the accordion.
For a more efficient evaporation, however, a different set of coils in
Helmholtz configuration is used, meaning that the Feshbach coils
are ramped off while the Helmholtz coils are ramped to the desired
field. This leaves a weak anti-confinement stemming from the ac-
cordion trap, which is otherwise canceled out by the weak radial
confinement of the Feshbach coils. Next, the ring power is expo-
nentially reduced over 300 ms, and evaporative cooling takes place.
This last ramp is crucial, as almost exclusively majority atoms are
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evaporated due to the larger chemical potential, effectively rebal-
ancing the system.

5. In a final step, the ring power is increased again, and the field is
ramped back to the Feshbach coils in order to create a homogeneous
system at the desired field for the final experiment, typically within
a range from 750G to 900 G.

In this preparation, the main contributor to the heat introduced
into the system is the holes in the Fermi sea created during the
Landau-Zener sweep in step 3. The consequence is a trade-off between
polarization and temperature; however, the severity of the effect
can be mitigated somewhat through meticulous optimization of key
parameters.

The first one is the initial number of atoms loaded into the ring dur-
ing step 1. Starting with too many atoms creates a significant num-
ber of holes in the Fermi sea, whereas starting with too few atoms
means that no reevaporation can be performed in step 4. Addition-
ally, the group of parameters surrounding the Landau-Zener sweep
and reevaporation is equally important. Since the latter partially re-
balances the system, a larger imbalance than the intended one must
be created during the transfer. Lastly, the final ring power in which
the experiment is performed is also a crucial quantity. We observed
heating in our system when ramping it up to high power. We attribute
this to heating, which can be induced by noise in the lasers creating re-
pulsive potentials. We solve this problem by keeping the ring power
barely above the point where the density in the ring is still constant
over the full BEC-BCS crossover, such that hot atoms can escape the
system.

After optimization of these parameters, we reach temperatures
between 0.01 and 0.06 T for imbalances up to P = 0.5 (see Fig.9.4),
which, unlike in previous studies of imbalanced 2D Fermi gases, is
below the critical temperature.
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Figure 9.4: Temperatures achieved for
varying polarizations by changing the
sweep rate of the Landau-Zener sweep.






PROBING 2D IMBALANCED SUPERFLUIDS

In this chapter, I report on an investigation of imbalanced 2D Fermi gases,
which is the second main result in this thesis. The procedure for preparing
these gases was developed jointly by Hauke Biss, Cesar Cabrera, and me. The
investigation of the in situ 2D profiles and trap-modulation spectroscopy was
led by me, with strong contributions from Cesar Cabrera and Hauke Biss.
The generation and observation of vortices in imbalanced gases was performed
by Hans Leonard Michel, Artak Mkrtchyan, Moritz von Usslar, and Cesar
Cabrera, with occasional support from me. The entire work was supervised by
Cesar Cabrera and Henning Moritz.

The existence of spin-imbalanced Fermi superfluids is a central un-
resolved question for two-dimensional systems. These systems are
of particular interest because, in contrast to three-dimensional sys-
tems where superfluidity has been observed in imbalanced Fermi
gases (see Ch.8.2.1), quantum fluctuations suppress superfluid or-
der (see Ch.3.4). While 3D experiments did not observe any signa-
tures of exotic phases, theoretical predictions suggest that they may
be favored in lower dimensions. This raises the question whether a
spin-imbalanced 2D Fermi gas remains superfluid, exhibits first-order
phase separation, or supports more exotic paired phases. Here, we
study imbalanced 2D Fermi gases at unprecedentedly low tempera-
tures ranging from 0.02 to 0.06 7T and polarizations 0 < P < 0.43 in
a homogeneous box trap. We find no indication of first-order phase
separation or spatially modulated superfluidity up to polarizations of
P = 0.22 in the full BEC-BCS crossover. Applying the techniques
of trap-modulation spectroscopy established for balanced gases (see
Ch. 4.3.4), we observe dynamics consistent with the existence of a su-
perfluid order parameter from the BEC regime well into the strongly
interacting regime. Finally, supporting these findings, the team has
observed long-lived vortices up to P ~ 0.15.

10.1  In situ density profiles

The ability to generate 2D gases featuring spin imbalance in a box po-
tential is novel, since all previous work was performed in harmonic
traps [14, 15]. Furthermore, we reach temperatures below 0.06 T up
to polarizations of P = 0.43, allowing us to probe deeply within the re-
gion where theory predicts phase separation (see Ch. 8.3). Therefore,
the first set of experiments focuses on in situ density profiles. This is
done for two scenarios: first, within a homogeneous trapping geom-
etry, where balanced superfluid regions are expected to form inside
the phase-separated region of the phase diagram, and second, with
an additional harmonic confinement that is gradually switched on.
As we will see, the former surprisingly shows a (near) homogeneous
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Figure 10.1: a) Averaged in situ images
for an imbalanced system with varying
polarization P, fixed at large interac-
tions In(kga,p) = 1. The local polar-
ization is homogeneous throughout the
system and equals P. b) Radial aver-
ages of the density profiles. The error
bars represent twice the standard devia-
tion. Due to the corresponding division
by the square root of the number of pix-
elsatagivenradius, the slight azimuthal
inhomogeneity does not manifest itself
strongly.

response

18 20 22 24 26 28
f [kHz]

Figure 10.2: Calibration of the trap fre-
quency w, via parametric heating into
the second excited state of the transverse
confinement. Via a Lorentzian fit, we ex-
tract fy to getw, = 7 fs.

8 The single-shot images look identical
to the averaged images but feature more
noise, also not showing any signs of
phase separation, density modulation,
or ordering.

local polarization and therefore the lack of a phase separation for any
investigated polarization and interaction. Introducing the harmonic
confinement instead leads to a balanced core surrounded by an im-
balanced region, connecting the results to previous observations [14,
15]. No jump in polarization is observed.

Homogeneous box

10.1.1

n [1/um?]

For the homogeneous in situ density profiles, we use the same
trapping geometry as in the experiments for the balanced system,
explained in Ch. 4.2. During the experiments, the accordion lattice
had a trap frequency of w, = 27(11.38 + 0.13) kHz, as shown in
Fig. 10.2, while we keep the density of the majority low enough that
Er < 0.9%w, to stay in the 2D regime. The phase diagram can be
explored by scanning two parameters: The interactions In(kpa,p) and
the imbalance P.

First, we keep the interactions fixed at strong interactions (In(kga,p)
1) and scan the polarization by varying the density of the minority.
The corresponding density profiles averaged over 10 shots are shown
in Fig. 10.1. Surprisingly, we do not observe a phase separation for any
set polarization P, even though some of the points are deep within
the phase-separated region from the prediction'® (see Fig.8.7). In-
stead, the local polarization remains relatively homogeneous over the
entire system, which is further underlined by the radial density pro-
files (Fig.10.1b). This observation differs from previous studies on
imbalanced Fermi gases in 2D [14, 15] that use harmonic trapping,
where, at strong interactions, the center remains balanced.

When fixing the polarization at P = 0.18 and instead scanning the
interactions, we see, in Fig.10.3a, that in the entire crossover, there
still is no phase separation. As a side note, far on the BEC side,
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the system is not perfectly homogeneous, as the chemical potential
becomes small and minor imperfections in the trapping potential
become visible. The main contribution to the density deformations is
the weak confinement introduced by the coils. This results in a higher
density resting at the center of the trap, as shown in the first radial
average in Fig. 10.3b. Even though this confinement should, in theory,
provide a nucleation point for a balanced region to form, the radial
average shows constant local imbalance over the entire system.

The previously discussed theoretical predictions, as well as the ex-
periments performed, show that phase separation is expected, espe-
cially on the BEC side, where condensation is more robust. There are
two possible explanations for this observation:

1. The system is not superfluid either throughout the crossover or
only in the BCS regime.

2. The excess majority lives on top of the superfluid as thermal ex-
citation. When considering the P vs. T phase diagram in Ch. 8.3,
this is plausible, since the highest allowed polarizations for a super-
fluid state are expected to lie at the temperatures of the experiment
(T ~ 0.067%). Additionally, previous observations in 3D Fermi
gases [13] have observed imbalances of up to P = 0.14 in the su-
perfluid core at identical temperatures.

Before investigating superfluidity in Ch. 10.2 by measuring the su-
perfluid order parameter dynamics, we examine the density profiles
in the presence of an attractive potential.

10.1.2 Adding a tunable harmonic confinement

Since previous experiments on imbalanced Fermi gases were per-
formed in harmonic traps, in which, contrary to our findings, ordering

Figure 10.3: a) Averaged in situ images
over 10 realizations for an imbalanced
system at P = 0.18 at different interac-
tions. At any interaction, the local polar-
ization is homogeneous, and no phase
separation is visible. b) Radial density
profiles extracted from the same images
underline this observation. On the BEC
side, the weak confinement introduced
by the magnetic field becomes visible
because of the small chemical potential.
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Figure 10.4: a) Averaged in situ images
over 10 realizations of a system with a
global imbalance of P = 0.22 + 0.02
versus increasing depths of an attractive
potential in the center of the box trap. At
low power, the system is locally imbal-
anced, whereas a balanced core forms
at larger trapping depths. In the center,
densities become so large that the sys-
tem is no longer in the strict 2D limit. b)
Radial averages show that for the largest
depth, the core stays balanced within a
region of radius r = 16 pm.
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into balanced and imbalanced regions was observed [14, 15], we per-
form a complementary measurement to reproduce these findings and
bridge the gap between homogeneous and harmonically confined sys-
tems. To achieve this, we place a Gaussian beam with a waist of 20 pm
in the center of the ring, using an attractive wavelength of A = 780 nm.
We can continuously move from a homogeneous to a harmonic con-
finement by changing the power of this beam, resulting in the density
profiles shown in Fig. 10.4a, at fixed interaction In(kpa,p) = 0.5 and
polarization P = (0.21 + 0.02). Starting from the homogeneous sys-
tem, in which the local polarization remains nearly constant within the
box, we see that the higher-density region at the center of the overlap-
ping trap gradually becomes balanced as the power increases.
Additionally, for larger trap powers, the transition from the bal-
anced core to the imbalanced gas is continuous, which can be seen in
the radial averages in Fig. 10.4b. We note that for large dimple powers
the densities increase beyond the 2D limit, such that Ep/Aw, ~ 3 at
sz,dimple

the core is superfluid, is that, at least at T = 0.05 7}, no first-order

= 1. The conclusion from this measurement, assuming that

phase transition for imbalanced 2D Fermi gases exists. If a tricritical
point exists, below which a first-order phase transition occurs, and the
polarization jumps, it has to lie below the temperatures of the exper-
iment. As previously discussed, in 3D systems, such a triple point
exists at T' & 0.06 T [13], and theoretical predictions for 2D estimate
a first-order transition up to T' = 0.2 Ty [197], which is above the tem-
peratures in our experiment.
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10.2  Observing superfluidity via order parameter dynamics

Up to this point, we have only examined the in situ density profiles,
without probing any superfluid properties. However, as we have
established in Ch. 5, trap modulation spectroscopy enables us to probe
the dynamics of the superfluid order parameter and therefore test
whether the system is indeed superfluid®.

A trap modulation spectrum for a fixed polarization of P = 0.13 is
shown in Fig. 10.5, where we scan the interactions from the BEC to the
BCS side. On the BEC side, the coherent oscillations of the condensate
are clearly visible, showing that the system is superfluid. This mode
persists into the strongly correlated regime up until In(kpa,p) = 0.9,
where, further towards the BCS regime, it vanishes and superfluidity
appears to break down.

We excluded temperature-related effects by extracting the same
trap modulation spectrum for a balanced system. Here we set the
density for both spin states to that of the minority and controllably
heat the experiment to T' = 0.06 T, slightly above the temperature of
the imbalanced system. The heating is performed by addressing the
2hw, excitation directly after the ring evaporation. The system then
rethermalizes during a 250ms ramp to the final magnetic field that
sets the interactions for the spectrum.

In the balanced spectrum, the mode is visible throughout the
entire BEC-BCS crossover, verifying that, indeed, the breakdown of
superfluidity observed in the imbalanced system is induced by the
imbalance itself.
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10.3  Observing persistent vortices

In the latest experiments, we probe superfluid behavior by observing
stable vortices. To deterministically create and pin the vortices, we
use the technique pioneered by the Anderson group [207], in which
two repulsive stirrers are dragged through the sample (see Fig.10.6).

“In earlier experiments, we initially
tried to extract a critical velocity, simi-
lar to [6] via Bragg spectroscopy. How-
ever, as already presented in [59], this
experimental technique is not suited to
test whether an imbalanced Fermi gas
is superfluid because the excess major-
ity will exhibit the excitation spectrum
of a single-component Fermi gas, over-
lapping with the excitation spectrum of
the superfluid. This leads to excitations
at low energies for non-zero momenta,
resulting in a critical velocity vy = O,
even in the presence of a superfluid.

Figure 10.5: Trap modulation spectra
for a balanced system (left) and a sys-
tem with an imbalance of P = 0.13.
The order-parameter mode of the bal-
anced system is visible throughout the
crossover. In contrast, it vanishes for
In(kpa,p) > 1 in the imbalanced case.
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P-=0:10%0.02 20 pm

Figure 10.6: a) Deterministic creation
of vortices by dragging two stirrers
through the sample. b) Single-shot im-
age of two pinned vortices at P = 0.1.
Figures adapted from [208].

Figure 10.7: a) Probabilities of finding
a vortex at a specific location in a real-
space binned image. The probability is
computed from N repetitions, specified
in the individual image. At low polar-
izations, the vortices are clearly visible
at the pinning location but disappear as
P increases. b) Contrast between the
peaks and the background in the images
in a. While C; shows the contrast be-
tween a single vortex and the surround-
ing background, C, considers the vor-
tex pair. We can see that for both cases
the contrast stays well above zero for po-
larizations up to P = 0.15. c¢) Tempera-
tures at the given polarizations from the
images in a. Adapted from [208].

Using a digital mirror device (DMD), we project the stirrers onto the
sample, starting from the same position and moving them apart at a
set angle and velocity. Holding the stirrers in place after movement
then allows us to pin the vortices created during the procedure.

Lastly, we slightly open the accordion lattice before imaging to
increase the vortex core size. This ramp to 3D geometry is required
because the size of the 2D vortex core is comparable to the mean
interparticle distance, making it experimentally undetectable. To
ensure the vortices have not been created during the ramp, we verify
that none are observed in identical experimental cycles conducted at
lower stirrer velocities.

For the main experiment, we choose a velocity fast enough to deter-
ministically create vortices in the balanced case and use this configu-
ration to probe systems with varying polarizations in the strongly in-
teracting regime at In(kga,p) = 1. As shown in Fig. 10.7a, we observe
pinned vortices at low polarizations. Plotting the contrast in Fig. 10.7b,
we can quantify that vortices can be created up to polarizations of at
least P = 0.15. The two contrasts C; and C, correspond to a single
vortex and a vortex pair at the pinned location, respectively. This is
consistent with the trap-modulation measurements that also observed
signs of superfluidity well into the strongly interacting regime at a po-
larization of P = 0.13.

We note that the temperatures T'/T; in this dataset are slightly
lower than those in the studies presented in the previous sections
due to higher densities and therefore 7;. This was possible due to an
upgrade that increased the accordion trap frequency to 20 kHz from
the previous 12 kHz, allowing us to remain in the 2D regime at higher
densities.
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10.4 Interpretation of the results

In the previous sections, we made two key observations for spin-
imbalanced Fermi mixtures in 2D:

1. For any interaction and polarization examined in the experiment,
there is no phase separation in a homogeneous trapping geometry,
and the local polarization stays constant over the entire system.

2. A coherent oscillation of the condensate at P = 0.13 is visible well
into the strongly interacting regime and vanishes on the BCS side.

3. Additionally, vortices can be observed up to P = 0.15 at strong
interactions (In(kpa,p) = 1).

We can therefore conclude that, from the BEC to the strongly
interacting regime, the system is a locally imbalanced superfluid.
However, as established in Ch. 8.3, theory predicts multiple different
phases that allow spin-imbalanced superfluids.

AtT = 0in a homogeneous 2D system, the most likely phase for
an imbalanced superfluid is the FFLO phase, as the Sarma phase has a
larger free energy. In situ images can theoretically resolve the spatially
modulating order parameter, which is tied to local polarization, as
previously discussed and shown in [198]. However, the size of those
structures is on the order of the healing length, which in our system
is & ~ 2pum. Since our mean interparticle distance is comparable
(1/4/n =~ 1), this means that on average, only a handful of atoms
are missing along the line where the order parameter drops and
the system is locally imbalanced. Additionally, since the microscope
objective has a resolution®® of 1.5 um, we are currently unable to
resolve features of this size. Alternatively, Bragg spectroscopy allows
for the extraction of momentum-resolved spectra. When probing
along the direction of the non-zero momentum of the superfluid pairs,
there should be an energy dip in this spectrum, located at ¢pp .
In previous Bragg measurements, we have not observed this feature
[59], therefore making it unlikely that an FFLO phase exists in our
experiment. This is unsurprising, since the FFLO phase is predicted
to be unstable at our current experimental temperatures [198].

Furthermore, we can rule out a Bose-Fermi mixture, as the largest
Fy/Ey in our measurement is 6.3, which is lower than the miscibility
criterion (Eg/Ey > 7.28) requires.

A much more likely scenario is that the excess majority resides atop
the superfluid as thermal excitations. Looking at related experiments,
in a 3D spin mixture at temperatures similar to those in our experi-
ments, imbalanced superfluids up to P ~ 0.2 are supported by ther-
mal excitations [13]. Additionally, the observed tricritical point for
a first-order phase transition in 3D occurs at temperatures similar to
those in our experiment. Therefore, such a point might exist at lower
temperatures than in our experiments, but we can ultimately exclude
its existence for temperatures larger than 0.057;. This is also consis-

2° The current resolution is limited due
to alignment. Theoretically, resolutions
of 0.7 pm should be achievable in our
setup.
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tent with our observations in harmonic confinement, which suggest a
higher-order phase transition.

10.5 Outlook

While the results in this chapter demonstrated the existence of a locally
imbalanced superfluid phase, without a first-order phase transition,
many questions regarding the phase diagram still remain.

The two major ones concern what happens at temperatures lower
than those reached in the experiment. Is there a tricritical point below
which phase separation occurs? And when the temperature is lowered
below 0.03 T%, will the FFLO phase become stable?

While the former is easy to verify by directly observing balanced
and imbalanced domains, detecting the FFLO phase is less straightfor-
ward. While it might be impossible to observe the spatial structures in
situ, it is possible to use interference with a reference superfluid that
is in an SF,, or SFy; phase, as proposed by [209]. Conceptually, this
is easily achievable in the experiment, either by loading two layers in
the accordion or by splitting the ring into two reservoirs. If one of the
reservoirs is in the FFLO phase, a checkerboard pattern would emerge
after interference during time-of-flight expansion [209]. Additionally,
Bragg spectroscopy should be able to observe mode softening at ¢gp; o,
even slightly above Tgg; o

Of course, these measurements require lower temperatures in the
experiment. To our current knowledge, there are two ways that could
potentially achieve this. The first one is the state-dependent ring
potential previously explained in Ch. 9.1.1, in which one spin state is
selectively spilled by overlapping a state-dependent potential with the
repulsive ring. It is unclear, however, whether the near-resonant light
in the vicinity of the trapped atoms might still introduce significant
heat to the system. Another promising path is “meniscus cooling”,
an improved ring evaporation sequence that was tested towards the
end of the imbalance project. It is explained in Appendix B, but in
short, instead of creating a balanced core in the center of the trap
by adding an attractive dimple, we do the opposite. Projecting a
repulsive potential in the center leads to a balanced region forming on
the outside of the ring, while the excess majority moves to the center
of the trap. Performing ring evaporation in this configuration enabled
us to achieve higher polarizations at constant temperatures. However,
to date, we have not been able to reach temperatures below 0.03 T}, at
polarizations P > 0.15 with this technique, and further optimization
is required.

A further improvement that was implemented toward the end of
this work is double-shot imaging, as explained in Appendix A. With
this technique, it is possible to image both spin states in the same
cycle, enabling polarization-based post-selection. This eliminates
uncertainty in the polarization due to shot-to-shot fluctuations, and
since the FFLO phase is predicted only in a small region of the phase
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diagram, one could choose a precise P at which it is expected to be
stable.
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1 1 CONCLUSION AND OUTLOOK

In this thesis, I have presented experiments that use the strong con-
finement of a 2D Fermi gas to probe a variety of many-body phenom-
ena.

The first results, presented in PartIl, showed how the amplitude
mode can hybridize with a confinement-induced mode. Typically,
the amplitude mode is challenging to excite, since the interactions
have to be modulated. Previous experiments achieved this by either
modulating or quenching the magnetic field, or using RF dressing
to modulate the interactions at the Rabi rate due to an oscillating
occupation of a third state. In our experiment, we exploited the
fact that the 2D scattering length depends on the trap frequency w,,
and therefore, by periodically modulating w,, we also modulate the
interactions.

We find that in the BCS regime, the excitation frequency follows
the mean-field prediction for the amplitude mode. Towards the
strongly interacting regime, it hybridizes with a confinement-induced
mode from the multibranch Bogoliubov spectrum as their energies
become comparable. This is also evident when extracting the gap
from the pair-breaking continuum via Bragg spectroscopy: the en-
ergies disagree towards strong interactions. Far in the BEC regime,
the confinement-induced mode finally approaches twice the trap fre-
quency, as expected for a non-interacting BEC.

Finally, we observed that the confinement-induced mode vanishes
at around 0.09 7%, consistent with previous measurements of the su-
perfluid critical temperature in 2D, making it a probe for superfluid-
ity.

The first main result of this thesis, presented in the following
PartIIl, was the observation of repulsive Bose polarons well into the
strongly interacting regime. We were able to eliminate the typical de-
cay paths into the attractive branch by using Feshbach dimers com-
prised of fermions. These dimers behave as bosons and feature resid-
ual repulsion, while being protected from decay into larger bound
states via Pauli blocking. To create an impurity in this system, we ex-
ploited the discrete energy levels of strong confinement as a synthetic
spin. The bath resides in the ground state, while impurities were cre-
ated by exciting a small fraction of the dimers into the first or second
excited impurity states.

In this study, we were able to extract all key quantities of the quasi-
particle: The polaron energies, as well as the quasiparticle residue,
were measured using trap modulation spectroscopy. Furthermore, we
used Bragg spectroscopy to obtain a momentum-resolved spectrum
and, for the first time, extract the effective mass of the repulsive Bose
polaron. We observed a growing energy shift and effective mass, as
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well as a reduction in the quasiparticle residue towards strong inter-
actions, signaling the enhanced dressing by the medium.

While we see great agreement with 7-matrix and QMC theory for
the energies and quasiparticle residues, the behavior of the effective
mass differs, especially for the n, = 2 impurity. This disagreement is
unsurprising, as calculating the effective mass requires higher-order
corrections and is therefore computationally challenging.

In the second main result in Part IV, we explored the phase diagram
of 2D imbalanced Fermi gases. Generally, imbalanced systems are of
great interest due to the broad range of phases that can occur. Most
notable is the elusive FFLO phase, where pairing happens at a non-
zero pair momentum, and the order parameter oscillates spatially. But
even without considering exotic phases, many questions remain, as
theory predicts phase separation as the result of a first-order phase
transition, which has not yet been observed experimentally.

Our experiment reached temperatures lower than 0.04 7% at a po-
larization of up to P = 0.2 %, well within the regime where theory
predicts phase separation. However, in our homogeneous box po-
tential, we did not observe any domain formation but rather a con-
stant local polarization spanning the entire system. Performing trap-
modulation spectroscopy then showed that the multibranch Bogoli-
ubov mode, previously identified as a probe of superfluidity, persists
well into the strongly interacting regime. This observation is further
supported by experiments where vortices were deterministically cre-
ated and pinned in the 2D system.

The most likely interpretation of these observations is that our
system is in a locally imbalanced superfluid phase, in which the
excess majority lives as thermal excitations on top of the superfluid.
This superfluid behavior breaks down in the BCS regime due to the
imbalance, since both the confinement-induced mode and the vortices
vanish. A first-order phase transition, as predicted by theory, can
therefore be ruled out for temperatures T' > 0.04 Ti. Furthermore, we
can exclude the possibility that our experiment is in the FFLO phase,
since a previously extracted momentum spectrum of our system does
not show mode softening at the expected finite pair momentum ggg; .

Outlook

Generally, the experimental apparatus is a versatile platform that
opens many avenues for future experiments. In the following, I will
discuss a few possibilities that became available after recent upgrades
and innovations in the experiment, with a specific focus on options
that extend on the work presented in this thesis.

Most notably, in recent experiments spearheaded by Artak Mkrtchyan
and Hans Leonard Michel, it became possible to deterministically cre-
ate vortices in our system, similar to experiments in the Anderson and
Scazza groups [207, 210]. These can be created anywhere in the 2D-
3D crossover regime accessible through the accordion lattice setup.



Further investigating vortices in imbalanced Fermi gases may reveal
states akin to Andreev-bound states, where particles of the excess ma-
jority are bound inside the vortex core [211]. Since our imbalanced
systems feature a homogeneous local imbalance, as demonstrated in
Ch. 10.1, we can precisely control the polarizations in which the vor-
tices are immersed. Together with the newly implemented double-
shot imaging (see Appendix A), it might be possible to observe a lo-
cally increased imbalance, where a vortex core is located.

Another potential avenue in imbalanced Fermi gases is the search
for FFLO phases. As discussed in Ch. 10.5, further improvements to
the cooling sequence, such as meniscus cooling (see AppendixB),
can achieve even lower temperatures than those reported here. Us-
ing Bragg spectroscopy, one might see a mode softening at gpp; o, a
precursor of the FFLO phase. Additionally, during meniscus cooling,
the system may be split into a more balanced outer part and an imbal-
anced center by projecting a second repulsive ring via a DMD. Opti-
mizing the polarizations between the two reservoirs may lead to the
FFLO phase appearing at the center, with the outer region being a
homogeneous superfluid. In this scenario, removing the trapping po-
tentials and letting the clouds interfere would reveal a checkerboard
density pattern, as suggested in [209].

Another possibility is to probe the second sound, a clear sign of
superfluidity that provides a way to determine the superfluid density.
It is a direct consequence of the two-fluid model, where a superfluid
and a fluid in the normal phase occupy the same space. While a
regular sound wave manifests as an in-phase density wave of both
fluids, leading to a global density deformation, second sound is an
out-of-phase density modulation. This suppresses global density
deformation, even though a density wave is propagating through
both components. Since only the normal fluid carries entropy, second
sound can be understood as an entropy wave.

Second sound was previously observed in 3D quantum gas exper-
iments [212-216] and 2D Bose gases [217]; however, it remains un-
observed in 2D Fermi gases. To probe second sound in our exper-
iment, we would need to locally increase the entropy in the system
by introducing heat in a small area on short timescales. Since sec-
ond sound does not couple strongly to density modulations, we can
use Bragg spectroscopy locally to address the pair-breaking contin-
uum. Alternatively, we could use a state-dependent Bragg setup that
employs near-resonant light to create potentials of opposite sign for
the two hyperfine states. This setup eliminates coupling to density
modes in general and allows stronger coupling to the pair-breaking
continuum. Additionally, we need a way to probe the temperature lo-
cally, which may be possible using RF thermometry, as demonstrated
in [216]. These studies could also be extended to probe imbalanced
systems and extract the superfluid fraction for varying polarizations
and interactions.
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Lastly, because of the variable lattice spacing of the accordion, we
can probe the 2D—3D crossover. Specifically, it would be interesting
to investigate the phenomenon of shape resonances that have been
observed in thin film superconductors [71, 72]. These resonances
appear whenever the energy from a confinement-induced excitation
crosses that of the Fermi energy (or chemical potential) [70], and
can lead to an enhancement of the superfluid gap. A priori, these
resonances should also occur in strongly confined Fermi gases, and
it would be exciting to probe the superfluid gap, e.g., via Bragg
spectroscopy, when tuning the level spacing of the harmonic oscillator
close to the chemical potential.



DOUBLE-SHOT IMAGING

A technique that has been implemented during the course of this work
is double shot imaging. Since it was only running reliably towards the
end of this work, it is not used in any of the results presented here and
therefore not explained in the main text.

Usually only one spin state can be imaged per experimental cycle.
The goal of double-shot imaging is an improved imaging scheme that
allows for imaging both spin states within the same sequence. This
brings multiple advantages, most importantly the ability to post-select
data by imbalance P. As shown in Ch. 9.1.2, the uncertainty for P in
our experiment is considerable, which makes it practically impossible
to investigate exotic superfluid phases, as they live in small parameter
ranges.

Implementing such a double-shot sequence, which extracts two
density images, is technically challenging. The main reason is that
SLi atoms are very light and therefore move at high velocities after
switching off the optical traps. As a consequence, the images have
to be taken in quick succession. In our setup, the limiting factor for
the time between shots is determined by the time it takes the camera
to shift an image out of the active region of the CCD. The usual
imaging process in our experiment involves four images to create a
density image: an image with atoms, one without atoms, and two
images without any imaging light present, to subtract the background
counts. For future reference, we label these images as Atoms, Bright,
AtomsDark, BrightDark. In the double-shot sequence, each of the four
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[A1_start Al_Stop] A2_Stop| [B1_ start B1_Stop] B2_Stop]
. 1 A2_Start] B2_Start]
tig.
tactay tesp
shift | Atoms1 Atoms2 Bright1 Bright2 readout
— —>
DXy tshift DXy tshifh
AOM

images must be taken twice, once for each spin state. Already in the
single-shot case, the Atoms and Bright images are acquired in quick
succession to reduce noise primarily caused by fluctuations in the
imaging beam power. The essential feature of the camera that enables
these pictures to be taken in quick succession is the “fast kinetics”
mode, which is illustrated in Fig. A.1. Here, an inactive region of the
CCD chip is used as storage, into which multiple images can be shifted
quickly without requiring a slow readout that typically takes on the
order of 1s. Instead, the readout happens at the end of this predefined
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Figure A.1: CCD chip of the camera in
fast kinetics mode. The chip features
an active (white area) and an inactive
region (grey area). Only the active re-
gion can be illuminated. In fast-kinetics
mode, the inactive region is used as
storage, so no slow readout is required
across multiple images. The inactive
region can be artificially enlarged by
blocking light from selected regions of
the chip (dotted area), e.g., using razor
blades.

Figure A.2: Timing edges for the
double-shot sequence. The camera trig-
ger (trig.) initiates the entire imaging
sequence of the camera. In between
the exposures, the images are shifted
(shift). The imaging pulses (AOM)
for the two Atoms images are adjusted
to occur as close together as possible
to reduce blur due to atom motion in
Atoms2.
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Figure A.3: Double shot images in situ
and after ToF. The second shot is always
blurry due to atomic expansion, making
it impossible to observe vortices in the
second ToF image. However, a polar-
ization can be extracted for each experi-
mental cycle. Adapted from [208].

sequence of images. The inactive region is the same size as the active
region; however, it can be artificially extended by covering part of the
CCD, e.g., by placing razor blades in the beam path.

For the double-shot image, blocking part of the CCD is required
for two reasons: First, the vertical size of the image determines the
time required to shift it out of the active region. Therefore, if we want
to take multiple images as quickly as possible, the image should be
smaller. Secondly, we want to take more than two pictures: two Atoms
and two Bright images. If the entire active area were used instead,
there would be space for only two pictures. By reducing the size of
the active area and therefore the image size, there is enough space for
all four images.

By precisely adjusting the timing as shown in Fig. A.2, and quickly
changing the wavelength of the imaging light by using an AOM, two
independent density images can be acquired, one for each spin state.
This technique is used in current studies of our experiment, and a
reference image is shown in Fig. A.3. We can see that the second
shot is always blurrier than the first, since the atoms already expand
during the first shot. In our ToF images, this means that we cannot
image vortices in the second shot; however, we can still extract the
polarizations after performing the corrections detailed in [208].



MENISCUS COOLING

Here, I will describe a newly developed cooling procedure that can
be used in tandem with the preparation sequence used in previous
experiments, namely a Landau-Zener sweep to a third hyperfine state,
followed by a blowout. In general, this cooling technique is also
applicable to other preparation strategies that introduce heat into the
system and require subsequent cooling.

The fundamental idea is to exploit the local balancing that occurs
at the minimum of potential gradients, as presented in Ch.10.1, or
in the work of J. Thomas[14] and W. Bakr [15]. However, instead
of creating an attractive potential in the center, it is repulsive and, in
our experiment, introduced via a DMD using repulsive 532 nm light.
In this scenario, the balanced region forms in the outer region, and
the imbalance is pushed to the center (see Fig.B.1). Therefore, the
balancing effect is suppressed because evaporation occurs at the point
where the system is balanced. Due to the radial density change, we
coined this procedure meniscus cooling, reminiscent of the meniscus
observed in surface-tensioned liquids.

Initial experiments have shown that we can achieve higher polar-
izations at constant temperature; however, this procedure is currently
fairly unoptimized and does not allow us to reach temperatures well
below the predicted critical temperature for FFLO. This procedure can
be further augmented by removing the more balanced region on the
outside while keeping the imbalanced center. This can be achieved,
e.g., by using a second DMD to project a smaller ring into the sample
and then turning off the outer ring. In principle, this should lead to a
system at a similar 7'/T; but with larger P.

D
)

v(r)

Figure B.1: Meniscus cooling scheme.
A repulsive potential V(r) is placed in
the center of the trap, leading to the
formation of a balanced region on the
outside. Lowering the ring power then
leads to evaporation of both species.
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